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38th Annual Frequency Control Symposium - 1984

AWARDS PROGRAM

INTRODUCTION

For a number of years, sentiment has been expressed at Symposium program committee meetings
for the creation of Symposium sponsored awards that recognize outstanding contributions in all
fields covered by the Annual Frequency Control Symposium. Therefore, in early 1983, the program
committee voted to create two such awards. One, the Cady Award, named after Walter Guyton Cady,
is to recognize outstanding contributions related to piezoelectric frequency control devices. The
other, the Rabi Award, named after Professor I. I. Rabi, is to recognize outstanding contributions
related to fields such as atomic and molecular frequency standards, time transfer, and frequency
and time metrology. Each award consists of $500.00, and a limited edition original print and certi-
ficate in a leather binder. The awards are presented to the recipients at the Symposium. At the
discretion of the Technical Program Committee, the recipients may be reimbursed for travel expenses
to attend the ceremony during which the award is presented.

ELIGIBILITY CRITERIA

Either award is open to any worker in any of the fields of endeavor traditionally associated with
the Annual Frequency Control Symposium. The nominee for either award should be responsible
for significant contributions of a technical nature to the field selected. No posthumous awards will
be made. The time span over which the contributions have occurred is not limited, and nominations
will be considered for totality and breadth of achievement as well as specificity and depth of contri-
bution.

The significance of the contributions may be measured, in part by:

" The degree of initiative, ingenuity, and creativity displayed.

" The quality of the work and degree of success attained.

" The overall importance of the work and impact on the frequency control and
associated communities.

NOMINATIONS

Anyone may nominate another for either award. Each nomination should include the following:

1. Name of nominee.

2. Current address.

3. Name of award for which nominated.

4. Description of accomplishments, including:

a. Initiative, ingenuity, and creativity;

b. Quality and degree of success;

c. Importance of the work and impact on the frequency control and
associated communities;

d. Proposed citation, one or two sentences (see examples on next page).

5. Name, address and phone number of nominator.

It is strongly suggested that the nomination not exceed two typewritten pdges. Nominations for
the award should be submitted to the Chairman of the Technical Program Committee by the date
announced for the submission of summaries.

SELECTION OF RECIPIENTS

The selection of the recipient for each award will be made by the Technical Program Committee
during the spring meeting. The decision of the committee is final. If, in the opinion of the committee,
no suitable nominee exists, no award will be given.
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1984 AWARD WINNERS

AWARD WINNERS: David W Allan, Frank W. Neilson, (accepted by his son, David
Neilson) William B. Benedick, Robert A. Graham and Arthur W. Warner

THE CADY AWARD

Arthur W. Warner was presented the Cady Award for his contributions to the development of high
precision quartz crystal units.

THE RABI AWARD

David W. Allan was presented the Rabi Award for his contributions to the statistics of atomic clocks,
measurement techniques, time scale and time coordination and distribution.

THE SAWYER AWARD

The Sawyer Award recipients were William B. Benedick, Robert A. Graham and Dr. Frank W. Neilson
for their fundamental experimental studies of the physical properties of crystalline quartz under
extreme pressures and rates of loading leading to applications including a high pressure quartz stress
gauge with nanosecond time resolution.
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38th Annual Frequency Control Symposium - 1984

THE GROWTH OF HIGH PURITY, LOW DISLOCATION QUARTZ

Alton F. Armington

Rome Air Development Center
Solid State Science Division

Hanscom Air Force Base, MA 01731
and

Joseph F. Balascio

Motorola, Inc.

Components Division
Carlisle, PA 17013

Summary locations are responsible for etch pit formation during
processing. The possibility that dislocations are

Hydrothermal growth runs were conducted in re- sinks for impurities must also be considered. These
search and production size autoclaves employing both impurities may be a cause of etch channeling and may
sodium hydroxide and sodium carbonate as the miner- also migrate during operation and affect resonator per-
alizers. Inert liners were used in some of the runs formance. If the dislocations can be eliminated, this
conducted in the research size autoclaves. The vari- should eliminate both of these possibilities.
ables examined during the course of this investigation
were the effects of lithium additions, nutrient and Experimental
seed quality on the growth of alpha quartz.

Hydrothermal growth runs were conducted in un-
Introduction lined production size autoclaves and both lined and

unlined autoclaves with inside diameters from one to
The availability of high purity, low dislocation four inches. All vessels were instrumented in a

alpha quartz is limited at the present time. This similar fashion and were controlled and monitored by
limitation is due to a lack of demand for this product, process control computers.
as well as, the inability to routinely produce it. The
latter limitation is due, in part, to a lack of under- The characterization techniques employed for the
standing of all the criteria necessary to produce a evaluation of the alpha quartz crystals grown had been
high purity, low dislocation material. Both the Air (1,2)
Force (RADC) and the Army (ERADCOM) are attempting to previously presented in these proceedings.
overcome this limitation. As part of the program to
improve frequency and timing devices, a project has Results and Discussions
been initiated with Motorola to meet this need by
attempting to use the information gathered in research Mineralizers
autoclaves over the past few years as a basis for the
production of high grade quartz in commercial auto- One of the goals of this program is to develop
claves. It is believed that such a high quality the ability to grow high purity, low dislocation alpha
material will improve the radiation resistance, aging quartz from either the sodium hydroxide or the sodium
and short time frequency offsets required for several carbonate mineralizer. Typically prepared reagent
precision applications of timing devices. This paper grade mineralizer solutions were analyzed for their
will discuss some of the preliminary results of this starting purity with respect to some of the impurities
program, of interest. Table 1 lists these data. The mineral-

izers were found to be of equivalent reagent grade
Cation impurities that are believed to have an quality with neither possessing an unexpected impurity

effect on performance are the group one elements level nor a significant difference in levels between
(lithium, sodium and potassium), aluminum and iron. them. The growth runs in which these particular so-
The role of aluminum in quartz appears to be well lutions were used are in parenthesis. Lithium was not
documented and this impurity seems to be the most analyzed since all of these solutions intentionally
damaging to quartz properties. The role that other contained this cation.
impurities play in quartz is less understood. The
group one impurities that join with aluminum to pro- To follow the effect of the addition of lithium
vide electrical neutrality are a cause of offset since to the mineralizer, a series of runs was conducted
they are easily disassociated from the aluminum by without its addition in both lined and unlined auto-
relative low energies. The use of sweeping (solid clave runs. Impurity levels in those crystals were
state electrolysis) to replace the group one impur- then compared with quartz crystals grown in runs with
ities with hydrogen, which is more strongly bound, can the lithium addition (Table 2). All other conditions
essentially eliminate the active group one impurities, remained the same for these runs. The nutrient supply
The other impurity present in quartz is iron. This used was fractured cultured quartz crystals with an
impurity cation is usually less than the aluminum con- average aluminum content of about 15 ppm. Data ob-
tent. Work to the present time indicates that this tained so far indicate that there is a greater uptake
impurity ion may not be a significant damaging im- of iron by the crystals grown iii an unlined vessel
purity. The present aim of this work is to reduce when lithium is not present it h rAMernlizer. Also
impurities to a part per million with the exception of the aluminum content in crystaL ir. runs
aluminum which we hope to reduce below a part per ducted without a liner wi '. tlv icwr th!IT
million. Since as yet there is no resonator evalua- that found in alpha quartZ g: Ir line autoclave
tion of this material at the present time, fb. must runs. These results may be a, tio that t:"A
be regarded as a tentative goal pending these evalua- walls of a steel autoclave ser-: * nucleation site
tions. for various compounds contain','. t'ce anounts of

aluminum and lithium. After this group of runs, all
The role of dislocations in quartz properties is others were conducted with lithium additions to tie

less defined. It does appear that bundles of dis- mineralizer.
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Nutrient the same material.

During the conduction of these growth runs, a The inability to differentiate the impurity con-
variety of nutrient supplies were employed. The piep- tent among the crystals analyzed in Table 7 is related
aration methods used to generate these alpha quartz to the present limit of reliable detection for the
nutrients are schematically illustrated in Table 3. analysis methods commonly employed. Table 8 shows a
Growth runs were completed utilizing the five differ- comparison of EPR and AA results at low impurity
ent nutrient supplies shown in this table. Cultured levels. Crystal X was grown from a 3" inside diameter
Quartz I and Cultured Quartz II were produced by autoclave; Y from a commercial autoclave and crystal Z
successive recrystallizations from natural quartz from a lined autoclave run. It appears, that at these
nutrient. Cultured Quartz III is pure Z Cultured impurity levels, both techniques are marginal. We
Quartz II nutrient, obtained by removing all X regions have recently gained access to an inductively coupled
before fracturing the material for nutrient. The quadrapole mass spectrometer which is reported to be
synthetic alpha quartz was produced through the conver- accurate to the part per billion range and have begun
sion of fused quartz in an inert liner with sodium checking some of the material using this technique.
hydroxide as the mineralizer. Table 4 compares the We hope to be able to assess the accuracy of this
typical impurity levels found in each of the nutrient technique in the next few months. Until that time, our
supplies. All ppm values reported in this paper were analytical methods may not produce precise results at
determined by atomic absorption unless otherwise in- very low impurity levels.
dicated. The levels shown for Cultured Quartzes I and
III were determined from pure Z sections. It is known Seed Effects
that the X regions usually contain higher ppm levels
and therefore, would increase the average ppm level In order to determine the effects of seed prepar-
for each cultured quartz nutrient supply (eg. Cultured ation procedures on the quality of the crystals grown
Quartz II compared to Cultured Quartz III). The high from these seeds, for the most part, only high Q
sodium level detected in the converted nutrient supply -2
may have been due to the occlusion of some mineralizer (2.4x106 ) and low etch channel density seeds (111cm
in the sample analyzed. were employed. The seeds were 0 X and each seed pos-

A number of quartz crystals were grown from each sessed good x-ray orientation. All seeds were
nutrient supply and some were analyzed for their up- inspected with a polariscope in order to determine
take of impurities. Table 5 compares these impurity whether or not any strain was present. In the few in-
levels as a function of the nutrient supply employed, stances when strain was detected in a seed, the
A substantial reduction of approximately 14 ppm of location of the strained area was recorded and the
aluminum was achieved between crystals grown from the seed mounted in the growth rack so that it could be
natural quartz nutrient and the pure Z recrystallized properly identified and the Ps-grown crystal separated
cultured nutrient. These data indicate that it is upon conclusion of the Lydrothermal growth run. Dur-
possible to produce high purity cultured quartz in un- ing these early growth runs, some seeds were also cut
lined autoclave runs. In fact, the purity of the from the plus X region of an as-grown crystal and
crystal grown from the Cultured Quartz III nutrient is
almost equivalent with that grown from the converted these seeds were then oriented as a pure Z 0°X seed.
optical quartz nutrient.

Table 9 lists the three major etching solutions
Inert Liner Runs employed for seed preparation techniques. All three

etchants have been used primarily to etch seeds for
In most of the research size runs liners have five to ten minutes, respectively, at room temperature.

been used both to ease the cleaning procedure, as well The amumonium bifluoride etchant, however, has been
as, possibly to increase the purity of the product employed to etch seeds up to 60 minutes in five minute
crystals. Some results comparing inert liner runs are intervals. The third etchant solution listed in this
shown in Table 6. In these, only pure Z (Cultured table was the only etchant used at elevated tempera-
Quartz III) material was used as nutrient. The results tures and extended etching times. The purpose for
indicate that with the use of a high grade nutrient, this was to produce chemically polished transparent
very high purity can be obtained with or without an seeds for growth.
inert liner. Within the limits of our present analyt-
ical technique, the purity is essentially the same. Among these seed preparation techniques, little
It should be emphasized that in all the unlined runs, differentiation has been found with respect to the
the autoclaves were thoroughly cleaned betweem runs, etch channel density measured on crystals grown upon
even chemically. Without this treatment we find higher seeds. What was discovered, however, was that
impurity levels. The question as to whether or not strained seeds resulted in higher etch channel den-
silver liners can reduce the number of inclusions in sities in the as-grown crystals than that found in
the as-grown crystal is unanswered. However, we have crystals grown upon unstrained seeds. Table 10 com-
generated enough samples to be able to determine if pares these results. These data also indicated that
there is a significant difference and are in the pro- the sodium content of the strained crystals was some-
cess of analyzing these data. what greater than that of crystals grown upon

unstrained seeds in the same run. More data are
Scale Up Factors being gathered with respect to this observation. The

average growth rate, as presently determined, does not
Table 7 gives some results using autoclaves of seem to correlate with the etch channel density

different inside diameters. All data contained in this differences between the two crystal groups.
table are from unlined runs. Obviously, these values
represent some of the highest purities obtained and Lower etch channel densities can be achieved by
thus are better than those usually reported for as- using Z seeds cut from the +X region. We are continu-
grown alpha quartz. Runs A, B and C were produced in ing this work and have had some success. Figure 1
research size autoclaves. Runs D and E represent data shows topographs of two crystals grown in the same
from two different quartz manufacturers. The nutrient run. One of these crystals was grown on a Z seed cut
supply used in all cases was of high quality, but not from the +X growth area. The other was grown upon a
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standard Z seed. It can be seen that the dislocations TABL2
have been considerably reduced by use of the +X seed

material. Preliminary etch channel densities for

crystals grown on this type of seed are 2, 18, and

22cm 2 , which are considerably lower than the re- EFFECT OF LITHIUM ADDITION TO THE MINERALIZER

sults reported for unswept crystals. The use of a

liner might give better results, but we do not have

sufficient data to substantiate this. These studies RUN NO. Z GROWTH RATE LINER Li NA K AL FE
are continuing. (MILS/DAY) (PPMA)

Conclusions

X-39 16.0 No 1.0 1.5 ,0.5 3.6 2.7

The initial results of this project have shown QA-20 28,0 YES 4.7 1,1 0.5 16.0 0.8

that high purity alpha quartz can be produced in un- QA-21 21,0 YES 4.0 1.2 '0.5 15.0 <0.5

lined autoclaves of various sizes provided that the

nutrient is of low impurity content. Whether there X-35 30.0 No 1.5 0.8 '0.5 3.6 '0,5

are real differences among the actual impurity levels QA-25 25,0 YES 4.4 2,7 '0.5 13.0 '0.5

in the crystals grown will depend upon the more sen-

sitive method of analysis mentioned in this paper. LITHIUM ADDITIONS TO MINEALIZER

Strain in pure Z seeds tend to result in higher

etch channel densities and incorporation of sodium.

Crystals grown from Z seeds cut from the +X region

possessed much lower etch channel densities than

those crystals grown upon unstrained pure Z seeds.

Data with respect to resonator characteristics

still needs to be determined on most of these crys- 
IL

tals in order to correlate performance to crystal

quality. PREPARATION OF NUTRIENT SUPPLIES
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COMPARISON OF TYPICAL IMPURITY LEVELS IN NUTRIENT SUPPLIES

TYPICAL IMPURITY LEVELS IN REAGENT 
GRADE MINERALIZERS

(PPM By WEIGHT)

NUTRIENT Li NA K AL FE TOTAL
SUPPLY (PPM BY WEIGHT)

MINERALIZER K AL FE TOTAL SUPPLY_(PPMByWEIGHT)

SYN. QTZ 0.8 342,0 0.5 2.3 1.0 346.6
NAT. QTZ 2.5 10.0 3.4 21.0 2.7 39.6

NAOH (GC4) 1.6 0.5 0.5 2.6 CUL. QTZ I 1.3 8.3 '0.5 6.0 '0.5 16.6

NAOH (GC5) 0.7 0.5 0.5 1.7 CUL. QTZ Il 0.8 2,5 0.7 2.4 0.8 1 7.2
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TABLE5 TALE8

TYPICAL IMPURITY LEVELS FOUND IN CRYSTALS COMPARISON OF ALUMINUM LEVELS BY AA AND EPR
GROWN FROM DIFFERENT NUTRIENT SUPPLIES

NUTRIENT L NA K AL FE TTL SAMPLE ATOMIC ELECTRON PAIR
U ABSORPTION RESONANCE

SUPPLY (PPM BY WEIGHT) _ _....

SYN. QTZ '0.5 0,5 '0,5 0,6 '0.5 2.6 X 0,5 0.12

NAT. QTZ 3.0 8.8 1.3 .14.5 0,7 Y 0,5 0,80

CUL, QTZ I 1,1 3.3 0.8 3,9 0.8 9.9 Z 0,5 1,20

CUL. QTZ II 0.7 2.- '0,5 1.7 '0.5 1 5.9
CUL. T 0.5 0.9 0.5 0,6 '0.5 3.0

TABLE 6 TABLE9

EFFECTS OF LINER ON CRYSTAL PURITY ETCHING CONDITIONS EMPLOYED ON PURE Z SEEDS

R GROWTH RATE LINER L NA K AL FE ETCHANT USED ETCHING TIM ETCHING TEMP.
(MILS/DAY) (PP M )( I ,)( )

X46A 16.0 NO '0.5 2.3 '0,5 0.8 0.5 7,0MNH4HF2  5-60 22

XSOA 20,0 NO 1.9 '0.5 2.2 '0,5 0.8 48% HF 5 - 15 22

X50B 25,0 NO 1.5 '0.5 '0,5 0,9 0,8 40% NH4F + 48% HF 5 - 90 22;75

X52 16,0 NO '0,5 1.5 0.5 '0,5 0.5 (EQUIVOLUME)

QA33 22.0 YES '0.5 0,6 'U,5 '0,5 0.8

QA36 28.0 YES 0.5 1.8 '0.5 '0,5 '0,5

OA31 20,0 YES '0.5 0.5 '0.5 '0,5 0.9

TABLE 1
TABLE I

COMPARISON OF CRYSTALS GROWN UPON
UNSTRAINED AND STRAINED PURE Z SEEDS

IMPURITY LEVELS IN CRYSTALS GROWN FROM VARIOUS AUTOCLAVES

CRYSTAL AUTOCLAVE Li NA K AL FE R I UNSTRAlNED SEEDS STRINED SEESRUN NO, Z GROWTH RATE RA GROWTH RATE NAID. (IN,) (PPMA) U tILS/DAY) (PPM) (cm 
2
) "ILS/DAY) 'DpM) -p*"

A 1 '0,5 1.5 '0,5 '0.5 0,5 GCiI 21.2 8.8 158 21,2 :2..'18

B 3 '05 2,3 '0.5 0.8 0.5 Gc8 "9.0 7.1 185 ;2.6 11. 2

C 4 'OS 0.7 0.7 '0.5 '0.5 1C.9 1.2 1,9 166 51,,
D l0 '0,5 1.5 '0.5 0.5 '0.5 GC12 20.3 8.0 203 19,3 S.5 38

E 33 '0.5 1.4 '0.5 0.9 '0.5 1AVG. 22.9 6,5 178 [ 3.0
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X-RAY TOPOGRAPHS OF CRYSTALS

/I I

Z SEED X SEED

FIGURE 1

COMPARISON OF DISLOCATION DENSITIES IN CRYSTALS
GROWN FROM Z AND +X SEEDS IN SAME RUN
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38th Annual Frequency Control Symposium - 1984

CULTURED QUARTZ OF LOW ALUMINUM CONTENT
FROM PRODUCTION SIZED AUTOCLAVES

Baldwin Sawyer and 0. R. Kinloch

Sawyer Reseurch Products, Inc.
Eastlake, Ohio 44094

Background Conclusions

Recent studies of cultured quartz radiation Some general conclusions can be drawn at this

stability (or "hardness") have called for quartz time as follows:

whosi Z-reqion aluninum content is 1 ppm or 1) Feasibility of Z growth containing less
less . A report of unusually high purity quartz than 1.0 pp. Al in unlined production sized
grown in silver from devitrified, high purity, autoclaves has been shown. A conbination of the
silica yven at the 1982 Frequency Controlauolvshsbesow.Acnito fte

si venda the c1982rFrequenc edCoto two controls; slow growth, and low aluiiinum
Symposium tends to confirm the predicted nutrient material (believed to be less than 10 ppm
advantaqes. Al) was used.

Development 2) It is to be hoped that Al content

Durinq '82 and '83 two low-aluminum runs were tolerances will be suggested by the end-use test
grown slowly in unlined oroduction-sized results. These might take the form of twogronavesl it unlinawyed Rese Productsd different requirements to achieve radiation
autoclaves at the Sawyer Research Products hardened quartz behavior; for swept quartz, and

cultured quartz plant, supported in part by the for unswept quartz.

USAF, using previously qrown crystals as nutrient.

Three other low-aluminum runs were also slow-grown 3) Aluminum content may become a useful
from selected high-purity nutrients, means of characterizing cultured quartz for other

Analytical uses than radiation hardened applications.

The EPR analytical results of these samples
from five runs are shown in the table together
with details of growth conditions, nutrient used,
and IR indicated Q capability.

A number of use studies of this material both
as grown and "swept" (i.e. electrolytically
treated in solid state) have been begun.
Preliminary indications are that the quality looks
high, but full evaluations were yet to be
completed at the time of this paper.

1 Halliburton L.E., Martin J.J., Sibley W.A.,

"A Study of the Defects Produced by the
Irradiation of Quartz" Rome Air Development
Center, Tech. Report-80-120 (1980).

2 Doherty S.P., Morris S.E., Andrews D.C., and

Croxall D.F., "Radiation Effects in Synthetic
and High Purity Synthetic Quartz: Some Recent
Infrared Electron Spin Resonance and Accoustic
Loss Results," Proceedings 36th Annual Symposium
on Frequency Control, (1982).

CH2062-0/84/OOOO0008$1.oo Q 1B841EEE 8



LOW ALUMINUM RUN SUMMARY

FROM PRODUCTION AUTOCLAVES

PARTICULARS: AUTOCLAVE'S ENCLOSED VOLUME - 261 LITERS

GROWTH PROCESS: HYDROTHERMAL, 2 CHAMBER

NORMAL OPERATING PRESSURE 82.7 MPa (12,000 psi)

NORMAL OPERATING TEMPERATURE RANGE 340 - 360°C

INITIAL SOLUTION: 0.8 M Na2 CO3, 0.05 M LiNO 2

AVE. TOT. Z ALUMINUM CONTENT OF Z GROWTH BY EPR ppm IND Q
RUN GROWTH RATE NUTRIENT CAPABILITY
NUMBER mm/DAY MATERIAL AVERAGE MAXIMUM MINIMUM 10

H33-31 * 0.37 Cultured on 0.6 3.3
Z olates

F12-46 * 0.29 Cultured on 0.97 1.15 0.79 3.7
Y-bars

F36-43 0.23 Cultured on 0.4 2.7
Y-bars

F27-43 0.28 Arkansas 0.6 2.9
Quartzite

G23-37 0.28 Brazilian 0.8 1.0 0.6 3.3
Lascas

• Engineerinq cost supported in part by USAF
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38th Annual Frequency Control Symposium- 1984

DISTRIBUTION OF ALUMINUM AND HYDROXIDE DEFECT CENTERS IN IRRADIATED QUARTZ

Herbert G. Lipson and Alfred Kahan

Solid State Sciences Division

Rome Air Development Center
Hanscom Air Force Base, Bedford MA, 01731

Summary

varies. In addition, during the growth period of sev-
Irradiated quartz is characterized using low tempe- eral months, thermodynamic conditions change and intro-

rature infrared Fourier spectroscopy, and peaks associ- duce variations in quartz quality, aluminum impurity,
ated with as-grown OH and Al-OH defect centers are and water molecule concentrations between the seed and
measured. Defect center distributions are determined the z-growth surfaces. Singly or doubly rotated crys-
from scanning small crystal regions perpen0icular to tal resonator disks, for example, AT- or SC-cuts, are

the growth axis. We find that even when Co irradia- fabricated from z-growth bars, and their cross sections
tions produce a uniform OH- decrease across the sample, incorporate material grown during the entire growth
the corresponding Al-OH profile may ormay not be uni- cycle. In order to insure high quality and uniform
form. Initially the formation of Al-OH is governed by crystals for high precision resonator applications, it
the concentration and distribution of as-gtown OH , but has become standard practice to measure the room tempe-
with increasing dose as-grown OH can remain_at a con- rature strength and uniformity of as-grown OH related
stant level or deplete. In some cases AI-OH forms infrared bands, and to select crystals with low and
even after all as-grown OH is depleted, indicating an fairly uniform absorption strength. The as-grown OH
additional hydrogen source in the crystal. When Al-OH absorpt on levels are also correlated with resonator Q-
saturates and as-grown OH remains at a constant level, values. There are also indications that large varia-
the AI-OH distribution indicates the substitutional tions in radiation sensitivity of crystals fabricated
aluminum profile of the sample. from quartz grown in the same autoclave run, or even

from the same bar, may be associated with differences
Key Words: Quartz, Defect Centers, Radiation Effects, in impurity distributions along the growth axis. Con-
Infrared Spectroscopy. sequently, sensitive non-destructive characterization

techniques to determine localized impurity distribu-
Introduction tions in as-grown, swept, and irradiated crystals are

of practical importance.
Specific point defect models for synthetic high

quality quartz are we112established and are reviewed in When room temperature irradiation dissociates AI-M
several publications. The major defects are substi- and OH and forms AI-OH , the Vikali-metals migrate to
tutional aluminum impurities in silicon sites, comfen- some unknown site and form a M -center. In all previ-
sated with interstitial alkali-metals to form AI-M (M ous investigations it was implicitly assumed that the
= Li, Na, or K), and water molecules adjacent to oxygen rate at which OH dissociates and AI-OH forms are the
sites to form as-grown OH centers. The frequency of a same, t~at is, the governing effect is the break-up
resonator fabricated from quartz is determined by the of AI-M , and, as a consequence, as-grown OH dissoci-
elastic, piezoelectric, and dielectric constants of the ates to com 2ensate the substitutional aluminum and
crystal. The quality of the fabricated resonator is forms AI-OH . This, however, may not be the case. The
affected both by the amount and the distribution of AI- governing mechanism may as well be the dissociation of

M and OH centers in the crystal. Room+ temperature OH . Alternately, the governig mechanism may involve
ionizing radiation dissociates both Al-M and OH , and the precursor of the unknown M -center. In this se-
two ew centers are formed, Al-OH and aluminum-holes, quence, radiation dislociates this center, which in
Al-e . In this process,_the as-grown OH is the hydro- turn dissociates AI-M and as-grown OH and forms Al-
gen ion source for Al-OH . It is believed that a major OH . Consistent with the defect models considered for
part of the observed transient and steady-state radia- quartz, the interpretation of radiation effects on
tion induced frequency offsets can be attributed to crystals swept in an air atmosphere is straighforward.
radiation induced alkali-metal ion migration, and to One does not expect Iny observable steady-state radia-
changes in the material constants, caused by redistri- tion effects. All M -ions have been swept from the
bution of defect centers. The point defect structure crystal, and all defect sites are saturated with hydro-

of quartz is also modified by sweeping (electrodiffu- gen ions. Radiation will not cause ionic migration,
sion). Sweeping a crystal in an air atmosphere, at - and the material constants and the resonator frequency
elevated temperatures, dissociates AI-M , saturates OH remain unchanged. However, steady-state radiation ef-
defects, and forms AI-OH . In this process, external fects do exist and these are then attributed to incom-
water vapor is the hydrogen ion source for Al-OH , and, plete sweeping, caused by crystal non-uniformities and
at the same time, most of the alkali-metal ions are extended defects.

physically "swept" out of the crystal. Sweeping a

crystal in a vacuum atmosphere also dissociates Al-M One of the difficulties in interpreting the defect
and forms Ai-OH , but similar to the radiation process, structure of 4u4I t in a consistent manner is the fact
the hydrogen source is the as-grown OH which is redu- that the centers associated with the dissociated alka-
ced, or depleted, as the alkali metal ions are swept li-metal ion are not observed by any of the standard
towards the cathode. characterization techniques. In addition, the inter-

pretation of radlation effects is complicated by the
For synthetic quartz, the major growth direction is pressnce of Al-e . The relative ratio of AI-OH and

along the crystallographic z-axis. The quality and im- Al-e defects formed for a given dose of radiation var-
purity content of the nutrient used for crystal growth ies from sample to sample, and the sequence of forma-
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tion is not established. There are several possibili- along the x- or y-axis of the crystal, that is, normal

ties which must be considered: (1) Al-e forms de- to the z-growth direction. Beam positions are desig-
pending on the availability of electron traps, and is nated by the distance of the center of the 3 mm beam
independent of hydroge related centers. (2) Both de- from the +z-face of the sample, the section of the
fects, Al-OH and Al-e , form at the same time in the crystal furthest from the seed. For one sample, meas-

same crystal region, with undetermined factors gov- urements were also made with the beam aligned along the
erning the preference of forming one defect center z-axis, and positions are designated along the y-axis.

over the other,_and (3) Al-e forms if, and only if, The samples were irradiated with sug6essive doses of
all Is-grown OH is exhausted and there is still excess 0.2, 0.2, and 0.4 Mrad at the RADC Co source, and

AI-M in the crystal. were measured after each irradiation.

In this paper, we wish to examine whether radiation Figure I shows typical absorption spectra measured

effects in quartz are governed by as-grown OH or by normal to the z-growth axis, calculated from transmis-
substitutional aluminum impurities, and whether radia- sion. These spectra are for sample BH-A, before irra-

tion induced migration of alkali-metal and hydrogen ion diation and after total doses of 0.2 and 0.8 Mrad. At
is localized to several atomic distances, or can extend 85_K, the four principal bands associated with as-grown

across the entire crystal. In order to investigate OH impurities in synthetic qufrtz have strong peaks at
these effects, we need to evaluate the spatial impurity 3348, 3396, 3438, and 3581 cm before irradiation.

distribution of the crystal. Experimcntally, OH and Smaller peaks, probably associatfd with other sites,
AI-OH are characterized by vibration spectra Teasured are also observed. The 3581 cm band has a strong
by low temperature infrared spectroscopy, Al-e +is de- narrow peak and easily determined background whereas
termined from electron spin resonance, and AI-M from a the absorption of the other three bands are broad and
combination of low and high temperature dielectric and superimposed on Si-O latfice bands. After the 0.2 Mrad
acoustic loss investigations. It is very difficult to irradiation the 3581 cm , as well as the other as-

utilize non-destructive methods such as ESR, or die- grown OH bands, are reduced cynsiderably, and two new
lectric and acoustic loss measurements, to determine peaks, allarge one at 3366 cm and a smaller one at

the spatial distribution of respective defect centers 3306 cm are observed. These bands are associated
in a crystal large enough to fabricate standard size with AI-OH . The 0.8 Mrad irradiation depletes the as-

resonators. However, we previously reported the appli- grown OH bands and produces very small additional
cation of low temperature infrared Fourier spectroscopy changes in the Al-OH associated peak heights.
to scan large crystals normal to the growth axis before
and after sweeping to determine Al-OH and as-gr~wj OH We are interested in evaluating only relative
distribution from their relative band strengths. . We changes in as-grown OH- and Al-OH , and for this pur-
again utilize this technique to study di ertent types pose it is sufficient to compare absorption peak
of quartz samples exposed to successive Co irradia- heights instead of integrated changes in band ar~as.
tion doses. For these reasons, we sej[ct the narrow 3581 cm band

and the stronger 3366 cm band at 85 K to monitor
Experimental Procedures changes in as-grown OH and AI-OH defyct centers, res-

pectively. Both the 3366 and 3581 cm bands have
The quartz samples used for this investigation were large dichroic ratios with maximum strengths when the

rectangular in shape, between I and 2 cm in size, with electric vector is perpendicular to the optic, the c-
parallel x-, y-, and z-faces. Tie quartz type, alumi- or z-, axis. The comparative measurements for this in-
num concentrations, and 3581 cm band peak heights are vestigation were made with unpolarized radiation, and
listed in Table 1. maximum band strengths are obtained only when the beam

Is aligned along the z-axis. The values given in Table
Table 1. Quartz samples I are for the beam aligned either along the x- or y-di-

-l rection, and are lower than would be obtained using a
Sample Type Aluminum 3581 cm polarizer with the angle set for maximum band strength.
Designation Concentration Band Peak -I

ppm Height (cm Based on ESR measurements, low concentration oS+
substitutional aluminum is defined as <1 ppm of Al

D14-45 Premium-Q 1 0.08 - 0.11 medium concentration between 1-5 ppm, and high as >5
BH-A Premium-Q 11 0.25 - 0.37 ppm. For comparison purposes we arbitrfrily define low
E42-21 High-Q 6-8 0.08 - 0.12 OH or AI:?H concentration as <0,1 cm , medium as 0.1
QA-32 RADC/ESM 4, 32 0.37 - 0.40 to 0.3 cm , and high as >0.3 cm For this defini-

...................................... tion of_-l-OH concentration it is assumed that the
3366 cm peak has reached its saturation level.

The High-Q and Premium-Q samples were grown by the same
process at SARP, except that for Premium-Q lithium salt Results
was added to the nutrient and the Na CO mineralizer.

The RADC/ESM sample was grown with a Na6H mineralizer Figure 21 shows the pea absorption coefficients of
and lithium salt additive. The aluminum concentrations the 3581 cm and 3366 cm bands measured along the y-

were determingd from electron spin resonance (ESR) axis for Premium-Q sample BH-A, with high substitution-
measurements. The 4 ppm value for QA-32 was measured al aluminum concentration, as a function of radiation

by atomic absorption. The peak height of the 3581 cm dose. The measurement at any point along the y-axis
infrared band at 85 K is related to the OH concentra- includes the absorption of material deposited during

tion. the entire growth process. The data indicates a high

level and uniforv distribution of as-grown OH concen-
Infrared transmissions were measured between 3100 tration, 0.6 cm . After 0.2 1Mrad irradiation the ab-

and 3700 cm with the focused beam of a Nicolet 170SX sorption decreaIes by 0.4 cm and introduces an AI-OH
Fourier spectrometer. The normal beam size was 3 mm in band of 1.0 cm absorption strength. The ratio of Al-

diameter, but 1.5 mm beams were also used to scan more OH productin to OH reduction is 2.5, that is, for
localized regions. The sample, mounted inside a dewar each 0.1 cm decrease in OY absorption there is_an

cooled to 85 K, was moved across the spectrometer beam Al-OH increase of 0.25 cm . The decrease in OH is
axis. Measurements were made with the beam aligned in proportion to the available OH , and it is not line-
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ar with dose. With further dose, the as-grown OH- de- from 0.08 to 0.12 cm- 1, with the higher values near the
creases ?nd approaches a constant absorption level of seed. A 0.2 Mrad irradiatin reduces the overall OH
0.15 cm , and at the same time, AI-OH increases and absorption to 0.01-0.02 cm , and te absorption values
approaches saturation. The growth process is along the of Al-OH formed vary from 0.12 cm at one end of the
z-axis, and measurements along the y-axis do not reveal crystal to 0.20 cm at the other end. The AI-OH-
defect non-uniformities that may be incorporated in the distribution shows a slight resemblance to the initial
crystal. OH . The initial as-grown OH absorption level of this

crystal is similar to Premium-Q D14-45 depicted in Fig-
Figure 3 shows the variations of the 2?ak absorp- ure 4, but the two samples differ in their radiation

tion coefficients of the 3581 and 3366 cm bands asso- response. For this case the ratio of AI-OH production
ciated with OH and Al-OH , respectively, along the z- to OH reduction varies from 1.3 to 2.0.
growth axis, for the same Premium-Q crystal BH-A. TYe
as-grown OH absorption varies from 0.25 to 0.37 cm Irradiating the cryztal to 0.4 MRd reduces OH ab-
This extent of non-uniformity is common even in high sorption from 0.005 cm to 0.Oq?2 cm , increases Al-
quality quartz, with OH concentrations usually OH absorption by about 0.1 cm over most of the crys-
stronger near the seed. The 0.2 Mrad irradiation re- tal, and the Al-OH peak shows an almost linear gradi-
duces the OH fairly uniformly, 0.17-0.20 cm , to a ent between the two ends of the sample. Irradiating
level of 0.07 to 0.20 cm . The Al-OH distribution the crystal to 0.8 Mrad depletes as-grown OH across
follows that of the initial OH only for one-half of the entire sample and increases AI-OH in a fairly uni-
the crystal, but for the second-half, between the cen- form manner, maintaining the same Al-OH gradient.
ter and the -z-face, the Al-OH is more uniform than This sample showsla surprisingly large change in AI-OH
either the initial or the radiation reduced OH . In for the 0.002 cm reduction in OH . The same effect
the z-growth direction the ratio of Al-OH production can be noted close to the +z-face ofsample D14-45 of
to OH reduction varies between 1.7 to 2.8. Also,_for Figure 4. Local variations in AI-OH increase are also
the same initial OH concentration, a larger Al-OH to observed for the same magnitude of OH decrease.
OH ratio is observed towards the -z-face of the crys-
tal. In some regions of the crystal, the defect dis- Figure 6 shows the absorption coefficients along
tribution after the accumulated 0.8 Mrad irradiation the z-growth axis, as a function of radiation dose, for
shows approach to OH depletion and AI-OH saturation, the lithium doped crystal QA-32, grown at RADC. ESR

impurity analysis indicates that this crystal has a
Figure 4 shows the variatIon in peak abTorption very high substitutional aluminum impurty concentra-

coefficients for the 3581 cm and 3366 cm bands tion, 32 ppm, while atomic absorption results for an-
along the z-growth axis for Premium-Q crystal D14-45, other section of this crystal shows 4 ppm. We find
as a function of radiation dose. Crystals grown in that as-grown OH absorption values are uniform acros£
this autoclave run have low aluminum concentrations, as the sample, but are very high, an average of 0.35 cm
determined from ESR measurements, and this particular The 0.2 Mrad irradiatfon reduces as-growni OH absorp-
bar, 43A, also indicates low as-grown OH along the tion to 0.06-0.12 cm . The as-grown OH of this sam-
growth axis. T e as-grown OH absorption is approxi- ple, and the initial irradiation results, are similar
mately 0.07 cm oyer two-thirds of the thickness, to that of Premium-Q BH-A, but with a much sharper gra-
rising to 0.11 cm in the section closest to the seed. dient in Al-OH . AI-OH absorption increases from 0.08A 0.2 Mrad irradiation reduces OH relatiyely uni- to 0.36 cm' over one-half of the sample and remains at

formly across the sample, 0.04 to 0.05 cm , an ab- the 0.36 cm level over the second-half of the sample.
sorption level varying from 0.025 to 0.055 cm . This The Al-OH to OH ratio varies from 0.5 to 1.5. At
decrease is about a factor of 2-2.5, with the largest this level of irradiation, OH has decreased relatively
reduction occuring in the crystal section containing uniformly across the entire sample, has not depleted at
the highest initial OH concentration. The AI-OH any point, yet we obtain a 4.5:1 variation in Al-OH
absorption distribution across the sample formed as a absorption.
resylt of this initial dose varies from 0.04 to 0.075
cm , and exhibits the same non-uniformityas the ini- Irradiating the crystal to 0.4 Mrad continues the
tial OH distribution. The ratio of Al-OH production trends observed for 0.2 Mrad. As-grywn OH absorption
to OH reduction is 1.0 to 1.5, with the higher value is reduced to an average of 0.03 cm , and the corre-
associated with the crystal region with the higher spoding increase in Al-OH absorptlion is 0.15-0.20
initial OH • cm The sharp gradient in Al-OH absorption, a rise

of 0.3 cm across one-half of the sample, is retained.
Irradiating the crystal to a total dose of 0.4 Mrad An additional 0.4 Mrad irradiation depletes OH and

continues the trends observed for the inital irradia- further increases Al-OH . This crystal also shows a
tion. T e Al-OH absorption increase is approximately very large increase in Al-OH for a small decrease in
0.03 cm across the sample. Increasing the accumu- OH . Measurements taken closer to the +z-face after
lated radiation dose to 0.8 Mrad-shows very little ad- this irradiation indicate that the gradient in Al-OH
ditional decrease in as-grown OH . The OH is depleted is even more pronounced than that observed for the low-
at one end of the cryst&l, rises gradually across the er doses. After the accumulated 0.8 Mrfd dose, visual
cryTtal, and reaches 4n absorption strength of 0.04 darkening, usually associated with Al-e , can be ob-
cm at the other end. The residual OH absorption pro- served in the high Al-OH region of the crystal, but
file reflects -he as-gvown non-uniformity, with a con- not close to the +z-face. This is further evidence for
stant 0.07 cm subtracted from the initial value. Af- the large aluminum concentration gradient.
ter the 0.8 Mrad dose, Al-OH absorption shows a fairly
uniform distribution, with somewhat lower values in the Discussion
center of the crystal.

We have observed previously that insynthetic
_ Figure 5 shows the absorption coefficients of the quartz the concentration Rf as-grown OH and aluminum

OH and Al-OH associated bands along the z-growth impurities are unrelated. For Premium-Q crystals one
axis, as a function of radiation dose, for a sodium can obtain all possible combinatiol of high and low
compensated High-Q crystal, E42-21, containing a high as-grown OH and substitutional Al concentration lev-
concentration of substitutional aluminum and low as- els, but emp ically we find that all Hi,,h-Q crystals
grown OH . The as-grown OH absorption values vary have high Al concentrations. The sampl's chosen for
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this investigation Jclude a variety of these combina- sume that the initial irradiation also dissociate the
tions of OH and Al concentrations, sodium compensated center and immediately forms M -cen-

ters. Consequently, we would like to propose another
All experimental results are consistent with the model for interpreting our data. Martin's results

mechanisms that radiation dissociates Al-M and as- shows evidence for "hidden" sodiums, and our resultsL
grown OH , and forms Al-OH . The sequence of mechan- the increase in Al-OH at no apparent decrease in OH
isms affecting the defect centers may includ a precur- shows evidence for "hidden" hydrogens. We suggest that
sor for M -centersx the dissociation of Al-M , and he the two phenomena are related and that the additional
dissociation of OH to compensate the liberated Al source of hydrogen is NaOH. The molecular NaOH is in-
sites. We also find that initially the formation of corporated in the crystal during crystal growth. In
AI-OH is governed by the concentration and distribu- crystal growth using the NaOH mineralizer process, this
tion of as-grown OH . With successive irradiations the molecule is provided directly from the mineralizer, and
as-grown OH centers can remain at a constant level or in crystal growth using the Na 2CO mineralizer process,
deplete, and Al-OH- can continue to increase or_satu- the NaOH molecule is formed in solution. This is simi-
rate. When as-grown OH is depleted, the Al-OH dis- lar to the process of incorporating water molecules
tribution, even if saturated, does not necessarily re- during crystal growth. At the present time we are un-
flect the substitutional aluminum profile, as the for- able to propose a specific configuration for this cen-
mation of Al-OH may be inhibited by lack of as-grown ter, whether the molecule is incorporated at an oxygen
OH . Conversely, when as-grown OH remains at a con- vacancy or at some other site, for example, the config-
stant level with additional dose, Al-OH distribution uration depicted on p. 64 of Ref. 1. The fact that
does reflect the substitutional aluminum profile. NaOH dissociates after as-grown OH is depleted implies

that the two processes are independent and one may be-
It is difficult to draw conclusions regarding final come exhausted before the other is depleted. When the

levels, or distributions, of the defect centers. We sample is annealed the NaOH molecule is n t re-formed,
encounter both depletion and saturation effects. It is as evidenced from the newly created Al-Na centers.
expected that after as-grown OH is depleted, addition- Consequently, after annealing,_or air sweeping, we may
al irradiation will not increase AI-OH . This however also observe an increase in OH related bands.
is not the case. The most puzzling feature observed in
Fig. 5 is the additional increase in Al-OH with dose In the same crystal, for the same OH decrease we
after OH is depleted. The basic issue raised by this observe differences in the amount of AI-OH increase.
data is what is the source of the additional hydrogen One possible interpretation is that the aluminum con-
ions. Are we observing an additional stage of defect centration varies across the crystal and the radiation
formation, with hydrogen ions being released from induced hydrogen ion mobility extends over large dis-
"hidden" traps, or is this increase due to migration of tances. We can+also assume that the concentration of
ions across the crystal, distances in the order of the "hidden" Na -centers is non-uniform, and the local
millimeters or centimeter? dscrease In OH in then the suT of the dissociating AI-

M and Na -centers. If the Na -center is the proposed
It is always simple to interpret phenomena by as- NaOH molecule, then the local decrease in as-grown OH

suming additional unknown defect centers. The object, is the difference between the magnitudes of Al-OH and
however, is to interpret the data in a consistent man- the dissociating NaOH.
ner by assyming the minimum number of known defects.

Martin shows evidence that even in a lithium com- These considerations suggests some further experi-
pensated Premium-Q sample, there are sodium compensated ments. The possibility of radiation induced mobility
non-aluminum sites which dissociate with radiation, over large distances could be clarified by annealing a
When the irradiated cryltal is annealed, the dissoci- crystal which exhibits large non-uniformities in Al-OH
ated sodiums fo m Al-Na , rather than recombining into to its original state, and physically slicing it into a
the original Na -centers. Consequently, Premium-Q sam- number of sections. The radiation sequence is then re-
ples, which initially+did not show any 50 K anelastic peated on each section, and infrared results are com-
loss peak, show Al-Na centers after irradiatio and pared with those obtained for the whole crystal.
anneal. Similarly, Green, Toulouse, and Nowick dis-
cuss irradiation induced conductivity in terms of com- As discussed in the Introduction, another center
plex alkali-metal centers +which anneal in the same that complicates the interpretation of infrared data is
temperature range as Al-e . the aluminum-hole, Al-e . ESR measurements show that

this center is created by irradiation, but we do not

One possibility of interpreting the AI-OH increase know its distribution along the z-gqowth axis or the
with no apparent decrease in OH is a two-step process sequence of its formation. Is Al-e created at (1) low
involving In interaction with the sodium compensated doses of irradiation prior to any decrease in as-grown
center, Na -center, identified y Marti4. When the OH , (2) in proportion to Al-OH , or (3) does it form
sample is irradiated, both Al-M and Na -centers disso- from residual Al-M centers, after as-grown OH and
ciate and become compensated with hydrogen ions + from other hydrogen related defects are exhausted?
dissociating OH . This process forms Al-OH , M -cen-
ters, and an infrared inactive sodium-hldrogen complex. A non-destructive method $ould be employed to eval-
After further irradiation, as more Al-M dissociates uate the contribution of Al-e without utilizing ESR
and OH becomes depleted, the sodium-hydrogen complex measurements. Al-e anneals between 240 and 300 C.
starts to dissociate, hydrogen ions are released from It is suggested that two sets of experiments be per-
their tgpping sites, and become available to compen- formed. The first set is the sequence of irradiations
sate Al to form addditional Al-OH . At the same time and infrared evaluations outlined in this investiga-

the liberated sodium ions add to other M -ions from the tion. After saturation and depletion effects gre com-
dissociating Al-M . plete, the sample is annealed between 500-500 C to re-

turn it to its original state. The second set of ex-
One difficulty with this proposed two-step process periments is the same sequence of irradiations and in-

is the fact that it assumes that the hydrogen complex frared evaluations, but the sample is annealed at 30
is both created and dissociated with irradiation, and °C after each dose of irradiation to dissociate Al-e
its existence depends ?n the availability of as-grown We do not necessarily expect alarge decrease in as-
OH to compensate Al-M . It is more reasonable to as- grown OH or increase in Al-OH after each anneal, as
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an undetermined fraction of t e dissociated alrminums also shown that there exists an additional. source of
may become compensated with M to re-form Al-M . How- hydrogen in the crystal, not associated with the usual
ever, after subsequent irradiations, addition l Al-OH as-gronOH bands, which contributes to the formation
should form from the larger reservoir of Al-M . The of AI-OH defects. Possible models proposed for this
difference between the two sets of irradiation experi- additional source of hydrogen are the presence of a
ments, one with and o~e without the 300 °C anneal, can sodium-hydrogen complex or molecular NaOH. In crystal
he attributed to Al-e growth using the NaOH mineralizer process, this mole-

cule is provided directly from the mineralizer, and in

The question whether the growth of Al-OH as a crystal growth using the Na2CO3 mineralizer process,
function of irradiation is inhibited by lack of as- the NaOH molecule is formed in solution.
grown OH can be clarified by sweeping the sample in an
air atmosphere after irradiation effects are saturated. References
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ALUMINUM-RELATED ACOUSTIC LOSS IN AT-CUT QUARTZ CRYSTALS
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SUMMARY is found trapped on an oxygen adjacent to the

Al3+. The interstitial alkali ions are

The substitutional aluminum ions present usually in the relatively large c-axis chan-

in all quartz require charge compensation. nels and at high temperatures can move along

In as-grown synthetic quartz, interstitial the channel under an applied electric field.

alkali ions serve as the charge compensators. King,
5  

and later Katsi
l 
and Fraser

12 
used

Irradiation at temperatures above 200 K re- this technique to "sweep" hydrogen and

places the alkali with either a proton or a specific alkalis into the sample. Sweeping

hole trapped on an adjacent oxygen. Electro- hydrogen in to replace the alkalis has been

diffusion (sweeping) can be used to replace shown to improve the radiation hardness of

the alkali with either a proton or another quartz oscillators.
8

specific alkali. A study of the acoustic

loss spectra of a series of 5 MHz 5th over- The identification of both growth- and

tone AT-cut resonator blanks as a function of radiation-induced defects which affect the

sweeping and irradiation has been completed. performance of quartz resonators is an impor-

No acoustic loss peaks were observed at tem- tant part of our project. Recently, using

peratures less than 100
0
C which could be sweeping, IR absorption, and acoustic loss

attributed to either the Al-Li
+ 

or Al-OH- measurements, Martin and Doherty reported

centers. Na-swept samples showed the that the Al-OHW center does not have an

expected large loss peak at 53 K while un- acoustic loss peak at temperatures below 370

swept samples had only very small 53 K peaks. K. They also reported that irradiation of

This shows that in as-grown synthetic quartz both unswept and H-swept Premium a quartz

lithium is the primary charge compensating resonator blanks produced acoustic loss peaks

ion. Irradiation removed the 53 K peak and at 23 K and 100 K and a broad loss peak

introduced new peaks at 23 K, 100 K and 135 between 125 K and 165 K. King and Sander
1

K. Annealing studies show that these peaks had earlier reported the two higher tempera-

can be attributed to the Al-hole center. The ture peaks and had suggested that they were

anneal study also shows that the decay of the caused by the Al-hole center. The 23 K peak

Al-hole center is matched by the return of had also been observed earlier and was attri-

the alkali to the aluminum site. buted to changes in the interaction between
the resonant vibrations of the blank and the

Introduction thermal phonons.
1 7 

We report here a compari-
son of the acoustic loss spectra of as-

Alpha-quartz is used in a wide variety of received and Li
+
, Na

+
, and H+ swept resona-

precision electronic devices where aging and tors fabricated from the same bar of Premium

radiation-induced instabilities are undesir- Q grade quartz. Results were also obtained

able. It is now well-known that quartz- for Supreme Q grade material and for a

controlled oscillators may exhibit transient natural quartz crystal. We also report an

and steady-state frequency and Q shifts when isochronal anneal study of the three peaks

exposed to ionizing radiation.1-4 Early induced by a room temperature irradiation

results obtained by King
5 

and other investi- which shows that they are associated with the

gators6
- 9  

suggested that these effects were Al-hole center. An isochronal anneal study

associated with the presence of impurities, was also made on an irradiated Na-swept
resonator to directly compare the decay of

Substitutional A1
3
+ is present in all the Al-hole and Al-OW- centers with the re-

quartz
1 0 

and requires charge compensation. covery of the A-Na
+ 

centers.

Examples of such char e compensators are

interstitital Li+ or Na ions, or holes or Experimental Procedure

protons at an oxygen ion adjacent to the

aluminum. The proton forms an OH- molecule
Al-Na1 Samples for this study were cut from an

which is infrared active.
1 0

'
1 1  

The loss unswept pure Z-growth Sawyer Premium 0 bar of

defect is responsible for the acoustic loss cultured quartz that has been given an in-

peak observed near 53 K in 5 MHz 5th overtone house designation PQ-E. Samples from this

AT-cut crystals.
1 2  

Irradiation at room tem-

perature destroys the Al-Na
+ 

centers;5'13 State haUniversity ensivng ESR,
1 0

'
1 4t u d ie  Oklahomand

this destruction being responsible for much acoustic loss techniques. All of these

of the steady state frequency offset. Recent investigations show that the bar is of high

work at Oklahoma State University has shown quality but that it contains somewhat more
that the alkali ions become mobile under qu

irraiaton nly f te tmpertur is aluminum (10-15 ppm) than the average Premium
irradiation only if the temperature is 0 material (5-8 ppm). Consequently, aluminum

greater than 200 K.
1 3 -1 5  

Following a room related effects are more readily observed.

temperature irradiation, either a hole which Five MHz 5th overtone AT-cut piano convex

can be observed by ESR techniques or a proton resonator blanks of the Warner design
16  

were

CH20620//840000.0016$1. (g 1941IEEE 16



fabricated for this study by K&W Mfg. Con- -4
firming measurements were made on five MHz 10
3rd overtone AT-cut samples fabricated by

Frequency Electronics from a Toyo Supreme 0
bar labeled SQ-B. A 5.12 MHz natural quartz + SQ-B
resonator was also measured. H-swept, Li- 

swept, and Na-swept blanks were prepared from + x NATURAL
both PQ-E and SQ-B quartz by the method + 

\

reported earlier.
13 ,1

b Infrared absorption O - 5 + +
scans show that Al-OHW centers are present in un 10 1 PQE

the H-swept sample but not in the alkali- +

swept samples. 
+

+
Th cutc os - +

The acoustic loss, Q-I, of the resonator n

blanks was measured by the log decrement +

method from 5 to 370 K. The measurements Q 6 + a +

were made in a variable temperature helium 10 /, &r _ \. +-++-

Dewar with the blank mounted in a gap +2'iGJ \Vc - x

holder. The blank was driven for 10 to 40 ms
at its series resonant frequency and then
allowed to freely decay. The decaying rf
signal was detected with a superheterodyne X1

detector and displayed on a variable persis- -7
tence storage oscilloscope. The exponential 10

decay times were measured by using a digital 0 100 200
timer gated by a window detector. TEMPERA TURE (K)

Results and Discussion
Fig.l. The acoustic loss spectra of unswept

Figure 1 compares the acoustic loss Sawyer, unswept Toyo resonator blanks and a

spectra for the unswept Toyo, the unswept natural quartz crystal are compared. The Al-

Sawyer and the natural quartz samples. Both Na+ center is responsible for the peak at

the Sawyer blank and the natural quartz crys- 53 K.

tal show relatively small 53 K Al-Na
+  

loss

peaks. The SQ-B blank shows a Al-Na+ peak
height of dQ

1 
= 5 x 10

- 5
. Figure 2 compares 10

the acoustic loss, 0-1, spectra for unswept, + No-SWEPT
Li-swept, and Na-swept PQ-E series resonator x UNSWEPT
blanks. The unswept blank shows a small Al- * . Li-SWEPT

Na loss peak at 53 K with a height dQ of -4 +

approximately 5 x 10
- 7

. The Li sweep re- 10 + +

moved this peak and did not introduce any +

new peaks. The Na-swept blank showed a very CO

large 53 K peak with dQ
1 

= 2 x 10
- 4 

as shown Q

in Figure 2. The Na-swept Toyo sample showed +
nearly the same 53 K AI-Na

+ 
peak as the Na- -5 +

swept Sawyer sample. Since the material from +

which these blanks were fabricated contains _ +

10 to 15 ppm aluminum, we conclude that the ++

concentration, C, of A1-Na centers is given + + + ++

by -6 + +

10 - :* xx + +
C = 5(±20%) x 10

4
]dQ

-1  (1),c x c

where C is in ppm and dQ
1 

is the height of x

the 53 K Al-Na
+ 

loss peak. Thus, the unswept
PQ-E blank probably contains about 0.3 ppm -7
Al-Na

+ 
centers; the remaining 10 to 15 ppm of 10 0 100 200

aluminum must be compensated by Li
+
. Since

the mineralizer used in growing Premium Q TEMPERATURE (K)
quartz is predominantly Na 2 CO 3 , the

essentially total exclusion of Na
+ 

from the Fig. 2. The acoustic loss spectra of un-
aluminum sites by the addition of a small swept, Na-swept and Li-swept resonator blanks

amount of Li 2 CO 3 to the solution is all fabricated from the same bar of Sawyer
remarkable.19,20 The as-grown Toyo Supreme 0 Premium Q quartz are shown.

blank contains substantial amounts of Na
+ 

but

Li + must still be the majority charge compen- In contrast to earlier work12 which

sator because the 53 K peak increased by a reported a Li
+ 
related loss peak near 105 K,

factor of four when the sample was Na-swept. the results shown in Fig. 2 for the Premium 0
The natural quartz resonator also contains blanks and similar results for the Toyo

only a small number of Al-Na
+  

centers. An samples show no evidence of a Al-Li
+ 

acoustic

additional, much smaller, loss peak related loss at temperatures below 100
0
C. Toulouse,

to the Al-Na
+ 

center was observed at approxi- Green and Nowick
2 2 

have recently reported the

mately 135 K in the Na-swept blanks. Park and absence of Li
+ 
related dielectric loss peaks

Nowick
2 1 

have also observed two Na-related in both Sawyer Premium 0 and Toyo Supreme 0

peaks in their dielectric loss measurements. samples. They suggest that because of the
small size of the Li ion the double well Na+
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sites have collapsed into a single well for Figure 4 shows the effects of a high dose
the Li 

+
. The resulting Al-Li + pair then pro- (lOMrad) on the acoustic loss spectrum of the

bably lies along the x-axis. Such a single unswept PQ-E sample. The irradiation has
well model would show neither acoustic nor removed the 53 K Al-Na

+ 
peak and introduced

dielectric loss peaks. additional loss peaks at 23 K, 100 K, and 135

K. Martin and Doherty
1 6 

and Martin et al.
2 6

Figure 3 compares the acoustic loss spec- have attributed these three peaks to the Al-
tra for the unswept, Li-swept, and H-swept hole center. Figure 5 shows the acoustic
blanks. The results for the Li and H-sweeps loss, Q-1, versus temperature spectrum for
are essentially identical, as were the re- the Na-swept blank in the as-swept condition
sults for a D-sweep which have been omitted and after a room temperature irradiation.
from Fig. 3 for clarity. Infrared absorption The irradiation has removed the large 53 K
measurements made at liquid nitrogen tempera-
ture show that the H-swept blank contains 10- -5
15 ppm Al-OHW centers. Thus, it appears that
neither the AI-OHW nor the Al-OD- centers 10

show significant acoustic loss peaks at Unewept PQ-E
temperatures below about 370 K. It should
be noted that at higher temperatures, the + As-rcvd
interstitial alkali ions become thermally
liberated from the A13+ trapping site and (f ) e Irrod.
diffuse along the c-axis channels. This ( F

00diffusion causes an acoustic loss which in- .j

creases exponentially with temperature.
17  -oLipson et a@l.

2  
and Koehler

2 
hav shwap-

that this high temperature loss is not pre- L

sent in H-swept quartz which contains no +4

alkali ions and, therefore, must be caused by 4C:-++ +

the alkali diffusion. Infrared absorption
studies of the Al-OHW center

11 ,2 6 
show that

it is strongly polarized with the electric
dipole perpendicular to the c-axis. This
orientation would probably not have a double
well structure that would give rise to an -7 J
acoustic loss. 10 0 100 200

-5
10 . . . . . . . TEMPERA TURE (K)

+UNSWEPT Fig. 4. The acoustic loss spectrum of the

unswept blank is shown in the as-received

condition and after a room temperature irra-

ExLi-SWEPT diation. The irradiation removed the 53 K
Qpeak due to the Al-Na

+ 
center and introduced

-6 s H-SWEPT a peak at 23 K and overlapping peaks at
_H P 100 K and 135 K which are caused by the Al-

~10 hole center.
Cj)

a+
* Ke+isXI. and 135 K AI-Na* loss peaks while introducing
+ the 23 K peak and the overlapping 100 K and

x 135 K peaks. The post-irradiation acoustic
* loss spectra for the unswept and Li-swept

blanks are essentially the same as for the
-7 Na-swept sample. These three loss peaks are

10 also observed in irradiated H-swept resona-
0 100 200 300 400 tors fabricated from this same bar. However,

their strength is reduced by approximately a

factor of five. An inspection of the results
reported by Doherty et al.

1 3 
for the acoustic

TEMPERATURE (K) loss of their Na-swept resonator D14-45DC
shows that the 23 K peak is small but present

Fig. 3. The acoustic loss spectra of un- in their results. D14-45 series quartz is
sewpt, Li-swept and H-swept resonator blanks Premium 0 grade material with an aluminum
fabricated from a single bar of Premium Q content less than I ppm, so we would expect
quartz are shown. No loss peaks are observed aluminum-related loss peaks to be much
that can be attributed to either the Al-Li

+  
maller. Their Na loss peak is about 0.035

or the Al-OH- centers. times that of our Na-swept PQ-E resonator
blank. It should also be noted that their
resonator was partially H-swept. Thus, it

appears that these three peaks, and the Na
peak as well, scale with the aluminum

content.
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Fig. 5. The acoustic loss spectrum of the Na-
swept blank is shown in the as-swept Fig. 6. The isochronal anneal behavior of
condition and after a room temperature the radiation induced peaks at 23 K, 100 K
irradiation. The irradiated spectrum is and 135 K shows that the three peaks go out
nearly identical to that of the irradiated together and at the same temperature as the
unswept sample shown in Fig. 4. Al-hole centers. These data were taken on

the unswept blank. The Al-Na
+ 

center grows
The thermal anneal behavior of the Al- to four times its original concentration

hole and Al-OH- centers in unswept quartz has after the irradiation and subsequent anneal.

been studied by Jani, Bossoli and
Halliburton

2 7 
and by Sibley et al.,

1 5 
respec- is conceivable that this process would take

tively. The Al-hole centers, as observed by place at the 50 to 80°C operating temperature

ESR techniques, anneal out slightly below 550 of a crystal oscillator (although very

K while the AI-OHW center anneals out between slowly) and contribute to the long term aging

620 K and 670 K. If the three radiation- of the crystal.

induced loss peaks are due to the Al-hole
center, they should show the same annealing The decay of the radiation induced Al-

pattern as the Al-hole center ESR spectrum. hole center should be matched by the corres-

We have carried out an isochronal anneal ponding growth of the Al-OH- and/or Al-M
+

study on the unswept blank and on the Li- centers. Sibley et al.
15 

have measured the

swept blank. The results for the unswept high temperature annealing behavior of the

blank show that the 23 K, 100 K, and 135 K radiation-induced Al-OH- centers. Their re-

loss peaks all anneal out between 500 and 550 sults do not show any changes in the Al-OH-

K, as shown in Fig. 6. Since the three loss concentration for the 500-550 K temperature

peaks occur in the same relative strength in range where the Al-hole center decays. This

unswept, Li-swept, Na-swept samples and result suggests that the anneal of the Al-

follow the same annealing pattern as the Al- hole center is matched by the return of an

hole we conclude that all three loss peaks alkali ion to the Al site. Since our unswept

are most likely caused by the Al-hole center. Samples contain mostly Li
+ 

ions and the Al-

When the anneal of the unswept blank is con- Li center does not have an acoustic loss

tinued to higher temperatures, the AI-Na
+  

peak, Fig. 6 does not show the expected lower

center loss peak recovers between 600 and 650 temperature return of the alkali ions to the

K as shown in Fig. 6. aluminum site. We have repeated the isochro-
nal anneal study using the Na-swept blank. In

The isochronal anneal study also showed this case, acoustic loss measurements of the

that after a room temperature irradiation and 23 K Al-hole peak and 53 K Al-Na
+ 
peak were

subsequent 670 K anneal, the 53 K Al-Na
+ 
peak used to track the behavior of the hole and

the alkali centers. Polarized infrared
in the unswept blank increased from an ini- absorpti cents olarhe 

i
band

tial value of 5 x 10
- 7 

to 2.2 x 10-6 after absorption measurements of the 3367 cm
1 band

A lwere also made on the Na-swept blank in order
the anneal. The Al-Na

+ 
loss peak also ap- to track the AI-OH- center. Figure 7 shows

peared in the Li-swept sample as a result of the results of the anneal plotted in terms of
the annealing although it was absent in the the aluminum content. The decay of the 23 K
as-Li-swept sample. These latter results Al-hole between 500 K and 550 K loss peak is
suggest that sodium is trapped at sites other matched by a 25e growth in the 53 K Al-Na

4

than aluminum during growth. The irradiation acoustic loss peak. The remaining growth of

and anneal treatment just described evidently the 53 K peak closely matches the decay of

rearranged the alkalis within the sample. It
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io . .where E is the barrier height and
contains the number of equivalent orienta-

tions and the attack rate. We have fit Eq.
2, with the relaxation time given by Eq. 3,x Al-OH to the 53 K and 135 K Al-Na

+ 
center loss

80 peaks and to the three radiation-induced AI-

X  
X hole loss peaks. The calculated parametersX 

are given in Table I. Our activation
L60 energies and relaxation times for the Al-Na

+

+0 center are in good agreement with Park and
x / Nowick's dielectric loss results,

2 1 
as well

+ as those of Stevels and Volger.
2 9

40 - + A-Na+ Stevels and Volger have also reported a
radiation-induced dielectric loss peak with E

---- + = 7.5 meV and T o = 5 x 10
- 7 

sec. This

0- x activation energy is in reasonable agreement

No.7 /with our 23 K peak, but the relaxation time•Al-HOLE o is much longer. Taylor and Farnell3
0  

have
A also made dielectric loss measurements on

0 irradiated quartz; they found a loss peak

near E = 7.5 meV in agreement with Stevels
300 400 500 600 700 800 and Volger and an additional peak at tempera-

ANNEAL TEMPERATURE K ture with E = 1.2 meV and to = 6.2 x 10-5s.

Fig. 7. The ischronal anneal of the 23 K Table 1. Acoustic-loss peak parameters

Al-hole center peak and the Al-OH- infrared
band which were produced by a room tempera- Defect T(K) E(meV) 0 (sec)

ture irradiation of the Na-swept blank are 5 57 l.65x10
1 3

shown. The decay of the Al-hole centers be- A-Na - 1 3

tween 500 and 550 K is matched by a 25% Al-Na+ 135 130 4.44x10
1 3

recovery of the Al-Na
+ 

centers. The higher Al-hole 23 8 1.3x10
- 10

temperature decay of the Al-OH centers is Al-hole 100 90 1.0x10
1 2

matched by the final recovery of the Al-Na
+  

Al-hole 135 110 2.7x10
- 12

centers.

Conclusions
AI-OH- as measured by infrared absorption.
The increase in the Al-OH center observed Sweeping Li

+ ,  
H
+ , 

or D
+  

into high-
near 350 K does not have a corresponding aluminum-content Premium 0 grade quartz AT-
change in either the Al-hole centers or Al- cut resonators removes the small A1-Na

+ 
loss

Na+ centers. Subramaniam, Halliburton and peak at 53 K but does not introduce any new
Martin

2 8  
have also observed this lower tem- loss peaks at temperatures below 370 K.

perature anneal step of the Al-OH- centers. Therefore, we conclude that the Al-Li
+  

and
The annealing results shown in Fig. 7 suggest AI-OHW centers do not have anelastic loss

that the room temperature irradiation peaks in this temperature region. Na-swept
converted approximately 25% of the Al sites samples exhibit a very large 53 K loss peak.
into Al-hole centers with the remaining 75% This shows that in as-grown quartz most of
becoming Al-OHW centers. In the irradiation the Al sites are compensated by Li

+
. Irra-

process, the Na
+ 

leaves the Al site and is diation at room temperature replaces the

subsequently trapped at an as yet unknown interstitial alkali at the Al sites with a

site in the crystal. When the Al-hole mixture of Al-hole and Al-OH- centers. These

centers anneal out the 500 K to 550 K tem- radiation induced Al-hole centers are

perature range the Na
+ 

ion returns to the Al responbsible for acoustic loss peaks at 23 K,

site. In unswept material the decay of the 100 K and 135 K. The thermal decay of the

Al-hole centers must be accompanied by the Al-hole center is accompanied by a corre-

return of Li
+ 

ions since no corresponding sponding return of the alkali ions to the Al
increase in the AI-OHW centers is seen. sites. The higher temperature decay of the

AI-OHW center is also matched by the growth

Often defect-related acoustic loss peaks of the Al-M
+ 

centers.

can be described by ACKNOWLEDGEMENTS
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1

= DWZ[1 + 2 t 2
]- 1  (2)
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SUMMARY There are thousands of references in the

literature on the subject. Many of theAnyone performing calculations on measurements are of little value today since
quartz crystal devices requires numerical details of the experiments were often
values for the physical constants used in neglected--,i.e., temperature, source of the
his equations. However, as with any quartz, standards, etc.
physical constant, there is no absolute
value which may be assigned to a constant of Quartz obtained from most locations is
quartz--only a "best" value based upon not useful for electronic applications, due
numerous observations performed under to excessive twinning, inclusions, and
controlled laboratory conditions on a fracturing. Through World War II, all
variety of documented samples, quartz used was natural quartz, mostly from

Brazil. Since then, the art of culturingWith time, and much effort, the quartz quartz has evolved to where cultured quartz
engineer accumulates his own list of "best" is used almost exclusively for electronic
values for the frequently used constants of applications.
quartz. Still, when a new calculation
involves an obscure constant, a literature The constants presented here may be
search is required to find that obscure applied to only the finest grades of
value, cultured quartz--those that most nearly

imitate natural quartz. Devices fabricated
Such a literature search has been from lower quality cultured quartz have

conducted, and a list of "good" constants physical constants enough different from
for alpha quartz is presented. natural quartz to produce sizeable errors

when compared to otherwise identical natural

NOMENCLATURE quartz devices.

The word "quartz" as used herein means ACTUAL DEVICES
electronic grade crystalline SiO 2 at Due to the assumptions used in any
temperatures below 573*C, either natural or theory, and also due to the probability that
man-made (cultured). the calculated device has a different

Historically, the term rock crystal, geometry (diameter, contour, electrode size)
Historially, qt tmo crystal, than the units measuLed to produce a given

low-quartz, alpha quartz, and crystalline physical constant, and due to manufacturing
quartz has been used for "quartz", tolerances (especially angular orientation)

Modern usage in certain industries uses it is usually impossible to theoretically
predict quartz device behavior to better

quartz--quartz which has been heated to than an equivalent angular orientation of

above its melting point. Fused quartz is about +io for double-rotated cuts.

non-piezoelectric and non-crystalline; To better refine a theory, it is
hence, of no usefulness to the quartz necessary to make a matrix of actual
engineer. Sosman [1], p. 43, says: "The use devices--all of the same physical design,
of the single word "quartz" to refer to except for a well controlled slight
vitreous silica can not be too strongly variation in orientation.
condemned. It has arisen through
carelessness or ignorance and is already For example, EerNisse (2] in 1975
causing troublesome confusion." Sosman predicted the SC-cut to occur at
suggests the use of "quartz-glass" or "fused phi=2230. Kusters and Leach [3
quartz" for this material, experimentally showed that for their

crystal design, phi=21*56', a variation of
Some quartz engineers refer to cultured 34'. Kusters and Leach determined phi by aquartz as "synthetic" quartz. Synthetic carefully controlled experiment involving a

gives the connotation of "not real", so is matrix of orientations about EerNisse's
to be avoided in this context, since predicted angle, careful measurements, and
cultured quartz is "real" quartz. computer reduction of the data to define the

orientation for the zero thermal transient
HISTORY effect (assuming that the in-plane stress of

EerNisse is the same mechanism measured by
Ever since man first held a piece of Kusters and Leach in their thermal transient

quartz in his hand, he has been aware of one tests).
of quartz' physical constants--its density.
Since then, most physical constants of Similarly, Adams et al. [4] determined
quartz have been studied and measured, the temperature coefficients of the elastic

CH2062-084//O 0-022$1.00 ( 19841EEE 22



stiffnesses of quartz, using a matrix of No attempts have been made to "improve"

precisely oriented, identically prepared upon these constants by curvefitting several

resonators, as opposed to Bechmann's et al. sets of data, or by re-calculation. The
[5] determination of the same coefficients only modification has been to convert a few
using a varied assortment of crystal designs constants to the same units of measurement.

of moderate orientational precision. And Where this has been done, the conversion
yet, neither set of constants can predict constant used is noted.
temperature behavior of the SC-cut, as
actually manufactured, to better than an The temperature at which a measurement
equivalent angular orientation of o; but was made is indicated, if available. When
both can be used to predict the existence no temperature is noted, the measurement can

of, and the shape of, the temperature curve be assumed to have been made at room

for the SC-cut, and do so accurately enough temperature.
to allow the experimental cuts to be
selected with enough precision to "close the No representation is made as to

loop" with only one or two iterations of the completeness, accuracy, or appropriateness
actual devices! What more could one ask of any constant. Indeed, only a few of the
for? constants found in the literature noted the

error band of the values given; hence,
Similar experimental tests will always allowing for the small differences between

be required to ultimately define a desired different sources, no error bands are
quartz device orientation. (Unless the indicated in Table I.
theory can be expanded to include the now
unsolvable effects of the boundary The author would appreciate receiving

conditions; finite diameter, contoured suggestions for the inclusion of other

surfaces; and film stress, mounting stress, constants, or new or better values for the

etc.). ones presented, with the intent of
publishing a new list from time to time as

THE CONSTANTS data warrants. Such suggestions may be sent
to the author at the address above.

In 1927, Sosman [1] published 800 pages
devoted to the physical properties of silica
in its many forms, with the major emphasis REFERENCES
on quartz. Sosman studies in detail the
many measurements of each property presented [1] R.B. Sosman, The Properties of

in the literature and studied in his own Silica. New York: Chemical Catalog

lab. He points out errors and omissions of Co., 1927. (Available from University

each researcher, and attempts to arrive at a Microfilm, 300 N. Zeeb Rd, Ann Arbor

"best" value for that constant of quartz. MI 48106 (313-761-4700).)

Hence, Sosman was used as the primary
resource for this presentation. [2] E.P. EerNisse, "Quartz Resonator

Frequency Shifts Arising from Electrode
There are many interesting historical Stress", Proceedings, 29th Annual Symp.

notes included in the references, too on Freq. Control, US Army Electronics

numerous to include here, but one Command, Ft. Monmouth, NJ, pp 1-4

observation made by Dr. Virgil Bottom (1975). Copies available from
emphasizes the historical contribution made Electronics Industries Association,
by Pierre Curie, the "Father of 2001 Eye St, NW, Washington DC 20006.

Piezoelectricity": "It is remarkable,
therefore, that the Curies were able to [3] J.A. Kusters and J. Leach, "Further

obtain a value for d in quartz which is Experimental Data on Stress and Thermal

only about 7% below iAe best value known Gradient Compensated Crystals", Proc.

today. Between 1880 and 1970, no fewer than IEEE, Vol. 65, pp 282-284, Feb 1977.

thirty independent measurements of d 1 in

quartz have been reported and half o these [41 C.A. Adams, G.M. Enslow, J.A. Kusters,
values are further from the value commonly and R.W. Ward, "Selected Topics in

accepted today than that given by the Curies Quartz Crystal Research", Proceedings,
in 1880." Dr. Bottom goes on to conclude 24th Annual Symposium on Frequency
that, ". . . it may truthfully be said of Control, US Army Electronics Command,

Pierre Curie that he laid the cornerstone of Ft. Monmouth NJ, pp 55-63 (1970).
modern electronic communication." [6] National Technical Information Service,

Sills Bldg, 5285 Port Royal Road,

The constants presented in Table I are Springfield VA 22161, Accession Nr.

not represented to be "The" constants, or AD746210.
"the best" constants, but only "good"
constants--for the reasons outlined above. (5] R. Bechmann, A. Ballato, and T.J.

"The" constant only exists for a given piece Lukaszek, "Higher Order Temperature
of quartz of a given design. Change the Coefficients of the Elastic Stiffnesses
design and some of the measurable constants and Compliances of Alpha-Quartz", Proc.
will change. Use another piece of quartz IRE, Vol 50, pp 1812-1822, Aug 1962; p.
from the same autoclave or the same vug (a 2451, Dec 1962.
cavity in which the crystals grow in nature)
and the constants will change (at least to [6] V.E. Bottom, "The Centennial of

the precision allowed by modern Piezoelectricity", unpublished paper,
"state-of-the-art" measurement techniques). 1980.
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TABLE I

OGOOD" FUNDAMENTAL MATERIAL CONSTANTS FOR CRYSTALLINE QUARTZ

CONSTANT NAME VALUE REFERENCE

AXIAL RATIO c/a 1.1015 @ -250 0 C SOSMAN [1] P.
1.1014 -200 205, 368-370.
1.1009 -100 SEE ALSO
1.1003 0 FRONDEL [7] P.
1.0996 100 7, 20, 39
1.0988 200
1.0979 300
1.0960 400
1.0956 500
1.0946 550
1.0940 573

1.09997 ? HEISING [8] P. 103
1.100 20 CADY [9] P. 27

TEMPERATURE -6.14X106 /°C @ 00 C FRONDEL P. 39
COEFFICIENT SOSMAN P. 377

COMPOSITION SILICON 46.72% SOSMAN P. 22,27
OXYGEN 53.28% by weight

COMPRESSIBILITY 2.76X10 6/kg/an2 @ 0 kg/an2  SOSMAN P. 427.
COEFFICIENT, 2.65 2039 ALSO SEE P.
VOLUME, (TRUE) 2.53 4079 426-433

2.42 6118
2.33 8157
2.25 10197
2.18 12236

NOTE: 1 megabarye = 106 dyne/an
2

= 1.0197 kg/a 
2

CONDUCTIVITY, PARALLEL PERPENDICULAR TEMP SOSMAN P. 419, 420
THERMAL -- 0.68 -252°C

0.117 0.0586 - -190
0.0476 0.02409 -78
0.0325 0.01731 0
0.0215 0.01333 100

0.029 0.016 20 FRONDEL P.116

cal/cm/s/°C

CURIE TEMPERATURE 573.3°C SOSMAN P. 116-125
(LOW-HIGH INVERSION, (ON HEATING) FRONDEL P. 3, 117
ALPHA-BETA INVERSION) CADY P. 31
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TABLE I, CONT.

DENSITY, ABSOLUTE 2.65067 g/cm3 @ 00 C FRONDEL P. 114
2.64822 25 CADY P. 412

2.665 g/an 3  @ -250-C SOSMAN P. 361
2.664 -200 (ALSO P. 291-295)
2.659 -100
2.651 0
2.641 100
2.630 200
2.616 300
2.601 400
2.581 500
2.554 573

TEMPERATURE 12X10-6/oC @ -200 0 C SOSMAN P. 291,
COEFFICIENT, TRUE 25.2 -100 362, 366

33.6 0 SEE ALSO FRONDEL
40.0 100 P. 114
46.6 200
54.9 300
67.4 400

100 500
141 550

T1 = -34.92X10- 6/oC BECHMANN [5]

T2 = -15.9X10-9 /C 2  SEE ALSO CADY

T3 = 5.30X10- 1 2 /C 3  P. 412

(APPARENTLY REFERENCED TO 25 0 C)

DIELECTRIC CONSTANT 4.6 PARALLEL TO Z-AXIS SOSMAN P. 515
4.60 BOTTOM (10]

4.5 PERPENDICULAR TO Z-AXIS SOSMAN
4.51 BOTTOM

SEE ALSO CADY
P. 414, FRONDEL
116

ell = e22 = 39.97X10- 1 2 F/ m BECHMANN

S Tell -ell = -0.76

T
e 33= 41.03

S T
e -e 3 3 - 0

TEMPERATURE PARALLEL: SOSMAN P. 523
COEFFICIENT K=4.926[1-1.10XI0 3 (T-10)- AND GRAPH P. 524

2.4X10 - 5 (T-10) 2 ]

PERPENDICULAR: 4
K=4.76611-9.9XI0-(T-10) ]

FOR T=10 TO 31 0 C

FIELD STRENGTH K=0 TO 2000 V/a (PARALLEL) CADY P. 415
COEFFICIENT K=0 TO 12000 V/an (PERPENDICULAR)
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TABLE I, CONT.

ELASTIC COEFFICIENTS, Ciii = -2.10Xl12dyn/cm2 THURSTON [11]
THIRD ORDER C12 = -3.45

C1 1 3 = +0.12

C1 1 4  = -1.63
C1 2 3  -2.94

C 1 2 4  -0.15
C1 3 3 = -3.12
C1 3 4 = +0.02
C1 4 4  _ -1.34
C1 5 5 = -2.00
C2 2 2 = -3.32
C3 3 3 = -8.15
C3 4 4 = -1.10
C 4 4 4  = -2.76

ELECTRIC STRENGTH 4X10 6 v/ @ -80 0 C CADY P. 413
7 @ 60

HARDNESS, PENETRATION 30.8X10 3 kg/cm 2 PARALLEL TO Z SOSMAN P. 491
(AUERBACH) 22.9 PERPENDICULAR TO Z

MHO 7 SOSMAN P. 494

SCRATCH 667 (CORUNDUM = 1000) SOSMAN P. 494

HEAT CAPACITY, TRUE 5.4X10- 3cal/g @ -250°C SOSMAN P. 314,
41.0 -200 331
111.2 -100
166.4 0
204.3 100
232.7 200
254.3 300
270.0 400
291.0 500
340(?) 573

(IN 20 0 C grams)

HEAT OF SOLUTION 30.29 kg-cal/formula wt in 34.6% HF SOSMAN P. 318

HEAT OF TRANSFORMATION 2.5 cal/g SOSMAN P. 312
LATENT 0.15 kg-cal/formula wt
(LOW -- > HIGH QUARTZ)

LATTICE CONSTANT "a" 4.9035 Angstroms @ 180 C SOSMAN P. 226
4.903 ? HEISING P. 103
4.91331 25 FRONDEL P. 25
4.90288 25 CADY P. 735
4.91267 25 CADY

MAGNETIC PARALLEL PERPENDICULAR TYPE SOSMAN P. 576
SUSCEPTIBILITY -1.21X10- 6 -1.20X10 - 6 VOLUME
(VACUUM)

-0.45 -0.45 MASS
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TABLE I, CONT.

MAGNETO-OPTIC ROTATION 0.15866 mrin @ 2194.92 angstroms, 200 C SOSMAN P. 776
(VERDET CONSTANT) 0.04617 3612.5

0.02750 4678.15
0.02257 5085.82
0.01664 5892.9
0.01368 6438.47

TEMPERATURE w = w 20[1 + 0.00011(T - 20)] SOSMAN P. 777
COEFFICIENT FOR T=20 TO 100 0 C

MELTING POINT <1670 0 C FRONDEL P. 3

PENETRATION, PARALLEL PERPENDICULAR SOSMAN P. 465
MODULUS OF 1062 kg/cm 2  859 kg/cm2

PIEZOELECTRIC STRAIN
COEFFICIENTS = -2.30X10- 12m/V SOSMAN P. 559

d = -2.27 BOTTOM [12]

d = -2.25 HEISING P. 20
d = -2.30 CADY P. 219

d14 0.57X10 1 2m/V SOSMAN

d14= 0.85 HEISING

d14= 0.67 CADY

NOTE: 1 esu/dyne = 3 X 10 4m/V

d = 2.32X10 12m/V @ 1.5 0 K GRAHAM (13]
2.32 4.2
2.31 -196 0C
2.22 20
2.05 100

STRESS

e = 0.171C/m 2  
BECHMANN

ell= 0.180 CADY P. 219, 224

* = 0.0403 BECHMANN

* = 0.04 CADY

PRESSURE COEFFICIENT d varies by <0.1% to 3519 kg/an 2  SOSMAN P. 559

RESISTIVITY PARALLEL PERPENDICULAR TEMPERATURE SOSMAN P. 528-537

0.1Xl015 20X10 1 5  200 C ALSO SEE

0.8x1o 12  100 KOLODIEVA (14]

70XI09  200

60X10 6  ohm/cm 300
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TABLE I, CONT.

REFRACTIVE INDEX ORDINARY RAY: SOSMAN P. 588-625

n 2=3.4269 + 1.0654X10- 2/(L 2-0.010627)

+ 111.49/(L 2-100.77)

ORDINARY RAY: FRONDEL P. 129
2 2

no =3.53445 + 0.008067/(L -0.0127493)

+ 0.002682/(L 2-0.000974)

+ 27.2/L 2-108)

EXTRAORDINARY RAY: FRONDEL
2 2

n e=3.5612557 + 0.00844614/(L -0.0127493)

+ 0.00276113/(L 2-0.000974)

+ 127.2/(L 2-108)

where L=wavelength in mp

n = 1.54425 (Na @ 180 C) CADY P. 723
n
° = 1.55336
e

TEMPERATURE ORDINARY RAY: -6.50X10- 6/C FRONDEL P. 129,
COEFFICIENTS EXTRAORDINARY RAY: -7.544 SOSMAN P. 637

BIREFRINGENCE, B = B0 - (972T + 1.6T 2 )10- 9  SOSMAN P. 684,
TEMPERATURE FOR T=4 To 990C FRONDEL P. 131
COEFFICIENT

ROTARY POWER 201.90/mm @ 2265.03 angstroms SOSMAN P. 648
95.02 3034.12 FRONDEL P. 132
21.724 5892.9
11.589 7947.63
0.972 25000

ROTATION IS CW IN RIGHT HAND QUARTZ
AND CCW IN LEFT HAND QUARTZ.

TEMPERATURE about +1.4X10- 4 /OC at 200 C SOSMAN P. 689
COEFFICIENT (independent of wavelength)

SPECIFIC HEAT 0.1412 cal/g/0 C @ -50*C CADY P. 411
0.1664 0
0.1870 50
0.2043 100
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TABLE I, CONT.

D E
STIFFNESSES c c

C1 1 = 87.49 86.74X10 9 N/r 2  BECHMANN
c = 11.91 11.91 SEE ALSO HEISING
c13 107.2 107.2 P. 40 ff, SOSMAN
c3 4 = -18.09 -17.91 P. 463, CADY P.
c44 = 57.98 57.94 137-155 (GRAPHS)
c66 = 40.63 39.88 ALSO CADY P. 757

TEMPERATURE FIRST SECOND THIRD
COEFFICIENTS ij X10- 6 /0C X10- 9/PC 2 X10-12 /0C 3

11 -48.5 -107 -70 BECHMANN
-49.6 -107 -74 ADAMS [4]

13 -550 -1150 -750 SEE ALSO HEISING

-651 -1021 -240 P. 55, CADY P.

33 -160 -275 -250 136-140

-192 -162 67

14 101 -48 -590
89 -19 -521

44 -177 -216 -216
-172 -261 -194

66 178 118 21
167 164 29

STRENGTH STRENGTH CONFINING PRESS TEMP FRONDEL P. 109

COMPRESSIVE 24,000kg/an2  1 atm 20 0 C
150,000 25000 atm 400

COMPRESSIVE 24500kg/cm 2 PARALLEL SOSMAN P. 481
22400 PERPENDICULAR SEE ALSO

SCHOLZ [15]
TENSILE 1120 PARALLEL

850 PERPENDICULAR

RUPTURE (BENDING) 1380 PARALLEL
920 PERPENDICULAR

SYMMETRY TRIGONAL TRAPEZOHEDRAL or SOSMAN P. 183
TRIGONAL ENANTIOMORPHOUS

HEMIHEDRAL

TRIGONAL HOLOAXIAL or CADY P. 19
ENANTIOMORPHOUS HEMIHEDRAL

CLASS 18, SYMMETRY D3 (SCHONFLIES) CADY P. 19

SYMMETRY 32 (HERMANN-MAUGUIN)
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TABLE I, CONT.

THERMAL EXPANSION PARALLEL PERPENDICULAR TEMPERATURE SOSMAN P. 370
COEFFICIENT, 4.10X10- 6/°C 8.60X10- 6/C -250'C
LINEAR (MEAN 5.50 9.90 -200
FROM 00 C) 6.08 11.82 -100

7.10 13.24 0
7.97 14.45 100
8.75 15.61 200
9.60 16.89 300
10.65 18.50 400
12.22 20.91 500
15.00 25.15 573

FIRST SECOND THIRD BECHMANN

ij X1O- 
6 /C X10-

9 /OC
2  XlO-12/0C

3

11 13.71 6.5 -1.9
33 7.48 2.9 -1.5

NOTE: a1 1 = a2 2

(n) (n)
THERMOELASTIC ORDER a1 1  a3 3  UNIT BALLATO [16]
COEFFICIENTS 

-6 O
(HIGHER ORDER) 1 13.16 6.37 10 6 /OC

2 15.68 8.18 10-
9 /C

2

3 -7.86 6.88 10-1 2 /C 3

REFERENCED TO 0 0 C

WAVELENGTH 1.5374 angstroms HEISING P. 97
Cu K al, X-RAY 1.54051 FRONDEL P. 25

VOLUME, 37.40X10-24 cm 3  SOSMAN P. 225
UNIT CELL

YOUNG'S MODULUS 1.03X101 2 dynes/can 2 PERPENDICULAR CADY P. 155
0.78 PARALLEL

s' X1012 1269 - 841cos 2 + 543cos FRONDEL P. 122
- 862sin3 - 862sin3 .cos, sin ,

cm 2/dyne

NOTE: Ym = 1/s'3 3

NOTE: PARALLEL = PARALLEL TO Z-AXIS (OPTICAL AXIS)
PERPENDICULAR = PERPENDICULAR TO Z-AXIS
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EFFECT OF IRRADIATION AND ANNEALING

ON THE ELECTRICAL CONDUCTIVITY OF QUARTZ CRYSTALS

E.R. Green, J. Toulouse, J. Wacks and A.S. Nowick
Krumb School of Mines, Columbia University

New York, N.Y. 10027

Summary

In order to better understand the defects produced changes are greatly influenced by defects involving the
in a-quartz by irradiation, electrical conductivity alkalis.
measurements provide a valuable tool. A detailed study
was made of the radiation-induced conductivity (RIC) of An opportunity to follow the alkalis subsequently
a variety of crystals, including both cultured and to irradiation is offered by electrical conductivity
natural crystals that had been either Li- or Na-swept. measurements. It is well known that the conductivity of
X-ray irradiation was carried out at and below room unirradiated a-quartz crystals ", ionic in origin and
temperature (from 150-300 K) and subsequent annealing that the carriers are M+ ions libc -L,1 from Al-M+ pairs,
up to -, 4500 C. Immediately after low-temperature which then migrate preferentially along the open c-axis
irradiation the RIC showed an activation energy, E, of channels of the crystal structure. 13 Radiation-induced
0.28 ± 0.02 eV. With annealing E increased and the RIC conductivity (RIC) has also been studied. Here it was
decreased. Irradiation at 150 K gave a larger RIC than shown (using a pulse irradiation source) that there are
irradiations above 200 K, where alkalis M+ are known to two effects: one at very short times (-, msec) which has
be released from Al-M+ pairs. Isochronal annealing to been attributed to electronic defects, and the second at
elevated temperatures showed an overshoot phenomenon, longer times which has been attributed to M+ ions freed
whereby the conductivity fell to values below those of from Al-M+ centers. 4 A strong argument that the longer
the unirradiated crystal, after which it annealed term RIC is due to M+ ions is the high anisotropy of the
upwards, effect, viz. the fact that the conductivity parallel to

the c-axis is much larger than that perpendicular to the
Consideration of the principal results of these c-axis, suggesting the migration of interstitial ions in

experiments led to the conclusion that the RIC is most the open channels.1
4 ,15

readily explained in terms of electronic rather than
ionic defects, viz., polaron-like holes that have a The present work is a further and more detailed
hopping activation energy of 0.28 eV. There remain study of the long-term RIC and of the effects of
questions to be answered, however, before this annealing after irradiation. Most of the crystals
mechanism can be regarded as definitely established, studied were electrodiffused ("swept") so that the

alkali present was essentially either all Li+ or all
Introduction Na+. X-ray irradiation was carried out at and below

room temperature, and the effects on conductivity
The effects of radiation on the fregu ncy of immediately following the irradiation and after step

quartz-crystal resonators is well known.1 -  Radiation annealing up to temperatures . 4500 C will be reported.
induced changes in frequency are related to changes in The work leads to conclusions that were initially quite
defect structures induced by the radiation. Of central unexpected.
importance in this regard is the Al-M + defect, where Al
denotes an A13+ ion substituting for Si4+ , and M+ an Theory of the Conductivity
alkali (primarily Li+ or Na+ ) located in an adjacent
interstitial position. The Al-Na+ center can be This section will review some of the basic
detected through a characteristic pair of anelastic equations that describe the conductivity and will be
loss peaks4 as well as by a pair of dielectric loss required for later reference.
peaksP,6 There are no comparable Al-Li + peaks,
however. 7  It has been shown8 ,9 that irradiation at If the conductivity, a, is dominated by one
temperatures above 200 K liberates the alkali from the carrier, e.g. the alkali ion, M+, it can be expressed
Al-M + pair, replacing it either with a hole h+ or a as
proton H+ which binds to a nearby oxygen ion to form an
OH" ion. The corresponding Al-h defect is directly a = xcNoec (1)
observable by means of electron spin resonance (ESR)
measurementsiO while the Al-OH center is observable where x is the mole fraction of the carriers, N the
through characteristic infrared (IR) absorption number 8f SiO 2 molecules per unit volume, e the ?harge
bands. 11 ,9 Thus, techniques are available for the on the carrier and 1c its mobility. It is the quantity
study of the formation and annealing of these two 11c that can be highly anisotropic in the crystal of
centers. On the other hand, our ability to follow the a-quartz. Except where otherwise stated, in this paper
course of the alkalis subsequent to their liberation v and a will both refer to the direction parallel to
from Al-M+ centers by irradiation has been very limited. tke c-axis. In general both xc and 1c are temperature
Radiation induced dielectric peaks at very low dependent. The mobility is given by
temperatures have been studied which appear to be due
to alkali centers,' 2 but the details concerning such - ed2W /kT
peaks are not yet fully sorted out. Yet there is c c
considerable evidence that radiation-induced frequency
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where d is the component of jump distance parallel to temperature range from 150 - 400 K in this apparatus.
the c-axis, k has the usual meaning, and wc is the jump For the higher temperature measurements the sample was
frequency of the carrier defect, given by placed in a standard conductivity cell which could go up

to 5000 C.wc : 4 exp (-Em/kT) (3)
o Conductivity measurements were made with a General

Here v; (usually 10 13 sec- I ) includes both the attempt Radio type 1620A Capacitance Bridge assembly over the
frequency and an entropy factor for the migrating defect, frequency range 20 Hz - 100 kHz. In most cases, complex
while Em is the motional activation energy. impeda e analysis was used to obtain the bulk conduc-

tance.s The samples were plates of surface area I cm
2

For the quantity x there are two important cases. and thickness 1.0 - 1.5 mm coated with sputtered silver
Under equilibrium condiiions, with most of the M+  electrodes.
carriers associated as Al-M+ pairs, the value of xc is
obtained from the mass action relation for the associa- Results
tion equilibrium, and takes the form:

Unirradiated Crystalsxc =exp (-mEA/kT) (4)
A listing of the samples studied and the best

where EA is the association energy of the pair and m = I estimates of their Al contents is given in Table I. (In
or I depending on the detailed situation involving other most cases the Al content was obtained from the peak
defects. 13 Thus, combining eqs. (1)-(4), in the lower height of the principal Al-Na dielectric loss peak in
temperature range (where association is nearly complete), the Na swept material; in some cases the strength of the
a obeys the Arrhenius-type relation Al-h + ESR signal after the irradiation sequences of

Markes and Halliburton 6 was used). Arrhenius plots of
aT = A exp (-E/kT) (5) the conductivity are given in Fig. 1. At the lower

temperatures all of these plots give good straight
in which the "conductivity activation energy" E is given lines. Table II lists the activation energies, E, and
by preexponentials, A, obtained from these straight line

portions. The results show that differences in a
E = Em + mEA (6) between Li-swept and Na-swept samples from the same

stone are small, generally well within an order of
The preexponential factor A can also be explicitly magnitude. Except for the HA-A samples, OLi > GNa;
evaluated, however ELi is slightly greater than Eya for all of the

cultured crystals. It should be recal ed that E is
The second relatively simple case for xc is the made up of terms related both to the motion and the

nonequilibrium one, where, immediately after irradiation association energy of the carrier [Eq. (6)]. The
xc is frozen in at a constant value, independent of significance of these results and of the corresponding
temperature. This applies so long as the temperature is preexponentials, A, will be discussed elsewhere. 17

kept low enough to avoid annealing. In this case, we
again obtain Eq. (5), but now The two lowest curves of Fig. I are especially

interesting. The second lowest is the SQ-A H-sweptE =Em (7)

and Table I. Crystals Studied.

A x cNod e vt/k (8) Name Type Al(ppma)

Since all other constants are reasonably well known, NQ Natural 69
Eq. (8) may be used to calculate xc from the experimen-
tal value of the preexponential factor A. SQ-A Cultured 13

(Toyo)
MethodsMh PQ-E Cultured 15

The principal cultured crystals studied were high (Sawyer)

quality crystals taken from the Z-growth region: Toyo
Supreme Q (bar SQ-A), Sawyer Premium Q (bar PQ-E) and HA-A Cultured 355
High aluminum grown in the Soviet Union (bar HA-A). The (Russian)
natural crystal (NQ) was a clear crystal from Arkansas. GEC Cultured <0.1

Electrodiffusion experiments were carrlgd out at (GEC Ltd)

Oklahoma State University by Dr. J. Martin. These
included Li+ sweeping, Na+ sweeping and, in one case, H+ sample (i.e. air swept). It shows that substituting H+
sweeping. for alkalis lowers a by two orders of magnitude, yet

keeps E unchanged. This strongly suggests that
X-ray irradiation was carried out for a period of 2 residual alkalis are still the carriers, and that H+

to 4 hours using a conventional tungsten-filament tube is far less mobile than alkali ions.
at 40 kV and 20 mA. The dose was - 3x10 6 R. The very
soft X-rays were filtered out by the layer of sputtered The lowest curve is that for the highest purity
silver used as electrodes. (GEC) sample 18 and indicates that here too, a is

suppressed because of the very low alkali content. The
For irradiation below room temperature a special similarity between this curve and that of the H-swept

cell was built to make it possible to carry out SQ-A sample in Fig. 1 is quite striking.
conductivity measurements without warm-up. The cell was
cooled with a dry-ice/ethanol mixture and with liquid Irradiated Crystals: Low Temperatures
nitrogen for still lower temperatures. With the aid of
a heating coil it was possible to achieve the With the apparatus described earlier, it has been
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Fig. 2. Conductivity plots of an NQ-Li swept
sample irradiated at 210 K: a) immediately after
irradiation, b) after several runs below -29o C, and
c) after a h anneal at 40 C.

obtained, showing that only a small amount of annealing
and virtually no change in activation energ
(E = 0.29 eV) have occurred. After 1h at 4u C curve (c)
is obtained, showing considerable annealing and an
appreciable increase in E.

0-813 1 5 17 119 2 1 23 It is noteworthy that a in curve (a), say at 220 K,
03T is 10times higher than the value extrapolated from

Fig. 1 for the same crystal. In this sense, then, the
effect of irradiation is truly spectacular. For the

Fig. 1. Arrhenius plots of the conductivity (log same irradiation, high quality cultured crystals, such
cT vs. T-1 ) for various unirradiated samples. as SQ-A and PQ-E give initial conductivities almost an

order of magnitude lower than that for the natural
crystal, NQ, but of course still enormously greater than

possible to carry out irradiations below room tempera- the equilibrium values.
ture and then to begin measurements immediately in situ.
Three different sets of samples were investigateTin Figure 3 shows the effect of irradiation tempera-
this manner: HA-A and NQ (both Li and Na-swept), and ture, showing initial runs on a PQ-E-Li swept sample
PQ-E (Li-swept only). Figure 2 shows results for NQ-Li after two different irradiations, one at 150 K and the
after irradiation at 210 K. Curve (a) is the initial other at 240 K. It is striking that the conductivity
run (up to -290 C); then after several additional runs after 150 K irradiation is so high even though the
in this temperature range (not shown), curve (b) was irradiation temperature lies below the range in which

alkalis are liberated from Al-M + centers.8 ,9 Table III
summarizes the results for the various as-irradiated

Table II. Summary of Results on Conductivity of samples showing the values of E and A obtained as well
Unirradiated Samples. as the conductivity at -510 C (1000/T = 4.5). It is

SmA -1 interesting that the initial activation energies fall
EpeE() A(f- cm K) within a narrow range of 0.28 ± 0.02 eV except for the

NQ-Li 1.11 1.4 x 106 sample irradiated at the highest temperature (240 K).
The final column of Table III is the value of xc

1.19 1.2 x 106 calculated from Eq. (8) and the measured value of A,
NQ-Na .under the assumption that E=Em (i.e. xc is a constant).

HA-A-Li 1.38 1.9 x 107 As annealing after irradiation is continued at
HA-A-Na 1.32 1.6 x 107 higher and higher temperatures or for long time periods,

a continues to decrease and E to increase, in the manner
already shown in Fig. 2. Further annealing studies

SQ-A-Li 1.43 1.5 x 107 were carried out in the range above room temperature.

SQ-A-Na 1.36 2.2 x 106 Irradiated Crystals: Elevated Temperatures

SQ-A-H 1.42 2.3 x 105 For the study of behavior of irradiated samples
GEC-Low Al 1.42 1.4 x 105 well above room temperature, there seemed to be no need

to irradiate below room temperature. Therefore, for
convenience, room temperature irradiations were used.
As already indicated, considerable annealing of the
conductivity takes place as irradiated crystals are
warmed up. Figure 4 shows a series of isothermal
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Fig. 3. Conductivity plots of a PQ-E-Li swept 107

sample immediately after irradiation at two different o -_ 0

temperatures: 150 K and 240 K. 0 o 0 15 20 2' 3
T(ME (-1n

Fig. 4. Isothermal annealing curves carried out at
annealing curves carried out at successively increasing successively increasing temperatures for NQ-Na swept
temperatures. It shows a surprising reversal of the sample after room temperature irradiation.
direction of annealing. Thus, while c decreased with
time at temperatures up to 2190 C, it remained almost
constant at 2400 and 2670 C, then started to increase
isothermally at 3310 and higher. It is helpful to plot In c -- In( /.. ) (9)
the data isochronally, as in Fig. 5. Here we plot log irr unirr

aT versus I/T in the usual way, but comparing the Here 7irr is the conductivity of the irradiated and
equilibrium data of Fig. 1 with values obtained after isochronally annealed sample while aunirr is that of
jh anneal at successively increasing temperatures. The the unirradiated sample. Thus In z is the difference
SQ-A cultured and the natural NQ samples, both Li swept, in ordinates between the irradiated and unirradiated
are shown. The cross-over or "overshoot" effect curves in Fig. 5. :, In c = 0 represents the cross-over
demonstrated in Fig. 5 has been observed for all of the of the two curves, while negative values represent the
alkali swept samples studied after irradiation. Note range in which the irradiated curve falls below the
that the conductivity finally returns to the equilibrium unirradiated. Figure 6 shows such a plot for the NQ-Na
curve only after anneals at - 4500 C. swept and the NQ-Li swept samples. It is interesting

that the Li-swept case crosses over sooner than the Na-
It is illuminating to represent the annealing data swept. A similar plot for the cultured SQ-A-Na crystal

as a plot of I ln a versus temperature, where

Table III. Summary of Results on Conductivity
of As-Irradiated Samples. Ix is the mole
fraction of carriers calculaied from Eq. (8)].

Sampl e Irrad. Temp. (OK) aT at -510 C E (eV) A-Icm-IK) xjppm)

NQ-Na 210 3 x 10-9  0.27 4.6 x 10-3  3 x 10- 2

NQ-Li 210 8 x 10 - 9  0.29 2.9 x 10 - 2 1.8 x 10-1

HA-A-Na 215 7 x 10-11 0.26 4.3 x 10- 5  3 x 10-4

HA-A-Li 210 3 x 10-11 0.30 2.1 x 10 - 4  1.4 x 10 - 3

PQ-E-Li 150 1.2 x 10-8 0.28 2.9 x 10 - 2 1.8 x 10 - 1

PQ-E-Li 240 6 x 10-10 0.34 3.2 x 10 - 2  2 x 10-1
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Fig. 7. Isochronal plot similar to Fig. 6 for
SQ-A, Na swept sample. Also shown are the temperatureTFig. 5. Conductivity plots comparing unirradiated ranges of three annealing stages previously reported.9

sample (circles) to isochronally (1h) annealed sample at

successively increasing temperatures following room
temperature irradiation (crosses). Data are for NQ and
SQ-A samples, both Li-swept. The comparison of these 3tages with the present

annealing curve is somewhat inexact because of differ-
ences in the type of irradiation and the samples
employed by ourselves and the other investigators. Ais shown in Fig. 7. In this case we have also marked more exact comparison has been made in this laboratory

the annealing stages observed by others on similar between the conductivity annealing of the NQ-Na and NQ-
samples, ,sing ESR, IR and anelastic relaxation Li samples of Fig, 6 and the annealing out of the low
methods.1 Stage I is the region in which AI-OH centers temperature dielectric peak produced by irradiation. 12

increase, apparently without comparable changes in the While this dielectric peak has been attributed to
other observable centers. Stage II is the well defined alkali centers rather than to Al-h + , we have recently
annealing stage in which the Al-h + center anneals out shown that it anneals almos precisly together with
with a partial recovery of Al-Na + . Finally, in stage the Al-h + center, i.e. in Stage I.1 7  Comparison of the
III the Al-OH centers disappear and are replaced by annealing curves of the low temperature dielectric
Al-Na, which now account for all of the Al centers, as peak 12 with the data of Fig. 5 shows that it anneals
before irradiation. precisely in the range in which L In is close to its

minimum value. In other words, the a In c curves are
essentially quiescent when the important Stage II

3 annealing process is taking place. This observation
will be of special significance to the discussion of the

0NO-No SWEPT next section.
2 ix NO-L SWEPT

x Discussion1X

b It has been customary to regard the long-term~radiation-induced conductivity (RIC) as due to ionic
o ~ (alkali ion) carriers, that are considerably enhanced in

~their numbers by the irradiation. The principal argu-
- x-ment for this viewpoint is the high anisotropy of the
-i- long-t ime RIC, f vging the direction parallel to the

crystal c-xs., This anisotropy is more consistent
-2 I I I I I I I with freed alkali ions running along c-axis channels

380 420 460 500 540 580 620 660 700 740 than with electrons and/or holes in energy bands of the
T Ki crystal. The present work, however, has yielded a

number of key facts that are difficult to explain by the

Fig.6. sochona plo of ln vrsu temera ionic mechanism. These facts may be summrarized as
ture for two samples: NQ-Na and NQ-Li swept. 2. ln o is flos
defined by Eq. (9). 1) The magnitude of the RIC inmediately after

irradiation is not diminished, but is in fact increased,
when irradiation is carried out below 200 K (where other
experiments have demonstrated that alkali ions are not
liberated from AI-M + centers).8 ,9 See Fig. 3.
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2) The magnitude of the RIC ;s smallest for the concerning radiation-induced conductivity.
cultured crystal (HA-A) that has the highest Al content.
See Table III.
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Two questions then arise. First, is there any
other evidence for such defects in quartz? A possible
"yes" answer comes from work on ultraviolet photo-
electron spectroscopy in amorphous Si0 2 , which makes it
possible to probe the structure of the valence band.

20

A narrow nonbonding orbital subband is found near the
valence-band edge indicating low hole mobility with
possible lattice trapping of these holes. It is also
indicated that the valence-band structure of crystalline
ot-quartz should be similar. The second question is
whether such polaron-like holes could migrate preferen-
tially along the c-axis, in order to account for the
large anisotropy. This question is unanswered at
present.

Further experiments to demonstrate more directly
whether the RIC is electronic in origin are desirable.
Nevertheless, at this stage, the explanation of the
present experiments in terms of electronic defects seems
to provide the most reasonable interpretation for the
observations reported herein, and a new viewpoint
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Probable Ion Signature in Quartz Electrodiffusion Data

William P. Hanson

Piezo Crystal Company, Carlisle, PA 17013

Summary constant electric field), from hour 120 to 168, showing the ex-
ponential decrease in current density as a function of tempera-Quartz electrodiffusion data indicate that spvcif'c ions re ture.

being transported over clearly defined temperature ranges dur-
ing the first phase of sweeping. Data from over 160 bars show
seven current density peaks occurring between 25 C and 525 C. Threshold Current Density
Peaks up to .6 kA/cm2 have been recorded. Typical intensities
are around .05 uA/cm2 . Figure two is the same data plotted as current density vs.

A relationship between the peaks and annealing tempera- temperature. Any anomalies that are a function of temperature
tures of alkali defect centers seems probable. Most of the peaks can be seen easily. This bar did not have any current density
occur over the same temperature range that Al-defect centers peaks during phase one. One interesting point can be seen by
anneal, as reported by Martin (1). Other defect centers may comparing the minimum detectable current level of phase one
account for some of the unknown peaks. The relationship be- (temperature rise) to phase three (temperature decrease) as a
tween annealing temperatures and current density peaks indi- function of temperature. The threshold current level as a func-
cates the peaks may be single ion signatures, possibly provid- tion of temperature changed from 160 C in phase one to over
ing a measure of the total number of defect centers in a 400 C in phase three. This change is typical for bars with or
particular bar. without current density peaks.

Introduction

Quartz electrodiffusion is a thermally controlled "purifica- Current Density Peaks

tion" process. Unwanted alkali-ions are pulled along the optic Current density peaks occur during the heating up of the
axis of quartz by an electric field. Current produced by the bars. Figure three is a current density vs. time graph showing
transportation of alkali ions increases exponentially as temper- some typical peaks. Two peaks can be seen: one peak occurs
ature increases and linearly as the electric field increases, between the 24 and 30 hour marks. Another peak, displayed as

Electrodiffusion run parameters vary throughout the indus- a plateau, can be seen at hour 42. Figure four is the same data
try. A typical Piezo Crystal Company electrodiffusion run has graphed as current density vs. temperature. The current den-
three phases: 1. a heating up phase, 2. a pure sweep phase and sity scale has been expanded so the peaks can be seen more
3. a cool down phase. The point where phase one changes to clearly. The temperature at which the peaks occur can be pin-
phase two is the point where the temperature reaches a maxi- pointed at 300 C and 450 C. The 300 C peak is very common,
mum. This point is referred to as the "phase 1-phase 2 transi- occurring in over 4 0% of the bars. The 450 C peak occurred in
tion point". The transition point is the point where the current only 6% of the bars.
density usually reaches a maximum and must be separated Electric fields of 1900 to 2000 volts/cm are typical. The elec-
from the "current density peaks" which occur during the tem- tric field is applied at room temperature and held constant
perature rise of phase one. During phase two (the pure sweep throughout the electrodiffusion run. Figure five is an example
phase) the electric field and temperature are constant. The of an extreme case of current density peaks. There are three
third phase (the cool down phase) is signified by the exponen- peaks occurring at 285 C, 350 C, and 425 C. One peak is nearly
tial drop in current density at the end of an electrodiffusion as intense as the phase 1-phase 2 transition peak (maximum
run. Of the 160 bars swept, none showed any current density temperature reached), a very unusual case.
peaks during phase three. The complete run typically takes Comparing figures one, three, and five, a pattern can be seen
seven days; two days to warm up, three days of pure sweep in the final current density before the cool down of the oven
time, and two days of cooling. The electric field is initially (phase three). Figure one (bar S155) has no peaks. The current
applied at room temperature and held constant throughout the density dropped 74.2% from its maximum value at the 48 hour
run. The maximum temperature reached is typically 525 C. mark. Figure three (bar S170) has two peaks. The current den-
Temperatures up to 550 C have been tried successfully. sity dropped 57.0% from its maximum value. Figure five (bar

S161) has three peaks, dropping only 31.4%. All of these bars
were swept during the same run, all bars were premium Q

Electrodiffusion Data pure Z "SC" bars from the same supplier. The final current
density seems to be related to the number and intensity of the

Electrodiffusion data plotted as current density vs. time pro- current density peaks. The fewer the peaks and the less intense
vide an easy way to compare one bar to another. Variations in the peaks, the greater the percent drop in current density.
current density, peak intensities, and peak locations are easily
seen. Figure one is a current density vs. time plot of a typical
electrodiffusion run. The first 48 hours of the data show an Swept Bar Database
exponential increase in the current density; this is referred to
as phase one (increasing temperature and constant electric The bars included in the database were all swept between
field). The current density reaches a maximum value when the September 1983 and May 1984. Bars were usually swept in lots
temperature reaches a maximum, in this case 525 degrees C. It of 5. Of the 169 bars, 55% had one, two, or three peaks. None
is during this firs# phase where the current density peaks are of the bars had more than three peaks. 45% had no detectable
seen. There are no noticeable peaks in this particular bar. The peaks with a resolution of 5 nano-amps/cm2 . Considering the
second phase occurs from hour 48 to 120. This is the pure data from all bars there are seven current density peaks. The
sweep phase (constant temperature and electric field), show- current density peaks range in temperature from 130 C to
ing an exponential decrease in the current density. The third 505 C. The following table categorizes the peak data as a func-
phase is the cool down phase (decreasing temperature and tion of the number of peaks per bar.
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Swept Bar Database AT0028) were cut in half and labeled AT0027A, AT0027B,
169 Bars AT0028A, and AT0028B. The "A" halves of the bars were par-55.0% Had peaks tially swept. Figure seven is a current density vs. time graph of

31.4% Had one peak bar AT0028A. A definite peak at the 24 hour mark can be iden-

20.1% Had two Peaks tified. Figure eight is the same data plotted as current density
3.6% Had three Peaks vs. temperature. The peak occurs at 270 C. The threshold cur-rent density increased from 175 C during phase one to just less

than 250 C during phase three. The bars were analyzed for Alu-
minum and Sodium content. The following table summarizes

The swept bar database shows seven distinct current density the data.
peaks over the tested temperature range. The temperature
ranges and percent of bars are listed in the table below. Figure Bar ID Unswept Al Swept Al Unswept Na Swept Na
six is a histogram of the peaks as a function of temperature. in ppm in ppm in ppm in ppm

Peak # Temperature Range Percent AT0027 5.6 4.5 .005 .005
AT0028 5.6 3.7 .005 .0051 130 C 1.5% (Data measured at Oklahoma State University)2 200 C to 230 C 17.6%

3 260 C to 310 C 42.0%
4 330 C to 370 C 14.5% The change in aluminum content is probably not significant.
5 400 C to 430 C 12.2% Aluminum concentration, from one end to another, in a bar
6 450 C to 470 C 6.1% can vary more than the measured differences between swept
7 490 C to 500 C 6.1% and unswept bars. The sodium content is a little confusing be-

cause of the extremely small value. The data from this experi-
ment are inconclusive. Further experiments need to be con-

Comparison of Al-alkali Defect Centers to ducted if the ions are to be identified.

Current Density Peaks Conclusions and Discussions

Martin (1), measured the temperature ranges at which 1. There are at least seven different current density peaks
Al-OH , AI-Na*, and Al-hole defect centers anneal. Al-hole de- which occur during phase one (increasing temperature and
fect centers are known to exist after radiation but probably do constant electric field) of electrodiffusion runs.
not exist prior to radiation exposure. For comparison purposes
only, the five regions Martin defines as annealing regions are 2. The current density peaks are probably related to the an-
compared to current density peaks in the following table. nealing of defect centers. Aluminum related defect centers

Annealing Regions of may account for several of the peaks.

Al-Defect Centers Sweeping Peak Regions Many more experiments need to be done before the current

Al-OH 50 - 150 C 130C density peaks are related to one ion or perhaps several ions. If
350 - 400 C 330 - 370 C the current density peaks are uniquely related to an ion then

AI-Na* 175 - 450 C 260 - 310 C the electrodiffusion data may indicate the total number of de-

350 - 450 C 400 - 430 C fect centers in a bar.
Al-hole 200 - 280 C 200 - 230 C Forty five percent of the bars swept had no measurable cur-
No Data 450 - 470 C rent density peaks. Perhaps the bars least sesnsitive to radia-
No Data 490 - 500 C tion are the bars without current density peaks, making the

sweeping process a sorting process. The real question is
whether or not the electrodiffusion data can be useful in deter-

Al-OH and Al-Na' defect centers anneal over two separate mining the radiation hardness of finished resonators; although
temperature ranges. All of the sweeping peaks occur within a there is some interest in determining the relationship between
range where an Al-defect center anneals except the two that are etch channels in resonators and electrodiffusion data.
above 450 C. Another defect center, not necessarily Al related,
may be associated with the two peaks about 450 C. There are Acknowledgements
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Figure 7. Figure 8.
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Abstract Experimental Procedures

Sweeping (in air) and irradiation effects in Samples to be swept were cut from lumbered Y
quartz were examined in a program aimed at the bars supplied by different vendors. In Fig. 1 the
improvement of quartz material for high-stability location and dimensions of the sample bars are
radiation-resistant resonators. Resistivity shown.
changes as a function of transported charge were
recorded and depth-profiled secondary ion mass 6 i sEES kEEL

spectrometry (SIMS) results were used to analyze . . --- - - -
for impurities before and after I -irradiation. --
Both swept and unswept samples of high purity N.I,4

cultured quartz were studied. Fully swept samples '
were found to be nearly free of etch channels. Z

Color-center striae in irradiated unswept y
samples were analyzed using spatially scanned
absorption spectrometry. The scanned absorption at SAMPLE DIMENSIONS
460 nm was then correlated with SIMS analyses at x 140 11cm

selected regions within the sample. y 6 4070CM
1 I 5 1020CH

Radiation induced steady state frequency
shifts were measured using swept resonator samples Fig 1. Y-Bar Location (Regions 1-4) and
from two different suppliers of high purity Typical Dimensions of Sample Bars Used in
quartz. No significant steady state frequency Sweeping
shift differences were found between the two groups
of resonators when irradiated to 0.76 Mrad and 7.6
Mrad levels.

The bars were placed in a 6 cm diameter X 90
Introduction cm long quartz tube which was inserted into a

temperature controlled programmable furnace with
Sensitive experimental techniques are required tube ends extending outside the furnace. A

to monitor electrolysis (sweeping) and irradiation thermocouple contained in an ungrounded sheath was
effects on high quality quartz. Specifically, placed in contact with the quartz to monitor the
characterizations of impurity/defect concentrations sample temperature. The tube was fitted with a
and diffusion resulting from these treatments are ground joint containing 3 ports for thermocouple,
indispensable. The ability to correlate the lead-in wires and gas input. A gas output port was
results of these characterizations with device located on the opposite end of the tube. A diagram
performance is a long-range goal. Another of the ipparatus is given in Fig. 2.
objective is to develop techniques which will be
useful for quality assurance in the manufacture of
high quality resonators made of swept quartz. EXPERAIURE CHART
Before we can achieve these goals, reliable i _ CONTROtuRR
techniques for sweeping and impurity analysis will
have to be developed and certified.

leads/ to HVRlFCOUPL S

It is known that sweeping cultured quartz 7- ,/ /// GASINLET
leads to ipovement in quartz resonator radiation
sensitivity 1 ,2 . However, considerable variation in __.

the radiation response of resonftors cut from GASO- -AF T

different bars has been reported . During the
sweeping experiments that are reported in this I ,,L /i UAI
paper, variability in the current density vs time
response of individual quartz bars was noted. CUIROA TUBE

However, we found uniformity in the radiation

induced frequency deviations of resonators L___
fabricated from the swept quartz material, when
irradiated with up to 7.6 Mrad of r-radiation. Fig 2. Diagram of Sweeping Apparatus

* This paper was presented at the 37th Annual Frequency Control Symposium (AFCS). The paper was not published
in the Proceedings of the 37th AFCS because a security classification question was unresolved at the time the
Proceedinqs went to print.
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Initially, platinum foil lined electrodes The final stabilized current density has been
were pressed onto the sample to accomplish attributed to the sweeping of protons (H+) through
electrical contact. More efficient electrical the lattice, whereas the large initial current
contact could be achieved by vapor depositing a density, which decreases very rapidly, is most
thickness of 200 angstroms chrome followed by 60 likely due to the sweeping of high mobility alkali
angstroms chrome-gold mixture and finally 700 ions. The much less rapid mid-range current
angstroms gold onto the sawn Z-surfaces. The vapor density decrease is probably the sweeping action of
deposition was performed in a cryopumped ultrahigh low mobility interstitial ions such as Ca + . It is
vacuum system. Gold ribbon lead-in wires were proposed that sweeping can be considered complete
thermocompression bonded to a small area on the for a particular field-temperature setting when a
electrodes which had received an additional l0 m long-term stabilized current density is reached or,
thick gold electroplating. The furnace was as discussed later, when the resistivity levels
programmed to raise the sample temperature to 500 off. In Figs 3,4,5 and 6 plots of current density
deg C at a rate of 20 deg/hr. Once the sweeping as a function of time are shown for sweeping runs
temperature was reached, an electric field was on quartz from 3 different suppliers (the suppliers
applied parallel to the Z-axis. The field was are coded A,B and C).
applied either fully or in steps, but was kept
constant at some final value throughout the run. TEMPERATURE. 500 C

FIELD, E (INDICATED)Once the current density levelled off, the furnace CURRENT DENSITY VS TIME SOURCE. SAMPLE A-48
was programmed to lower the temperature, at a rate ALPHA(3410).O. O99CM--
of 20 deg/hr, to 25 deg C. The field was N
maintained during the cooldown period. 1 10 1o 0.3

Both treated and untreated samples were < E-90 V/CM E-1050 V/CM E-1050V/CM
analyzed using secondary ion mass spectrometry . 8

(SIMS).* Although SIMS is a surface sputter- C.2
erosion process, the material removal rate can be 6

increased enabling analysis at depths below the W

surface, i.e., depth profiles are recorded. W
Analysis can be performed on square areas with 1.

sides of only 400 pm. SIMS analysis is very useful 0.1

for the evaluation of high purity quartz because it Z 2 2
offers: 1) very high sensitivities (ppb range), X
2) depth profiling, 3) 0.5 mm spatial 3

U 0 ~ ~ I . __resolution, and 4) detection of all elements. u 1 . 0 o

I-ray irradiations were carried out using CHOURS) (HOURS> <HOURS)
the 6 0Co source at Fort Monmouth. Color-center TIME-
absorption measurements were made with a Cary-14
spectrophotometer. A special arrangement for Fig 3. Sweeping Current Density vs Time.
linear translation of samples was incorporated The Individual Plots are in Time Sequence
using a stepper motor driven stage. and Represent a Change in Field Followed

by a Change in Current Scale.

Results and Discussion
Sweeing ataTEMPERATURE* 500C

Sweeping Data FIELD E (INDICATED)CURRENT DENSITY VS TIME SOURCE: SAMPLE B-30

Using samples cut from the same quartz bars, ALPHA (3410) -0. 104CM-1
it was found that initial resistivities+  were 0o
higher for platinium foil lined pressure electrodes I E
than for the vapor deposited chrome-gold X E=60V/CM I E=24OV/CM E=950V/CM E=95oV/CM
electrodes. Further, the resistivity increased by U a e
only a factor of 5 over a 120 hour sweeping <
period. By contrast, samples with chrome-gold 3.
vapor deposited electrodes had lower initial 6 61
resistivities but the resistivity sometimes
increased by a factor of 104 in only 48 hours of
sweeping. z 4 4

W0!0.

Z 2 21 2 0.2W

*SIMS analysis was performed by ATOMIKA, Inc., Xo:

Inglewood, CA. u 0.0L

+The bulk resistivity of quartz, obtained by Fc
dividing the field by the current density. (HOURS) (HOURS) (HOURS) (HOURS)

TIME-

Fig 4. Sweeping Current Density vs Time.
The Individual Plots are in Time Sequence and
Represent Two Changes in Field Followed by a
Change in Current Scale.

43



TEMPERATURE. 500 C In Figs 7,8,9 and 10
FIELD. 1000 V/CM

CURRENT DENSITY VS TIME SOURCE. SAMPLE C-21 resistivity vs. transported charge are plotted in
ALPHA(3410)-0.153CM order to determine the number nsity of swept ions

when the resistivity stabilized

.ISAMPLE A-48
U

7.55

> 2.0 C.2; .

-L I

5' C

(MINUTES) (HOURS) (HOURS) (HOUR ) _ __

TIME-

Fig 5. Sweeping Current Density vs Time.
The Individual Plots are in Time Sequence and TRANSPORTED CHARGE (COULONBS)
Represent Three Changes in Current Scale. Fig 7. Resistivity vs. Transported Charge.

The Ratio of Final Resistivity to Initial
Resistivity was '- 104.

TEMPERATURE, 500 C

FIELD. 1000 V/CM SAMPLE B-30

CURRENT DENSITY VS TIME SOURCE.SAMPLE C-28

ALPHA (3410) -0. 0e7CH-
1

N 3.0 1.0 0.30U
U I *0

0.8 0.25

2.0 0.60

1.5 0.151
W 0.4 I0 0.4 0.10 M

Z'I

005 2

U 0. 0 .. 0.0.. 0.00 .

d " dd ~~TRANSPORTED CHARGE (COULOMBS)

<MINUTES) (HOURS) (HOURS)

TIME- Fig 8. Resistivity vs. Transported Charge.

The Ratio of Final Resistivity to Initial
Fig 6. Sweeping Current Density vs Time. The Resistivity was ev 500.
Individual Plots are in Time Sequence and
Represent Two Changes in Current Scale.

SAMPLE C-21

In each figure the sequential plots are u
indicative of either a change in scale or a step-up
in applied field. The sweeping run depicted in Fig
3 shows that the field was stepped up once after 6
hours and the current density scale was changed
after 21 hours. Final current stabilization
occured after 48 hours. In Fig 4, the field was
stepped up twice, at 2 hours and again at 5
hours. There was a change in scale at 21 hours and U)W
the current stabilized after approximately 53 ,
hours. In Figs 5 and 6, the field was turned on
fully from the start but there were changes in ,°,__
scale throughout the runs. In these runs the
samples were cut from different bars from the same d d

supplier. Note in Fig 5, the initial current
density is higher than in Fig 6 by an order of TRANSPORTED CHARGE (COULOMBS)
magnitude and the time to current stabilization is Fig 9. Resistivity vs. Transported Charge.
longer. Note also the differences in absorption The Ratio of Final Resistivity to Initial
coefficient at 3410 cm-. Resistivity was ov 250.
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SAMPLE C-28 SIMS RESULTS (electrode areas)
Both treated and untreated samples from an "A"

,o"i bar swept using platinum foil pressure electrodes,U

were analyzed by the SIMS method. Elements
3",o° analyzed included Na, Li, Al, Fe, Cr, Cu and Ca.Depth profiling of each element on both anode and

0 cathode side was also recorded. The data for each
impurity is plotted in Figs 11-17 showing the depth
profiling under both electrodes. Each figure

S'°"contains four depth profiles in order to compare
L4 concentrations of swept and unswept samples before
W , and after irradiation (with 3.7 X 106 Rad (Si)).

-
a' In comparing the concentrations of swept and

d unswept samples on the cathode sides, which werethe sides adjacent to the seed, steeper increases
TRANSPORTED CHARGE (COULOMBS) and higher levels of concentration were recorded

for all impurities, with the possible exception of
Fig 10. Resistivity vs. Transported Charge. the low mobility Ca2  ion. This suggests thatThe Ratio of Final Resistivity to Initial sweeping is responsible for the movement of the
Resistivity was,^j 20. principal quartz impurities Al and Fe, which were

probably interstitial, as well as the alkali
metals. The sweeping of Al is not as clear cut as
the sweeping of Fe when comparing concentrations on

Table I summarizes the data obtained from Figs anode and cathode sides. The sweeping of Fe may be
3-10, and shows that there is variability in related to the reduction in etch channels since
starting material resistivity which is inversely quartz grown in silver lined autoclaves having low
related to the time required tc~ swqp to a Fe content shows low etch channel densities4 .
stabilized resistivity in the lO-10l0E ohm-cm
region. The number density of "singly charged"
ions swept shows variability among supplier and SODIUM IMPURITY DEPTH PROFILE
even a greater difference between the C-21 and C-28 SODIUM I RIT D
bars. Befor IradiotionAfter lmadation a

UNSWEPT c

TABLE I S.EEPING DATA tolot

11............:..,wn::. ll
Ile to..... ... '°" ."..... .............. 1:: 7

nlta F Ad StabIz~o U icm
3.

5 ppl ler-Sannple 
tA-48 9 X '0

6  
g X '0O 48 4 X 171

A3J A X 16 4 , 52.5 8 X lol
C-V! 4 X 'j7 o

0I O  
28 7 x 1017 I zo"

0-8 4 ,l .
0
A 9 1 X 1011

SFrof resi5tiity data, N - q/ev (ass 4ing only sing~ y charged fons), 101 ;
q " transported chrage. e - electronic charge, v sanpl, cAlume L4

lop T Seed Inwfo .10SWEPT too s

o * e 10
T

Sm a ll areas o f colo rat ion w e re ev ident in the lot1o*. . . . . . . . '

C material after sweeping and before irradiation.
No coloration could be detected in either A or B 100. *"-* "
bars after sweeping or after irradiation with up to Isl"
7.6 Mrad 6 0 Co( ). AT-cut wafers were removed from 106o4
the bars and etched in ammonium bifluoride for 2 t1 l61
hours at 75*C. No etch channels could be found in
any of the wafers. Prolonged etching for 17 hours
also produced no etch channels. AT-cut wafers from B L4 L4
unswept control bars always contained at least 100 t DEPTH BELOW SUR FACE
channels/cm. After fabrication of AT-cut Aode ro)Cathode
resonators, etching of the polished blanks made of
swept quartz revealed extremely 2small diameter
channels with a density of < 5 cm" .  The channel Fig 11. SIMS Depth Profile for Sodium
diameters appeared to be much smaller than the Comparing Unswept to Swept Before and After
channels typically observed in unswept blanks Irradiation Under Each Electrode.
etched the same amount.
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LITHIUM IMPURITY DEPTH PROFILE IRON IMPURITY DEPTH PROFILE
Befoa- Irradiation * Before Irradiation *
After Irradiation o After Irradiation a

UNSWEPT so WEPTt 10 e
10
l
a wig 10

tn8-IO1
I  

0 i0
u
8

10 . ........... to 17 l;1

171f o .........
I7 10 is 

so
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10lis low o f

IA, 1 1 01. 14 0 ,
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1019t to

ae DET BELO IUFC C at lae i ) ate

A I IMPURITY17 EoT PRF , I Otn
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an 

to isdtin Atr rrd to

a1 tois s1

a0 4 L 04 4
T DEPTH BELOW SURFACE t DEPTH BELOW SURFACE

A..o. .si" etero) Cathode Anode (wiotere) Catho.e

Fig 12. SMS Depth Profile for Lithium Fig 14 SIMS Depth Profile for Iron

CHROMIUM IM PURITY DEPTH PROFILE
ALUMINUM IMPURITY DEPTH PROFILE Bofor Ir-roctoo.

Bfore Irradiation -After Irradiation o
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Seelo n oo UNSWEPT los

Iola UNSWEPT wig

lo .i 88 I. tol 104

s1."" .............. '" " £0

180*'"* "" '" .".I,* . £0....

to1

tok I8 Cls £0

140 
L4 L4 a

Ll l 0 • 4 00

T T. SWEPT S A E
, SWEPT * E W to F-- ,

6 46

lo al?0 
looe ,10

oo Oti o --

Fig 15 IS et Poe1o5hrmu

Fig 13 ISDphPofl o0lmnm ihu ocnrainClbain

1014I 104 I+ I I I I I I , " : 46



COPPER IMPURITY DEPTH PROFILE
Before Irradiation
After Irradiation o

UNSWEPT te  There is a small increase in concentration at
J the side closest to the seed after irradiation for

the impurities Na, Li, Al and Ca in the unsweptle samplIes. Also, large decreases at the side away

-0x 0 from the seed are evident for these impurities.
i .3  o These concentration decreases are not found for Fe,

Cr and Cu (Fig 14, 15 and 16), nor are large
.Co decreases evident for any impurity in the swept

, sample. The increase in impurity level near the
) I .! • 8.. t01 seed interface and decrease on the side away from

21o the seed for the irradiated unswept sample could be
-l0~ - -, .-- i---4- 4 C 0 ' the result of a higher density of defects near the

S04seed, which act as trapping centers for diffusing
SS Io

SSeed Interface o ions. The concentration levels of Fe, Cr and Cu

1_, SWEPT to' are considerably below that of the other ions, and
T_ if the fewer trapping centers on the side away from

as0 0o the seed were not filled, there would be little
directional preference observed. After sweeping,

-- I' . 10 the picture changes markedly, probably through
"'• m3  modification or reduction in the number of defect3 sites. The reduction of etch channels in swept

to4 • • ,,.,.'" 102 quartz reinforces this assumption. High mobilit
of interstitial sodium was found by Halliburton

. • lo t even at temperatures as low as 77 deg K under a

1o01 000 radiation field. Our samples were irradiated for

. . EP L4 0 28 hours6 at 37 rad/sec at 25 deg C. Also,
T Chentsova6 found that an increase in activation

IdEPTH BELOW SURFACE Cathode energy for conduction in quartz similar to thatAnode (micrometers) found during sweeping in air is achieved by

Fig 16. SIMS Depth Profile for Copper Without 1-irradiation of quartz. He explained the increase
Concentration Calibration. in activation energy as the result of formation of

hole centers during irradiation accompanied by
radiation stimulated diffusion of alkali ions to
trapping centers due to electrons ejected by the

CALCIUM IMPURITY DEPTH PROFILE radiation.

Before Irradiation
After Irradiation a SIMS and Color Center Absorption (along Z)

Z-growth cultured quartz usually has a

to0 UNSWEPT 1° variable growth irregularity described as "breath-

,. 5 ing of crystal growth". This growth fluctuation is
10o L.. "° -associated with periodic changes in crystal
1- temperature and solute deposition which are

t p .'. mutually interacting. After irradiation, these

. . areas are decorated by room temperature stable
L L color-centers forming visible striae oriented
a ) c parallel to the growth (Z) surface. The presence

of col or-centers has been ril ted to resonator
ea____:_____,___ 1 --- frequency offsets in quartz , Color-center
0- o.4 ±- absorption variations (striae) are easily recorded

0 Seed Interface T 0 by translating a sample, dimensioned as described
W1.! irtr

>- SWEPT lap in the experimental section, in the Z-direction
5 0 with the striae oriented parallel to the

1003 Z spectrometer slit, the probe beam in the X-

". 4 direction with polarization parallel to Z and
,• wavelength fixed at 460 nm. The solid curves in

- . .. Fig 18 refer to the transmission at 460 nm for both
swept and unswept samples. The striae appear in

02 unswept material but are not usually visible in
10I!°! swept bars of high purity quartz. SIMS analysis
T was carried out for all impurities mentioned above

tI S ea, at specific points along the Z-axis as indicated in
o1.4 1.4 " Fig 18.

DEPTH BELOW SURFACE t
Anode (Micromet.rs) Cathode

Fig 17. SIMS Depth Profile for Calcium
Without Concentration Calibration.
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The reference frequencies were remeasured
0 by the same method after a radiation dose of 0.76
10 Mrad, then again after an additional dose of 6.84

z-growth cultured quartz Mrad. (The frequency resolution of the meisurement
20 -irrodi ted 3.7Mrad technique did not permit the evaluation of radiation

cm hardness at low dose levels). The irradiation-630 0 60C
I 30 was performed with a 60 Co source, at a rate of
S40 0 S 540 rad/sec.E4 0 o o Al l

C 0 0

50 * \ UNSWEPT 5

6o o Althouqh the two bars that were used in this
o 0_______ experiment were obtained from two different

1 0 0 suppliers, no significant differences in radiation
2 a Al 15 hardness were noticeable between the two qroups
U 1 Na SWEPT 1 of resonators. For both groups, the magnitudes

of90 .. . of the radiation induced frequency shifts were
0 comparable to the reproducibility of measurements.

100 _The group A resonators did have a significantly
0 - N M i E c 01 higher average resonator Q. The average Q was

OISTANCE (mm. z-direction) 1.5 X 106 for group A and 1.1 X 106 for group B.

Fig 18. Spatially Scanned Transmission
(left vertical scale) and SIMS Analysis
(right vertical scale) of Aluminum and Sodium. Conclusions

Distance is Measured from the Seed Interface. 1. Vapor-deposited electrodes allow shorter

sweeping times to achieve high resistivity levels.

2. The stabilized resistivity as a function of
transported charge is one candidate to determine
when sweeping is complete for particular (fixed)

Only the sodium concentration showed strong electric field/temperature levels.
correlation with the density of color-center
absorption. Aluminium levels are also plotted for 3. Initial resistivity and/or total transported
comparison. It was suggested that cations in charge to a stabilized resistivity are probably
shallow traps, not compensating Al3 +  defects, convenient measures of the purity of an unswept
contribute to steady state frequency offset and sample. The final resistivity is an indicator of
should be proportional to room temperature stable the purity of the swept sample.
color-centers . The SIMS data suggests that the
preseice of sodium is somehow related t9 the 4. SIMS analysis showed that: A) several
cologation in agreement with Kats , Leitz and different species of interstitial cations are
Lell . - The lithium content showed much weaker swept. B) color-center absorption can be related
correlation with this coloration, to an increase in Na content in the sample, and

C) radiation stimulated diffusion of interstitial
Radiation Induced Steady State Frequency Shifts cations and the trapping of these ions at areas of

high defect density was likely.
Twenty resonators were fabricated from two

swept bars, ten from the A-48 sample and ten from 5. Air sweeping, when properly done, is capable of
the 8-30 sample. The resonators were 5 MHz, 3rd producing near etch-channel-free quartz.
overtone, AT-cuts with 14 mm blank diameters, (Previously, only vacuum swept quartz has been
bonded with silver filled polyimide and cold-weld reported to be free of etch channels 9 .) Etch
sealed in HC-36 enclosures, channel density is another candidate for a

completeness of sweeping measure.
For each resonator, the frequency at a

reference temperature was determined by performing
a frequency vs. temperature measurement in a Acknowledgement
transmission type ( ir -network) system. The
reproducibility of measurements was determined The authors appreciate the contributions of
by disconnecting each resonator from its IT -network, Raymond L. Filler, John A. Kosinski and Ron
then reconnecting and remeasuring the reference Brandmayr for frequency measurements, computational
frequencies without any irradiation between assistance and etching experiments, respectively.
measurements. The average reproducibility wgs The authors would also like to thank Piezo Crystal
5.6 X 10-8; the standard deviation was 5.8 X 10-, Co. for fabricating the AT-cut resonators used in
and the maximum frequency deviation (for the 20 the radiation hardness studies.
resonators) wds 18.5 X 10-8. As an additional
check on the reproducibility, one resonator from
each group was not irradiated but kept as a control
sample and was measured each time with the
irradiated samples. The elapsed time between
successive measurements of each resonator ranged
from 1 to 2 days.
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38th Annual Frequency Control Symposium - 1984

COMPUTER CONTROLLED QUARTZ
ELECTRODIFFUSION [SWEEPING] WITH REAL TIME

DATA COLLECTION *

by William P Hanson
Piezo Crystal Company

Carlisle, PA 17013

INTRODUCTION supply and HP DMM. The HP-85A computer utilizes two

Quartz electrodiffusion [sweeping] is a process de- different types of computer interfaces. The GPIO inter-
signed to minimize the frequency shift of a resonator face controls the Bertan high voltage power supply. The

which is subjected to radiation. The electrodiffusion pro- GPIO interface is a 16 bit binary interface, allowing 50mV

cess generally lasts 7 to 15 days. making data collection increments in the electric field. The IEEE-488 (HB-IB] in-

difficult. Computerizing the sweeping process provides a terface controls the HP-3438A DMM, which is set Lip to

method to monitor the electrodiffusion process on a meLire the current passing through the quartz bar on

twenty four hour basis and analyze data in real time. The the gruund side. The u-DATA TRAC controls the BLUE-M

electric field, oven temperature and data collection are oven.

controlled by computer. Real time data analysis provides The Z-faces of the quartz bars were optically polished to
the current density, conductance, and Coulomb transfer aid in the inspection for inclusions, microscopic cracks,
rates. Natural quartz, premium 0 pure Z quartz, and elec- and other physical imperfections. Physical imperfections
tronic grade quartz have been swept in air. Resonators could inhibit the electrodiffusion process by blocking the
fabricated from premium 0 pure Z cultured quartz swept Z-channels in the quartz bar- Inclusions and cracks could
by Piezo have been tested for frequency shifts due to irra- also be places where impurities are concentrated. Electr-
diation. cal contact to both Z-faces was made with 2 mil thick

The electrodiffusion process is dependent upon many platinum foil. The platinum foil was attached to stairless

parameters. Two of these parameters are the intensity of steel blocks by pressure contacts. Electrical connections

the electric field across the bar and the temperature of to the stainless steel blocks were made with platinum

the bar. Two classes of experiments were conducted to wires insulated with Vycor' glass tubing.

examine these parameters. Each class isolated one pa- The computer program running on the HP-85A is inter-
rameter from the other. The first held the electric field rupt driven. Real time data analysis routines run continu-
constant while the temperature was increased linearly, ously. The interrupt routines control data collection and
This experiment examined current density as a function of the intensity of the electric field. Data analysis includes cal-
temperature. The second class held the temperature con- culations of current density, conductance/cm. and the
stant while the electric field was increased linearly. This Coulomb transfer rate. Some program variables can be
experiment examined current density as a function of elec- changed during the sweeping run. The intensity of the elec-
tric field intensity. tric field can be adlusted up or down to within the limits of

the power supply. The electric field ramp time can also be
ELECTRODIFFUSION SETUP adjusted. The ramp time determines the incremental

The electrodiffusion setup is portrayed in figure one. An changes in the electric field. The time between data points
HP-85A computer controls the Bertan high voltage power can be adlusted with one minute being typical. Intervals

FIGURE 1 ELECTRODIFFUSION SETUP down to .3 seconds are possible.

DATA ANALYSIS
. .. ,o- 1Two fundamental classes of experiments were ron-

ducted. The first class examined the effect of tempera-
.,'o TA ture on the electrodiffusion process. Bar S001, a cul-
., S[, .. . tured premium Q pure Z 'SC' bar, is a member of the first

class of experiments. Figure 2 is a profile of the tempera-
lIEE ,. ture and electric field intensity during the sweeping run of

L barSO01.

' ',FIGURE 2!,o i

• This paper was presented at the 37th Annual Frequency Control Symposium (AFCS). The paper was not published

in the Proceedings of the 37th AFCS because a security classification question was unresolved at the 
time the

Proceedings went to print.
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FIGURE 3 Figure 6 is a graph of the conductance/cm for
c.-, . bar SO01. The data was taken during the ohmicity test

1, coo. soc The time axis is the same as figures 4 and 5 Like the
ohmicity test, the conductance/cm shows the electrodif-

I - fussion process is continuing. If the electrodiffusion pro-
___cess was completed it is predicted the conductance/cm

__________________ would be constant over a varying electric field

FIGURE 6 (- E4 n, 0 . Ti .
, toe I0cwsl SOWI

Figures 2 and 3 have the same time axis. During the !t
period when the temperature increased linearly the cur- ,
rent density increased exponentially, as expected. Electro-
diffusion occurred during this period: however, the pro-'0 ,

cess was masked by current density increase due to "0
temperature rise. The temperature stopped increasing at
the 40 hour mark, stabiizing at 500 degrees C. At this
point the electrodiffusion process becomes clearly evi-
dent. The current density begins to decrease exponen- THE SECOND CLASS OF EXPERIMENTS
tially, mostly because the density of migrating ions in the Bar A005 is a member of the second class of experi-
bar is decreasing. In addition, some Z-channels become ments. The second class of experiments examined the ef-
blocked, halting the migration of ions down that channel f ect of an electric field on the electrodiff usion process. The
thereby further reducing the current density. temperature was held constant while the electric field was

increased linearly. Figure 7 is a profile of the electric field
OHMICITY TEST and temperature throughout the sweeping run of

After 17 2 hours of sweeping the electric field was de- bar A005. Bar A005 is an electronic grade 'AT' bar. Fig-
creased to 0 volts/cm to begin an ohmicity test. An ohmic- ure 8 is a graph of the current density data collected dur-
ity test examines the relationship between the current ing the sweeping run.
density and the electric field. If the electrodiffusion pro- FIGURE 7
cess has stopped the current density will vary linearly with
the electric field. Figure 4 is a profile of the electric field
intensity and temperature during the ohmicity test of bar00
SO01. Figure 5 shows the data collected during the
ohmicity test. 0

FIGURE 4 C. oonow-0 ~ ~ ,

FIGURE 8

Se 0 od. 10005

FIGURE 5
C ~0o, 0000T Vs. T00
., 0 .d0s Sea1

Interestingly, the current density data from the second
S" °class of experiments does not look like the data from the

first class. The current density increases rapidly during
the first few hours, and then decreases for nearly 12

The ohmicity test for bar S001 shows a nearly linear hours. The current density does not always reach a maxi-
relationship between the current density and the electric mum when the electric field reaches a maximum All bars
field; however, it is slightly exponential. The conductance of tested so far from the second class of experiments
the bar is also important. In order to compare data from reached at least 90% of the maximum current density
different size bars the volume is included in the calculation during the first few hours The current density decreased
giving us units of conductance/cm instead of conductance. after the electric field reached a maximum The decrease,

however looks less exponential than the first class of ex-

conductance/cm Amos /electric field periments. The reasons for this difference between the
volume (cm') e  two classes are unclear.
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OHMICITY TEST FIGURE 13
The electrodiffusion process contiued for 100 hours Cor.o3~ d3'S.3y 3s TI..

after the electric field peaked at 1000 volts/cn. An 1.0 o= AM'3

ohrnicity test was conducted at this point. The electric ,-
field was reduced to 0 volts/cm and then raised over a 12
hour period to 2000 volts/cm. Figure 9 is a graph of the
electric field intensity and temperature during the time of
the ohmicity test. Figure 10 is a graph of the current den- D 0o,, ,, ,0 OATA 8M6.3 ,*K

sity data collected during the ohmicity test of bar A005.

FIGURE 9 C. the temperature was set at 460 degrees C instead of
500 degrees C to study the effect of temperature on the
completeness of the electrodiffusion process. Figure 12 is
a graph of the electric field and temperature during the
sweeping run. There was no current detected during the
first 24 hour period. Figure 13 is a graph of the current
density durng the sweeping run.

Like the other class one experiments the current den-
FIGURE 10 , , sity peaked at the same time the temperature reached

CwroW deny ve, T-

,a.. - oa maximum. The current density dropped off exponen-
tially after the temperature stabilized at 460 degrees C,

.3 and after 224 hours the current density stabilized at
.O9,/A/sqr. cm.

..... OHMICITY TEST FOR LOWER

TEMPERATURE BAR
The ohmicity test for bar A001 was conducted after

The current density is again nearly linear; however, the 224 hours of sweeping. Figure 14 is a graph of the tem-
electrodffusKon process is continuing. The electric field perature and electric field during the ohmicity test. Fig-
was held constant for three hours after the ohmicity test. ure 15 is a graph of the current density during the ohmic-
Figure 10 shows a slight decrease in the current density ity test. The current density increased exponentially during
after the electric field stabilized at 2000 volts/cm. FK- the ohmicty test. In comparison, both of the previous
ure 11 is a graph of the conductance/cm during the ohmicity tests showed nearly a linear relationship between
ohmicity test. The conductance is nearly a constant over the current density and electric field. The increase in tem-
the electric field range tested; however, the electrodiffu- perature from 460 degrees C to 500 degrees C n-
sion process is still continuing after I k -urs. proved the linear relationship between current density and

electric field,
FIGURE 11

"c, v. ) . )FIGURE 14 c,. 30..

FIGURE 15 C.-r. dWMtI V. T-

LOWER TEMPERATURE ELECTRODIFFUSION , ,o o, T0

Bar A001 is a cultured premium 0 pure Z 'AT' bar. This Eu

bar was swept like the first class of experiments except 3,

FIGURE 12
C..

Figure 16 is a graph of the conductance/cm during the
S.ohmicity test of bar AO01. Like the current density graph

the conductance/cm increases exponentially with increas-
33 3535 35. . , ,jig electric field intensity showing the rnoleteness of

sweeping.
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FIGURE 16 FIGURE 1 9
* I ,ei)E-g 74 T~n,.

20 58' 10 Cf. A00 75 Ourrot 6.nity Vo T,7
.60 8., 70 20. S001

7 Hous

24 Ho0rs 44 72 5 2 ,

FIGURE 20

NATURAL QUARTZ ELECTRODIFFUSION
Bar S004 is a 'SC' natural quartz bar. This bar was

swept as part of the second class of experiments and is I(,,c.)E9 - T,-

presented as an example of natural quartz electrodiffu- , 8.I ,0 cod. SOO

sian. Fijure 17 is a graph of the electric field and tempera- '
ture during the sweeping of bar S004 Figure 18 is a 2 /
graph of the current density data collected during the
sweeping run. Part of the cooling down of the oven has
been included in this data. The current density decreases
exponentially during the cooling cycle of the oven. The cur-
rent density data is presented in figure 18. The current FIGURE 21
density increased rapidly during the first few hours similar
to the class two experiments. The current density de- Cu.eM t my V. T-m

creased some after the 72 hour mark; however, the de- ,..p,, ( co. ADS

crease is not significant. E

FIGURE 17 05.

FIGURE 22

2-t'.'E.9 s. To.-
2O BrID cod A005

FIGURE 18
- ".". ' 1::- : : .= . . - _ *2,:.. . . .

C..r576557 V. Isr.

.lj IRRADIATION OF RESONATORS BUILT

FROM PIEZO SWEPT QUARTZ
24 0.0.4 ,, . . . Resonators fabricated from Piezo swept quartz were

irradiated two different times. Cobolt 60 was used as a
source of gamma radiation. The first irradiation was

The conductance/cm data is compared to current den- 1 megarad. The data is summarized below.

sity data for each class of experiments in Figures 19
through 22. The first two Figures show the data for bar PIEZO CRYSTAL COMPANY
S001. Both graphs look very similar This data is from the ELECTRODIFFUSION DATA-BAR A003
first class of experiments which raised the temperature
while the electric field was held constant. Figures 21 and BAR DATA
22 show a very different situation. This set of data from Quartz: RIGHT-HANDED PREMIUM O PURE Z
bar A005 a member of the second class of experiments, Volume: 33.49 CUBIC CM
showing a very smooth exponential decrease in Z-Area 21.75 CM
conductance/cm.
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ELECTRODIFFUSION CONTROL PARAMETERS ELECTRODIFFUSION DATA
Temp: 500 DEGREES C Current Density at 102 Hours: .11 PA/Square cm
Twne: 102 HOURS
Electric Field: 1000 VOLTS/CM

RADIATION HARDNESS DATA

RADIATED WITH 1 MILLION RADS

CRYSTAL: 10 MHZ 3RD OVERTONE AT
S/N TURNOVER INITIAL FREQUENCY FREQUENCY AFTER 1 MRAD DELTA F/RAD
1 71 C 9,999,989.0 Hz 9,999,989.3 Hz +3.OE-14
3 70 C 9,999,960.7 Hz 9,999,959.8 Hz -9.OE-14
4 65 C 9,999,991.0 Hz 9,999,992.5 Hz + 1.5E-13
5 65 C 10,000,006.3 Hz 10,000.007.2 Hz + 9.OE-13
6 68 C 9,999,979.1 Hz 9,999,979.1 Hz +0.OE-99
7 68C 9,999,971.9 Hz 9,999,973.8 Hz + 1.9E-13
9 68 C 9,999,977.8 Hz 9,999,980.2 Hz + 2.4E-13
10 70 C 9,999,928.9 Hz 9,999,931 9 Hz + 3.OE-13
11 68 C 9,999,942.7 Hz BROKEN N/A

MEAN OF ABSOLUTE VALUES + 1.4E-1 3/RAD

CONTROL GROUP-UNIRRADIATED

2 67 C 9,999,964.4 Hz 9,999,965.1 Hz +7.OE-14
8 69 C 9,999,960.7 Hz 9,999,960.8 Hz + 1.OE-14

MEAN OF ABSOLUTE VALUES + 4.OE-14

A linear model for the change in frequency due to irradi- PROPOSALS
ation has been assumed. The frequency change at low lev- 1. Define an acceptable test for radiation hardness in
els of irradiation may be significant. A more complete set order to compare different processing techniques.
of data needs to be taken in order to define the changes in 2. Identify the electrical conditions which signal the
frequency during irradiation. The same crystals were irra- pant when the electrodiffusion process has reached an
diated again with 9 more megarads. The change in fre- ptable eecrdition rness
quency due to the last nine megarads of gamma radiation acceptable level of radiation hardness.
was undetectable. The control group and the irradiated sweep . process and use it as one of the identying cond
group changed frequency 2.5 x 10 '"/Rad and 2.1 x 10 / '/ sfor ionanesg
Rad respectively. The resolution of the measurements is tons for radiation hardness.
only 2 x 10". REFERENCES
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AN X-RAY IRRADIATION SYSTEM FOR TOTAL-DOSE
TESTING OF QUARTZ RESONATORS

Leslie J. Palkuti and Quang T. Truong

Advanced Research and Applications Corporation
Sunnyvale, CA 94086

Abstract facilities. In addition, extensive equipment must be
transported to remote locations, since the oscillators

An x-ray irradiation system has been developed must be instrumented during radiation exposure.
for the evaluation of the total-dose sensitivity of
quartz resonators. The x-ray radiation response of To overcome the disadvantage of remote total-dose
premium-Q, swept (PQS), resonators in ceramic flat- radiation testing and provide quick-turnaround radia-
packs was compared with in-situ cobalt-60 irradi- tion characterization, an x-ray irradiation system was
ations. A multi-frequency reflectometer measurement developed to provide a uniform, intense and character-
system incorporating a crystal oven with an x-ray ized x-ray beam.1  This x-ray system was successfully
window was used simultaneously to measure the radia- demonstrated by correlation tests with cobalt-60 expo-
tion response of the crystal c-mode frequency and a sures for total-dose testing of semiconductor integra-
temperature-sensitive frequency. Excellent correla- ted circuits directly at the wafer stage of fabrica-
tion between x-ray and cobalt-60 irradiations was tion. 2 Preliminary analysis indicated that similar
obtained in both the deposited dose as determined by x-ray irradiation can be implemented for in-situ char-
calorimetry and in the radiation-induced frequency acterization of quartz resonators provided a suitable
shifts of the resonator c-mode, instrumentation system was developed. To provide the

frequency measurements at the resonator stage of fabri-
These correlation studies indicate that the cation a multichannel reflectometer3 measurement sys-

ARACOR Model 4100 X-ray Irradiation System produces tems was utilized with a specifically designed tempera-
the same radiation response in crystal resonators that ture chamber adapted with an x-ray window. In this
are obtained with in-situ cobalt-60 irradiations. paper, we describe the x-ray irradiation system as
Combined with reflectometer measurements, this x-ray utilized for quartz resonator irradiations including
irradiation method provides a unique capability for the temperature control and frequency measurement
quick turnaround radiation characterization at the instrumentation. In addition, x-ray deposition calcu-
resonator stage of fabrication. Additional advantages lations for various quartz blank geometries are com-
of the method include the wide range of dose rates pared with measurements and the results of correlation
(0.01 to 300 rad/sec) available in an instrument that tests comparing x-ray irradiations with cobalt-60
can be utilized in a production-testing area. exposures are reported.

Key Words: Experimental Procedure

Quartz crystal, quartz resonator, SC-cut, The schematic of the x-ray irradiation system,
radiation sensitivity, x rays, cobalt-60, total-dose the PIN diode dosimeter, temperature chamber and fre-
sensitivity, reflectometer. quency measurement instrumentation are shown in Figure

1. A detailed description of ARACOR Model 4100 Semi-
Introduction conductor Irradiation System, including details on the

dosimetry calibration, is given in reference 1. For
The total-dose radiation-induced frequency off- quartz resonator irradiations, the semiconductor wafer

sets of precision quartz oscillators are important in probe station in the Model 4100 was replaced with a
modern communication, navigation and radar systems for quartz resonator temperature chamber (Brightline Model
both terrestrial and space applications. These total- 2707). This temperature chamber is a double crystal
dose radiation effects produced primarily in the oven specifically fabricated with a low-Z, x-ray window
quartz resonator are dependent on the growth and pro- (2.5-cm polyurethane foam and 1-mm Al) and includes a
cessing of the quartz blank as well as the processing remote temperature controller. With the x-ray window,
used to package the crystal. At the present time, no the oven had a thermal gain of about 2000.
demonstrated electrical measurement technique has been
developed to evaluate these total-dose effects in To measure the average x-ray dose deposited in
quartz resonators. Therefore, extensive effort and the crystal blank, the PIN diode dosimeter described
cost must be expended for radiation exposures for in reference 1 was utilized. Suitable filters, con-
screening purposes and qualification tests of reson- sisting of samples of the materials used in the oven,
ators intended for precision timing applications in resonator enclosure, and crystal blank were interposed
space and other military applications. In addition, between the x-ray source and the dosimeter to simulate
military applications require the development of the actual setup that was irradiated.
resonators that exhibit reduced radiation-induced
frequency shifts. These development programs also re- The resonator frequencies were measured utilizing
quire extensive resonator radiation characterization a multichannel reflectometer (Brightline 2107) and an
with quick turnaround for timely feedback for process HP 5335A precision counter utilizing a reference fre-
modifications. The standard methods for radiation quency provided by a rubidium atomic frequency standard
characterization require extensive lead time and are (Efratom). The Model 2107 Reflectometer is an improved
costly because oscillators must be fabricated and version of the instrument described in reference 3. An
tesceu dL remote radiation locations such as cobalt- HP 9816 controller was used to operate the irradiation
60, Van de Graaff, flash x-ray or linear accelerator system as well as the measurement system via an IEEE-

488 interface.
* This work was supported by the U.S. Army Electronics

Technology and Devices Laboratory under Contract To obtain a direct measurement of the crystal
DAABO8-83-C-JO06. blank temperature during irradition, a temperature-
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sensitive mode in addition to the normal c-mode of the traceable to NBS. The same in-situ measurement setup
resonators was also monitored by the multichannel shown in Figure 1 was used with the addition of longer
reflectometer. The direct temperature measurement of cables. The cobalt-60 irradiations were conducted at
the crystal during irradiation provided (1) a direct dose rates of 250 and 1.5 Krad per min. The cobalt-60
measure of the radiation dose rate absorbed by the irradiations had to be limited to about 105 rad(SiO 2 )
crystal via calorimetry and (2) direct assurance that so that radiation-induced degradation to the resonator-
the radiation-induced frequency shifts in the c-mode oven heater elements was small. Note that the heater
were not the result of radiation-induced heating. In elements were shielded during the x-ray irradiations.
these experiments the maximum radiation dose rates
were limited so that the radiation-induced temperature Dose Deposition in Crystal Blanks
increases in the c-mode frequency were negligible.

The tungsten characteristic radiation and the
A plot showing the fractional frequency of the bremsstrahlung produced by the x-ray tube are attenu-

c-mode, fc, and the temperature sensitive mode, ated as they pass through the resonator oven and the
fT, for a typical 12-hour measurement sequence is resonator package before being deposited in the quartz
shown in Figure 2. The measured Allan variance, blank. The beam is also attenuated as it passes
O(r T), for fC of about 1.5x10- 0 for 10-sec aver- through the crystal blank. To obtain a reasonably uni-
aging times was typical for the reflectometer. For form dose distribution in quartz blanks of the various
the cobalt-60 irradiations, sixty-foot cables were thicknesses, prefiltering of the x-ray beam was optim-
required between the resonator and the reflectometer, ized. In addition, the x-ray power supply was operated
resulting in a five times increase in the instrument near its maximum voltage (50 to 60 kV) to provide the
noise. To improve the sensitivity of the reflectom- most uniform deposition profile in the quartz blanks.
eter measurements, digital signal processing was some-
times applied to extract the radiation-induced fre- The material configuration used in these experi-
quency shifts. With this digital filtering, the ments is shown in Figure 3. The resonator package was
sensitivity of the measurement system was improved to thermally insulated from the inner oven by polyurethane
about 3x10-1 1 . The temperature fluctuations measured foam. The inner oven wall of 20-mils Al provided
by fT in Figure 2 are the result of temperature adequate thermal isolation. Additional foam isolated
excursions of the crystal blank due to temperature the inner and outer ovens. A 1.5-cm2 window was cut
fluctuations in the laboratory. The sensitivity of into the outer oven to reduce x-ray attenuation. Al
the temperature measurement was significantly better filtering was added outside the oven to improve the
than 1 m°C. dose uniformity in the crystal blank.

The temperature coefficient of the reflectometer The highest average dose rates that were achieved
was characterized by subjecting the measurement system with the x-ray irradiation system for the ceramic and
to thermal cycling. These measurements indicated a Kovar packages are shown in Figure 4. The additional
negligible temperature coefficient (less than 1x10 - 11  attenuation by the Kovar package is evident in the
per m°C) for the two channels used in these figure. In glass-enclosed resonators, dose rates
experiments. Note in Figure 2 that the laboratory similar to ceramic packages are obtained. Maximum dose
temperature fluctuations (fT) are not reproduced in rates of 3.5 and 20 Krad per min could be achieved for
the c-mode frequency data. the Kovar and ceramic packages, respectively. Thus, a

106-rad(Si0 2 ) irradiation can be performed in 50
The samples used in these experiments were SC-cut minutes.

resonators enclosed in ceramic (A1203 ) flatpacks. The
details of the fabrication of such resonators are Depth-dose calculations were performed to deter-
outlined in reference 4 and the references therein, mine the dose uniformity in the quartz blanks.
The crystal blanks were fabricated from premium-Q Utilizing the x-ray spectrum measured by Brown, et
cultured quartz material that had been electrodiffused al., 5 and x-ray cross sections tabulated by McMaster,
(swept) in air. Resonators were tested from two et al., 6 the x-ray dose deposition was determined for
groups with a c-mode frequency of 10.23 (3d harmonic) the material stack shown in Figure 4. From these data,
and 5.115 (fundamental) MHz. Seven resonators were the dose uniformity in various quartz blanks could be
studied. determined. The front-to-back dose ratios are plotted

in Figure 5 along with experimental data measured with
The x-ray radiation response of each resonator the PIN diode. The tradeoff between dose rate and dose

was characterized over the dose range from 3 rad(Si0 2 ) uniformity is evident. Note that for dose rates less
to 106 rad(Si0 2 ) covering both the low-dose and high- than I Krad/min, a ±5 percent dose uniformity is
dose regimes. Some crystals were irradiated to 107 obtained. The data shown in Figure 5 can be used to
rad(Si02). The following x-ray irradiation procedure estimate the dose uniformity for both the ceramic and
was utilized. The resonator was mounted into the oven Kovar packages. For example, at the maximum irradia-
and the oven temperature set to the lower turning tion rate, the dose variation in a 40 mil crystal
point (approximately 70C). After a two-day stabili- blank is ±15 and ±10 percent for a ceramic and a Kovar
zation period, the initial low-dose response was package, respectively.
determined by irradiating to 104 rad(Si0 2 ) with a dose
rate from 10-150 rad per min. A two-day annealing Dose Measurement by Calorimetry
period was followed by irradiation to 1o rad(Si0 2)
with a dose rate ranging from 250-7500 rad per min. The deposited dose in the crystal blank could be
Another two-day annealing period was followed by addi- measured directly by monitoring the crystal temper-
tional low-dose irradiations. Between each low-dose ature during irradiation. Since the crystal was
test the resonator was allowed to anneal for at least enclosed in a temperature chamber, these measurements
24 hours. Low-dose irradiations were also performed could be made without influence of external effects.
after a 30-day annealing period. The temperature rise, AT, of a crystal blank sub-

jected to irradiation by a steady dose rate of (Q/m)
Cobalt-60 irradiations were conducted on selected rad per min that is turned on at t-0 can be expressed

resonators in a dry-room cobalt source (International by:
Neutronics, Inc., Palo Alto, CA). Dosimetry was per- QT = K (Q)I - exp
formed using Far West fiber optic dosimeters that are A 1 - (1)
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where K is the inner oven time constant and C is the after radiation exposure. Often these frequency
specific heat of a-quartz. Thus, the steady-rate shifts are in a direction to return the crystal
temperature rise is frequency to its preirradiation value (see, for

K iexample, the response in Figure 11) and, hence, the
AT (2) term annealing applies. However, in a number of

instances the resonator frequency shift continues
after irradiation in the same direction as the

and is a function of the ratio of the time constant frequency was shifting during irradiation (see, for
and the specific heat. From the initial temperature example, the response in Figure 9) and, therefore,
rise, viz.: exhibits reverse annealing behavior. For simplicity,

A we use the term annealing for frequency shifts
AT 1 (3) following irradiation exposure, irrespective of the
ET C m sign of the responses.

the specific heat can be directly determined. The x-ray irradiation procedure described here
is particularly suited to the characterization of the

Monitoring the crystal temperature as a function annealing responses because the resonator can be
of time verified the form of equation (1) and a value monitored continuously without interrupting either the
for K of 280 sec was determined. Equation (2) was the thermal or the electrical environment of the
experimentally confirmed by irradiations performed at resonator. Examples of the annealing responses of
a number of dose rates for both x rays and cobalt 60. some resonators are given below.
The x-ray and cobalt-60 irradiations were character-
ized by a K/C of 47 m'C per Krad, as shown in Figure - For the resonators measured, the annealing
6. The experimental verification of equation (3) is response (both in magnitude and duration) varied
shown in Figure 7 for both cobalt 60 and x rays. The depending on the irradiation history of the
same value of C=0.252 cal/g°C was determined for the x resonator. Usually, longer annealing responses were
rays and cobalt 60. This value of C is within 20 observed when the resonators were irradiated to high
percent of handbook values7 and is within the limit of doses. In Figure 17 the annealing behavior of a
the accuracy of both x-ray1 and cobalt-608 dosimetry. 10-MHz (3d overtone) resonator is shown after an
These results demonstrate that the measured and initial 25-Krad(SiO 2 ) exposure. The negative
calculated deposition in the quartz blanks can be frequency shift of 3 ppb over a 24-hour period
accurately determined, continued in the same direction as the frequency was

shifting near the end of the radiation exposure. In
Resonator Irradiation Results Figure 18 the annealing behavior after 10 Krad(SiO 2 )

is shown. The radiation response of this crystal had
Figure 8 is a plot of the radiation measurements been stabilized by preirradiation to a dose in excess

of a 10.23-MHz(3rd overtone) resonator that was irra- of 106 rad(Si0 2 ). Annealing periods of about 8-48
diated with both x rays and by cobalt-60 gamma rays. hours were observed.
The features of the responses shown are typical for
all the resonators irradiated. The similarity between Conclusions
the cobalt-60 and x-ray irradiations are evident in
these data. An x-ray irradiation procedure has been developed

for the characterization of radiation-induced fre-
Initial irradiations for both x rays and cobalt quency shifts in quartz blanks at the resonator stage

60 resulted in large negative frequency shifts of fabrication. Utilizing the ARACOR Model 4100
followed by a smaller positive shift at low doses as Irradiation System, radiation exposures over a dose-
shown in Figures 9 and 10 for x rays and cobalt 60, rate range of 0.01 and 300 rad(Si0 2 ) can be performed
respectively. Although the initial radiation in a production facility without requiring off-site
responses for all the resonator studies were negative, testing. Maximum dose rates of 2 and 18 Krad(SiO 2 )
the magnitude of these frequency shifts was highly per min are obtained for ceramic and Kovar packaged
variable, ranging between 0.1 and 40 ppb for the resonators, respectively, with a dose uniformity of
10.23-MHz(3d overtone) and between 1 and 10 ppb for better than ±15 percent. A frequency measurement
the 5.115-MHz(fundamental) resonators. system employing a multichannel reflectometer and

remote oven allowed resonator-response measurements
The detailed cobalt-60 and x-ray responses for a without the influences of oscillator component

10.23-MHz(3d overtone) resonator are shown on a linear degradation. In addition, the multichannel
scale in Figures 11, 12 and 13. The preirradiation measurements provided a means to directly monitor the
doses for each irradiation exposure are indicated, crystal temperature and, therefore, the crystal could
For each exposure the crystal temperature during be used as its own radiation dosimeter.
irradiation is also indicated. The similarity in the
frequency shifts produced by cobalt 60 and x rays is Excellent correlation was obtained between cobalt
evident. In Figure 14 a typical high-dose radiation 60 and x rays for the energy deposited (absorbed dose)
response is given illustrating the high-dose rate as measured by calorimetry and also for the
capability of the irradiation system. This measure- radiation-induced frequency shifts (radiation
ment system allows the characterization of resonators response). No significant differences between
with a wide range of frequencies in the same setup. cobalt-60 and x-ray radiation responses were observed
As an example, both the low- and high-dose responses in both the low-dose and high-dose regimes. The
(after preirradiation) are shown in Figures 15 and 16 instrument was also shown to be highly suitable for
for a 5.115-MHz(fundamental) resonator, measurements of annealing effects in quartz

resonators.
Annealing Behavior

Finally, the results reported here suggest that
In addition to the frequency changes that occur the x-ray irradiations, combined with reflectometer

during irradiation, quartz resonators will typically frequency measurements, can provide an accurate and
exhibit frequency shifts that are significantly larger detailed characterization of quartz resonator radia-
than the normal aging response for about 1 to 3 days tion response without the need for oscillator fabrica-
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tion or off-site testing. The procedures outlined are
convenient and cost-effective and after an investment
in the required instrumentation can be performed as a
minor modifications of a resonator testing sequence .ooIsI,;" ."
directly on the production floor.
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SUMMARY tory (JHU/APL) initiated a study of the effects of
high and low dose and dose rates of gamma and

This paper summarizes the results of radiation proton radiation on ouartz resonators. In each of
tests on cultured quartz resonators. The tests the radiation experiments, the resonators were
were conducted to determine the frequency shifts installed in test oscillators with the flat
(Af/f) of the resonators as a result of high and surface of the resonator perpendicular to the
low levels of proton and gamma irradiation. All radiation source. All measurements were made with
resonators tested were 5 MHz, 5th overtone, AT cut the test oscillators operating at the resonator
units manufactured in different lots by Bliley turn-over temperature. The tests showed that the
Electric Company from nine bars of Premium-Q, measured frequency shifts (Af/f) were dominated by
swept, cultured quartz produced by Sawyer Research proton and gamma radiation effects on the resona-
Products. Generally, the results were as follows: tor and not by proton and gamma radiation effects

on the test oscillator electronics.
Resonators manufactured from the same bar of

cultured quartz showed consistent frequency GAMMA RADIATION TESTS
changes (Af/f) when subjected to high level gamma
radiation. However, this consistency did not High Level Gamma Radiation Tests
exist when the resonators were exposed to low
level gamma radiation. Principally, the high level radiation testing

of quartz resonators and oscillators was conducted
For low level radiation no apparent correla- to determine if a quartz oscillator would continue

tion exists between the aluminum content of a to function when exposed to an ionizing radiation
resonator and its radiation induced frequency environment between 10 and 50 krads. The direc-
shift (Af/f). tion and magnitude of any resulting frequency

shifts were also of great interest.
A correlation exists between the low level

radiation induced frequency shift (Af/f) of a Initially, quartz resonators, which had not
resonator and the manufacturing lot in which the been previously exposed to radiation, were
resonator was produced. installed in test oscillators, which were then

exposed to a Cobalt-60 radiation source. The
The low 'evel radiation sensitivity of a source delivered a dose rate of 67 rads per second

resonator cannot be extrapolated from high level to the outside surfaces of the test oscillator,
radiation data. and approximately 34 rads per second to* the

resonator (due to shielding of the test oscillator
The radiation sensitivities of resonators structure). The test oscillators were exposed to

subjected to low level radiation may be grouped incremental radiation doses of 1, 2, 7, and 10
into one of four distinctive signatures. krads. A sufficient time interval was allowed

between the incremental radiation exposures for
The signatures and the frequency shifts (Af/f) frequency stabilization. This procedure produced

of resonators subjected to low level proton and an accurate measurement of the steady-state
gamma radiation are very similar. frequency shifts (Af/f) resulting from the

radiation exposure. In all instances the
Radiative preconditioning of resonators oscillators continued to function throughout the

reduces the radiation induced frequency shifts range of radiation exposures.
(Af/f) at both high and low levels of gamma and
proton radiation. High Level Gamma Radiation Test Results

INTRODUCTION Test data for nine of the resonators are shown

in Fig. 1. Note the frequency shifts, after an
The radiation susceptibility of quartz resona- initial exposure to 10 to 20 krads, became much

tors is a significant parameter contributing to smaller when the resonators were subsequently
the performance of spacecraft oscillators. To exposed to additional radiation. This effect was
meet various sponsor and mission requirements, The observed in the majority of resonators. Data
Johns Hopkins University Applied Physics Labora- analysis after testing the first six resonators
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+8 Iexperiment are tabulated in Table 1. It is
interesting to observe, for the high level gamma
radiation test, that 67 percent of the resonators
had negative frequency shifts. Additionally, as

+6indicated in Table 1 and Fig. 1, resonators
manufactured from the same quartz bar produced
consistent radiation coefficients. Resonators

-- 27506 manufactured from bar A13-1-1 had high radiation
+4- coefficients which persisted even after exposure

to 30 krads. However, for resonators manufactured
from quartz bar All-34-3, K5F and K18F had rela-
tively low radiation coefficients which became

+2 smaller at the higher accumulated radiation doses.

Low Level Gamma Radiation Tests
= 28604"-0

S28612' Low level gamma radiation testing of quartz

X resonators and oscillators was initiated in order
to estimate oscillator performance in a low level

-2 27502 background radiation environment. Based on data
collected from the high level radiation tests, a

27504 radiation sensitivity specification of I x 10- 10
2749 per rad for a 4 rad exposure appeared easy to meet

-427499 and was therefore adopted as a basis for screening
resonators. Low level gamma radiation experiments
were conducted using a Cobalt-60 radiation source
which produced a dose rate of 0.1 rad per minute

-6 at the resonator surface. Each resonator was

247A Resonators from incrementally exposed to 0.1, 1, and 3 rads. An
BRatr o Aexamination of the initial low level gamma
Bar A11-34-3 radiation experiment results indicated that the

-8 '20 krad preconditioned radiation induced frequency shifts were much
larger than expected from the extrapolation of the
high level radiation test data. This confirmed
the findings previously reported in the
literature1  namely, that the radiation induced

0 1 2 3 4 5 x 104 frequency shifts of a resonator cannot accurately
Accumulated CO-60 dose in rads (Si) be predicted over a large range of exposures using

only data for a particular range of exposure.
Fig. 1 Quartz oscillator steady state frequency changes induced Since no radiation data existed in our range of

by high level gamma radiation. interest (total exposures up to 4 rads with a dose
rate of 0.1 rad per minutes), a systematic plan

resulted in a decision to precondition subsequent for low level radiation testing of quartz
test resonators by exposure to 20 krads before resonators was developed. This plan would yield
installation in the test oscillators. Data for the required frequency shift versus radiation
all resonators tested in the high level radiation data, and hopefully lend insight into the

TABLE I

Quartz Resonator Test Results
For Hiqh Level Gamma Radiation

RESONATOR AUTO- ALUMINUM RADIATION
SERIAL BAR CLAVE CONTENT OF SENSITIVITY +
NUMBER NUMBER NUMBER BAR (ppm) (X 10- 11)

19047* All-34-3 NA 12.00 0.0140
26750 NA NA NA 0.0018
27497 A13-1-1 NA NA -0.1200
27499 A13-1-1 NA NA -0.0850
"7502 All-39-4 NA NA -0.0980
27504 All-34-3 NA 12.00 -0.0116
27506 All-34-3 NA 12.00 0.0100
28602 K5F D14-45 0.64 0.0010
28604* K5F D14-45 0.64 -0.0028
28605H* K13F A6-26 0.79 -0.0013
28611H* K18F D14-45 0.92 -0.0118
28612* K18F D14-45 0.92 -0.0020

* Resonators with 20 krad gamma preconditioning.

NA Data not available.
+ Frequency shift (Af/f) for the last 10 krads exposure divided by 10

krads.
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radiation sensitivity mechanisms of resonators. content and radiation coefficient seemed to con-
Generally, the test plan was as follows: firm the findings reported in the literature. The

fourth manufacturing lot of resonators, series S/N
1. Resonators used in the experiment would 340XX, was also fabricated from quartz bars K13F

be manufactured by Bliley Electric Company using and Kl8F. Two of the three resonators (67%) ex-
six bars of Premium-Q, cultured, Z-growth quartz hibited radiation coefficients less than 1 x 10-10
produced by Sawyer Research Products. per rad. This seemed to reaffirm a correlation

between low level radiation coefficients and the
2. Each quartz-bar used for resonator fabri- aluminum content of the parent quartz. The fifth

cation would be divided into sections as shown in manufacturing lot of resonators, series S/N 346XX,
Fig. 2. During resonator fabrication, traceabil- was fabricated from quartz bar K11K. This bar had
ity to the parent bar and section would be main- the highest aluminum content of all bars tested,
tained. 8.3 ppm. Based on the test results of manufac-

turing lot 1 through 4, we expected only a small
3. A sample from each bar would be analyzed number of resonators would have a radiation co-

for aluminum content by Oklahoma State University, efficient of less than I x 10-10 per rad.
since it had been reported that there was a cor- Surprisingly, all ten resonators in this lot
relation between aluminum content of the bar and exhibited coefficients less than 1 x i0- 10 per
radiation sensitivity of a resonator made from the rad. The remarkable performance and consistency
bar.2 of this lot of resonators, manufactured from a

parent quartz bar with very high aluminum content,
4. Each test resonator would be exposed to cast doubt on the relationship between the alu-

low level gamma radiation from a Cobalt-60 source. minum content of the parent quartz bar and the
The dose rate would be 0.1 rad per minute and the radiation coefficient of the resonator made from
total accumulated dose would be 4 rads received at that quartz. This ambiguity was decisive in ini-
incremental exposures of 0.1, 1 and 3 rads. tiating additional testing which would not only

continue to seek a correlation between the alu-
5. Each tested resonator which displayed a minum content of the parent quartz bar and the

steady-state low level radiation coefficient of radiation coefficient of the resonators, but also
less than 1 X 10-10 per rad for a 4 rad exposure study the possible correlation of other machanisms
would be considered spaceflight qualified and to the variations in the radiation coefficient of
reserved for use in JHU/APL space qualified oscil- resonators manufactured from the same parent
lators. quartz. It was conjectured that one possible

mechanism could be related to lot-to-lot variation
The first resonators, identified by the serial in the resonator manufacturing process. The sixth

number series 318XX, were fabricated from quartz and seventh manufacturing lots of resonators,
bars K15K and K17K (see Table 2). The aluminum series S/N 347XX and S/N 352XX, were fabricated
content of these bars was measured at 5.4 and 5.7 from bars K13F and KI8F. The sixth manufacturing
ppm, respectively. Fifty-six percent of these lot produced two resonators out of a total of
resonators were found to have radiation coeffi- five, a 40% yield, which had radiation coeffi-
cients of less than I x 10- 10 per rad. The next cients less than 1 x 10-10 per rad. As shown in
lot of resonators, series S/N 324XX, which was Table 2, bars K13F and K18F had very low aluminm
fabricated from the same bars (K15K and K17K), all content. The seventh manufacturing lot produced
had radiation coefficients greater than 1 x 10r only one acceptable resonator from a total of five
per rad. The third manufacturing lot of resona- resonators, a 20% yield. Again, the results
tors, series S/N 324XX, was fabricated from quartz showed that low aluminum content of the parent
bars K13F and Kl8F. These bars had a low alumi- quartz bar does not necessarly produce resonators
num content of 0.79 and 0.92 ppm, respectively, with low radiation coefficients. The eigth and
When five of six resonators (an 83% yield) were final manufacturing lot of resonators tested,
found to have radiation coefficients less than 1 x series S/N 257XX, was fabricated from quartz bar
10-10 per rad, a correlation between low aluminum K5F, which had the lowest aluminum content of 0.64

ppm. As shown in Table 2, quartz bar K5F produced
only two acceptable resonators out of 11, an 18%
yield, with a radiation coefficient of less than I
x 10-10 per rad. Once again we see a poor yield
of acceptable resonators manufactured from a
parent quartz bar of low aluminum content. In our

6 i n. opinion, this is a further indication that no cor-
relation exists between the aluminum content of
the parent quartz and the low level frequency

ASection luminum content versus radiation coefficient of the associated
C Scin Test sample resonators.

B 0.6 in.
Section Two of the resonators tested (S/N 33817 and

S/N 33822) had excellent radiation sensitivities
but abnormally high aging rates. Since we felt
that these high aging rates were caused by con-
tamination during manufacturing, Bliley was asked
to reprocess them. The resonators were later
retested for radiation sensitivity without further
preconditioning. The retest results for S/N 33822
are shown in Fig. 3-A; the original test results
are shown in Fig. 3-B. Note the slight improve-

0. 625 in. ment in aging rate after the reprocessing, but a
very different radiation sensitivity (signature).
This was explained, after consultation with

Fig. 2 Cultured z-growth quartz bar. Bliley, by the fact that during reprocessing the
resonators were subject to a temperature of 355"C
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TABLE 2

Quartz Resonator Yields for Low Level Gamma Radiation Tests

ALUMINUM TOTAL ACCEPTABLE
TEST MANUFACTURING BAR CONTENT OF RESONATORS ACCEPTABLE RESONATOR
SERIES LOT NO. BAR (ppm) FROM BAR RESONATORS* YIELD (%)

1 318XX KI5K 5.40 9 5 56
K17K 5.70

2 324XX KI5K 5.40 3 0 0
K17K 5.70

3 338XX K13F 0.79 6 5 83
K18F 0.92

4 340XX KI3F 0.79 3 2 67
K18F 0.92

5 346XX K11K 8.30 10 10 100

6 347XX K13F 0.79 5 2 40
K18F 0.92

7 352XX KI3F 0.79 5 1 20
K18F 0.92

8 257XX K5F 0.64 11 2 18

* Resonators with a total frequency sensitivity of < 1 x 10-10 per rad from a 4 rad exposure.

which removed the effects of the original was used by Bliley to fabricate resonators in four
radiation preconditioning. The reprocessed different manufacturing lots: series 338XX,
resonator (S/N 33822) was then removed from the 340XX, 347XX and 352XX. Figure 7 presents the
test oscillator and re-preconditioned with 20 test data for all resonators manufactured from bar
krads of gamma radiation, and retested. The Kl3F, and identifies the bar section from which
results of this retest are shown in Fig. 3-C. The each resonator was made. Clearly, the percentage
test results for the reprocessed resonator S/N yield of resonators is much better correlated to
33822 are comparable to that of S/N 33817. Note specific manufacturing lots than to the parent
that reprocessing of these resonators caused a quartz bar or bar section.
significant change in their radiation sensitiv-
ity. From these data, one may conclude that the In conclusion, the low level gamma radiation
radiation sensitivity of the resonators was re- test data show that:
lated to the manufacturing process since the same
quartz blank was used for the original andreworked resonators. 1. The low level radiation coefficient of a

resonator is not correlated to the aluminum con-

Low level Gamma Radiation Data Analysis tent of the parent quartz bar.

After reducing the test data from the low 2. The low level radiation coefficient of
level gamma radiation tests to graphic form, four the resonator is not related to the section of the
distinctive signatures of radiation sensitivity parent quartz bar from which it was manufactured.
were readily identifiable. These signatures are
shown in Fig. 4. The signature which occurred
most frequently is characterized by a large 3. There exists a strong correlation between
positive frequency shift during irradiation, the low level radiation coefficient of a resonator

followed by a gradual recovery to the pre-test and the manufacturing lot in which the resonator

aging rate. Figure 4-A shows an example of this was produced. This suggests that the low level

signature. Thirty-four percent of the resonators radiation coefficient of a resonator is dependent

tested produced this signature. We found no on small variations in the manufacturing process

correlation between the signature and the aluminum which is generaliy thought to be consistent.

content of the parent quartz or manufacturing lot
of the resonators. 4. Four distinctive signatures of radiation

sensitivity are identifiable, possibly indicating
In an effort to correlate resonator perfor- that there are several radiation sensitive mechan-

mance, the data were reduced to a series of bar isms which may exist singularly or in combination
charts showing resonator performance as a function in each quartz resonator. These mechanisms may be
of quartz bar, bar section, and manufacturing activated by different radiation levels.
lot. Figure 5 shows no clear correlation between
resonator yield and the parent quartz bar. How-
ever, Fig. 6 shows a strong correlation between 5. The majority of the resonators showed a
resonator yield and manufacturing lot. Bar K13F positive frequency shift (refer to Table 3).
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Fig. 3 Quartz resonator S/N 33822 radiation test results. (D) Resonator S/N 33817R 1

PROTON RADIATION TESTS

In order to investigate the frequency shifts
of resonators in a simulated space environment,
the resonators were exposed to protons qenerated
by the cyclotron at Harvard University. Technical
specifications for the Harvard University Proton
Cyclotron are listed in Table 4. The test oscil-
lators used in the proton beam tests were the same
units used previously in the gamma radiation
tests.

Test Procedures and Objectives ___

The oscillators were mounted on a fixed table 0 5 10 15

in front of the proton beam. Two lasers, mounted Hours
in the same horizontal plane as the oscillators,
were used to locate the resonators symmetrically Fig. 4 Four distinctive signatures of radiation sensitivity.
around the isocenter of the proton beam. This
configuration is shown in Fig. 8. The Bragg curve
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318XX 324XX 338XX 340XX 346XX 347XX 352XX 257XX
Manufacturing lot

1. Resonator frequency shift (Af/f) as a
Fig. 6 Yieldof acceptable resonators as a function of function of proton beam dose rates and total

manufacturing lot. accumulated dose for fixed values of the proton

beam energy, 153 HeV.

2. Resonator frequency shift (Af/f) as a

(percent of radiation dose as a function of proton functie of the proton beam energy for fixed dose
beam penetration depth) was calculated before the rate and accumultated dose.
radiation experiments to confirm that the resona-
tors received a uniform radiation dose (refer to In the first test, the oscillators were
Fig. 8). Before each proton radiation test, the subjected to a 153 MeV proton beam with a dose
proton beam was carefully calibrated. This rate equal to 0.1 rad per minute and total
calibration resulted in a proton beam dose rate accumulated doses of 0.1, 1.0, and 3.0 rads. The
uncertainty of 3%. The proton beam energy results of this test are presented in Figs. 9 and
uncertainty was 5%. Before each radiation experi- 10, together with the data from similar gamma ray
ment, the resonator frequency was allowed to tests (dose rates equal to 0.1 rad per minute and
stabilize so that the radiation sensitivity of the total accumulated doses of 0.1, 1.0, and 3.0
resonators could be correlated to the proton beam rads). Figures 9 and 10 show that frequency shift
dose. The proton beam irradiation of the reson- as a function of time due to proton and gamma
ators included the following test measurements: irradiation of the resonators are very similar.
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TABLE 3

Quartz Resonator Test Results for Low Level Gamma Radiation

AUTO- ALUMINUM RADIATION
SERIAL BAR CLAVE SECTION CONTENT OF SENSITIVITY*

NUMBER NUMBER NUMBER NUMBER BAR (ppm) (X 10- 1I)

25734 K5F D14-45 A 0.64 54

25735 K5F D14-45 A 0.64 25

25737 K5F D14-45 A 0.64 67

25738 K5F D14-45 A 0.64 -6.5

25739 K5F D14-45 A 0.64 34

25740 KSF D14-45 B 0.64 20

25741 K5F D14-45 B 0.64 -5

25742 K5F D14-45 B 0.64 42

25743 K5F D14-45 B 0.64 22

25745 K5F D14-45 B 0.64 40

25746 K5F D14-45 B 0.64 17

28605 K13F A6-26 A 0.79 .1

28611 K18F D14-45 A 0.92 -.3

31816 K15K H39-24 NA 5.4 4

31817 K15K H39-24 NA 5.4 18
31818 K15K H39-24 NA 5.4 8

31819 K15K H39-24 NA 5.4 5
31821 K17K H39-24 NA 5.7 15
31822 KI1K H39-24 NA 5.7 2
31823 KI7K H39-24 NA 5.7 34

31823R 0 K17K H39-24 NA 5.7 3
31823R1 K17K H39-24 NA 5.7 2.2
31823R2 K17K H39-24 NA 5.7 1.9
31824 K17K H39-24 NA 5.7 6
31825 X17K H39-24 NA 5.7 20

31825R K17K H39-24 NA 5.7 9
32472 K15K H39-24 NA 5.4 19
32473 K15K H39-24 NA 5.4 13
32475 K17K H39-24 NA 5.7 11

32606 KI7K H39-24 NA 5.7 32
33814 K13F A6-26 A 0.79 5

33815 K13F A6-26 A 0.79 3
33817 K13F A6-26 B 0.79 1

33817R K13F A6-26 B 0.79 24

33817RI K13F A6-26 B 0.79 14

33820 K13F A6-26 C 0.79 32
33820R K13F A6-26 C 0.79 31
33822 K13F A6-26 0 0.79 2
33822R K13F A6-26 D 0.79 8
33822RI K13F A6-26 D 0.79 1
33823 K18F D14-45 8 0.92 5
34079 K18F D14-45 A 0.92 16
34080 K18F 014-45 C 0.92 .8
34082 K13F A6-26 A 0.79 6.3
34627 K11K H39-24 A 8.3 2
34628 KIIK H39-24 A 8.3 6

34629 K11K H39-24 A 8.3 1.5
34630 K11K H39-24 B 8.3 9
34631 KIlK H39-24 B 8.3 6

34632 KIIK H39-24 B 8.3 8
34632R KIK H39-24 B 8.3 8
34633 K11K H39-24 C 8.3 10
34636 KIIK H39-24 0 8.3 4.5
34637 KIIK H39-24 0 8.3 -6
34638 K11K H39-24 D 8.3 9

34743 K13F A6-26 B 0.79 62
34744 K13F A6-?6 C 0.79 -14
34744R K13F A6-26 C 0.79 -8.9
34745 K13F A6-26 C 0.79 41

34746 KI8F D14-45 D 0.92 1.5
34747 K18F D14-45 D 0.92 1
35204 K13F A6-26 A 0.79 102

35205 K13F A6-26 C 0.79 60
35206 K13F A6-26 D 0.79 8
35207 K18F D14-45 B 0.92 70
35208 K18F D14-45 B 0.92 60

* Frequency Shift (Af/f) per rad for a 4 rad exposure.
NA - Data not available.
o - Retested Resonator.
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TABLE 4

Technical Specifications of the Harvard Cyclotron
3

PARAMETER VALUE

Proton Energy Range 10-153 MeV
Proton Beam Pulse Length 400 us
Proton Beam Pulse Repetition 10 os

Standard Beam Diameter 20 cm
Proton Dose Rate Range 0.1-150 rads/min
Proton Beam Power 160 Watts

18 1 1 I radiation testing of resonators to predict the

16- Proton test resonator response to proton radiation.

14 In the second test, resonators were subjected
Gamma test to a proton beam with energies of 70, 110, and 130

12 MeV. The proton dose rate in these tests was 0.1
0 rad per minute, and the total accumulated dose was
6510 1.0 rad. Figure 11 shows the frequency shift

8 3.0 -r (Af/f) as a function of time for three differentt ad exposure values of proton beam energy. The quartz

6 -6resonators subjected to the proton beam were
4 shielded by multiple layers of aluminum, copper,

glass, and foam enclosures. The total equivalent
aluminum shielding thickness was calculated to be

2 1.0 rad exposure 6.3 gm/cm 2 . The minimum proton energy needed to
0 Aging rate penetrate this shielding material was calculated

0.1 rad exposure to be approximately 77 MeV 4 . As shown in Fig. 11,
0 5 10 15 20 25 30 the resonator frequency shift (Af/f) is negligible

Hours for 70 MeV protons. This confirms the pretest
prediction that protons need an energy level

Fig. 9 Low level gamma and proton radiation test data greater than 77 MeV in order to penetrate the
for resonator 33820. resonator shielding. The test results also

confirm that the frequency shift was not caused by
effects in the oscillator electronics, since the
oscillator electronics were not shielded against

4 the proton beam.

2 - 18

, 4_1 40. 1. rad exposure

x 3.0 rad exposure Proton test 0

-2 10-1Gamma test -

-61 1 I J 2 - 110 MeV
0 5 10 15 20 25 30

Hours 70 MeV

Fig. 10 Low level gamma and proton radiation test data 2 - - I I I

for resonator 34744. 0 5 10 15 20 25 30
Hours

Fig. 11 Frequency shift of resonator 33820 as a function of
proton energy.

This similarity indicates that the mechanisms
which caused the frequency shifts in the resona-
tors are due to ionization effects rather than Proton Radiation Test Data Analysis
nuclear interactions. This is apparent because
the only common interactions of proton and gamma In conclusion, the data from the proton
radiation with matter is ionization. Hence, it is radiation tests showed:
concluded from these data that the protons only
Interact with the quartz resonators by means of 1. An excellent correlation exists between
ionization processes. Therefore, it seems logical low level proton and gamma radiation sensitivities
that one may use gamma radiation in the low level of a given resonator.
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16-
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14- 20 rad/min
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6- 5 rad/min SIN 34632

50 rads
4 -

2 -- 1 rad/min

10 rads

0-2

-2 I I I I I I
0 1 2 3 4 5 678

Hours
Fig. 12 Frequency shift of quartz resonators during proton radiation tests.

2. At a given high accumulated dose for each be predicted from the review or extrapolation of
resonator there is a significant decrease in high level radiation data. Each resonator has a
radiation sensitivity to both proton and gamma radiation character of its own, which we refer to
radiation (refer to Figs. 1 and 12). as a signature. All of the resonators which we

tested could be grouped into one of four recogniz-
3. The response of a given resonator to able signatures. The radiation induced frequency

proton radiation is both accumulated dose and dose changes resulting from a 4 rad exposure ranged
rate dependent (refer to Fig. 12). from 1 X 10- 12 to 1 X 10-9 (Af/f per rad). The

majority of resonators showed a net positive fre-
CONCLUSIONS quency change as a result of a 4 rad exposure.

The primary effect of high level gamma The low level radiation test results strongly
radiation (< 50 krads) on the operation of a support a correlation between the radiation
quartz resonators is a change in its operatin b  sensitivity (Af/f per rad) of a particular
frequency. The direction of this frequency resonator and the manufacturing lot in which it
coefficient is normally negative. However. posi- was made. This fact requires further investi-
tive frequency coefficients are not uncommon. The gation into the effect of resonator processing on
magnitude of the frequency offsets (Af/f) vary for the resonator radiation sensitivity. No
each resonator and may be as great as 1 x 10- for correlation could be found with any other
a 30 krad exposure. The radiation sensitivity, resonator variable. These include parent quartz
(Af/f) per unit of radiation, for a given resona- bar, bar section, aluminum content, Q, turning
tor normally becomes much less as the radiation point temperature, resistance, and aging.
dose accumulates. This effect indicates that
preconditioning (- 20-50 krads) of a resonator The signature, magnitude, and direction of
reduces radiation sensitivity, frequency changes resulting from low level gamma

and proton radiation are nearly identical for a
The data from the high level gamma radiation given quartz resonator. This indicates that the

tests indicate there is a correlation between the radiation induced frequency changes are primarily
radiation sensitivity of a particular resonator ionization effects, and that gamma rAdiation data
and the parent quartz bar from which it was manu- for low level radiation exposures can be
factured. Resonators made from a given bar of accurately used to predict the performance of a
parent quartz all show radiation sensitivities resonator when subjected to proton radiation.
which are consistent in magnitude when subject to
exposure of 20 to 30 krads.
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THE VIBRATION SENSITIVITY OF VHF QUARTZ CRYSTALS
FOR MISSILE APPLICATIONS

R. D. Weglein

Hughes Aircraft Company, Canoga Park, CA 91304

When an otherwise stable crystal oscillator is
Abstract subjected to steady acceleration, its instantaneous

frequency fo, changes in accordance with the
This paper relates to the phase-noise acceleration sensitivity coefficient r(1). In

degradation of VHF crystal oscillators when subjected general, r is a vector that depends in a
to vibration. Increased phase noise reduces the complicated manner on the orientation of the
performance of the pulse doppler radar in current anisotropic crystal platelet as well as on the
missile seekers. platelet's orientation and fastening to the support

structure.(2) The literature contains ample
A performance summary is presented for a large information on the measured performance of crystal

number of commercially available SC-cut crystal. and oscillators, subjected to the static 2g tip-over
some internally-fabricated AT-cut crystals when test.(4.5.6) These studies are for the most part
subjected to sinusoidal vibration. Four groups of confined to the measurement of the small signal r
crystals on 3- and 4-post supports with 0* and 450 in low frequency crystal resonators below 10 MHz via
orie ttion between crystal and support post axes this static test. Some vibration pertormance of VHF
were amined. Following vibration tests, all crystal oscillators has also been reported
crystdl units were disassembled, optically inspected, recently.(7)(8)
stripped, and their crystallographic axes were
precisely determined. The SC-cut crystals were Vibration frequencies to which VHF oscillators
procured in two groups, separated by a nine months may be subjected in a missile environment extend from
period to examine the reproducibility of the detailed DC (constant acceleration represented by the 2g
performance. tip-over test) through the radar doppler range up to,

say 50 KHz. The instantaneous frequency, fo, is
The vibration-induced phase noise of these then modulated at the vibration frequency, yielding

crystals may be summarized as follows. Crystal an FM spectrum of magnitude that tends to degrade the
resonators supported on four posts showed lower phase noise performance of the oscillator in
vibration sensitivity coefficient r, than those accordance with r. Experimentally the vibration
mounted on three posts. The average for sensitivity coefficient is usually determined from
each 4-post group ranged from 3.25 to 4.37 in units spectrum analyzer measurements, as in equation 1,
of lO-lO/g, while the 3-post group varied between
4.65 to 10.86. The r variations within each group P /20
were much wider. The maximum r axis (worst case) r = [2f /(f G)] 10 s (1)
observed earlier was not reproduced in the later m o
crystal procurement group. The AT-cut crystals on
Hughes-developed soft 4-post supports showed an where fm the sinusoidal vibration frequency,
average of 2.61 x lO-lO/g, and varied between 1.2 fo = the oscillator frequency (=100 MHz)
and 3.7 for seven tested crystal units. G = the peak vibration amplitude in units

of g (9.8 m/sec2),

Theo:-etical predictions were compared with Pss = the single-sideband phase noise power

these results for in-plane acceleration on idealized observed on the

supports and for stress coefficient. A theoretical spectrum analyzer, relative to the

comparison of the practically-imposed and idealized oscillator power.

support boundary conditions sheds new light on the The noise output from the oscillator with and without
disparity between the measured results and theory vibrational excitation may be separated into two
that predicts a 1 = 3xlOll/g for the 4-post general groups, characterized by the frequency

dependence of that noise, as is schematically shown

Introduction and Summary in Figure 1. Noise close to the coherent oAcillator
frequency (phase noise) usually exhibits f-

VHF crystals and crystal oscillators for dependence, up to a "cross over" frequency fc
tactical missiles fall into a special class of fo/Q, where fm is the modulation or vibrational
components that require substantial improvement if frequency and Q Is the resonator quality factor. The
their performance is to keep pace with new systems range of n is such that 3>n >l.(9) This
requirements. The stability of crystal oscillators frequency dependent noise(9 ) is due to flicker
in the 100 MHz range when subjected to vibration (n-l) and white (n=2) noise generation within both
should not significantly degrade the signal crystal and circuit.
sensitivity of the coherent radar receiver relative
to its quiescent performance. To the extent that Beyond fc, the "noise floor" is for the most
this is not the case, the receiver sensitivity and part electronic noise, generated by a combination of
the doppler range are proportionately degraded. shot and white noise sources in the amplifying
Although crystal resonator technology spans over at portion of the circuit.
least three decades, relatively little attention has
been focused ia this area. The vibration-induced noise in this otherwise

frequency-independent noise floor range consists in
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part of discrete spurious peaks, as indicated the theoretical prediction, could be reduced to
schematically in Figure 1, that are usually the practice, substantial immunity from vibration might
result of crystal and support resonances. The result in the phase noise performance of these quartz
subject of these resonances (plate modes) is treated resoriators.
separately elsewhere(!O).

Experimental Results

PHASE NOISE MICROPHCNIC NOISE The crystal plates were evaluated sequentially
a) to ascertain their phase noise sensitivity to

vibration 1, b) to obtain optical views of the
EXMLE:crystal fabrication and assembly processes inside the~EXAMPLES:

O 9 CRYSTAL PLATE RESONANCES T05 enclosure, particularly with respect to the
. PACKAGE RESONANCES electrode metallization and epoxy adhesive

z distribution and, c) to determine the precise

crystallographic orientation of the two rotation
angles of the SC-cut. The motivation of the
three-fold evaluation was to seek correlation between

fo/° the elastic as well as mechanical constraints of the

/ crystal platlets and their respective r's. The
- pardmeters represented by these three groups are

I ,listed in Table 1.
0 10 20 30

TABLE 1. CRYSTAL GROUP PARAMETERS
FREQUENCY FROM CARRIER kHz

08OR'P E5AR CUT ,C, SAMPLES %0 POSTS

Figure 1. Oscillator Noise; Definition of 982 Sc 4

';stinct Regions. 83 Sc 4 4

2 i982 SC 3 3
This paper summarizes the performance of, for !983 SC

the most part. commercially available SC-cut crystals -- 4 4

when subjected to vibration. The motivation for the 1983 Sc 6 4 45

study was the hope of discovering trends that might 982 7 4 45
lead to an improved understanding of the large
discrepancy that persists between predicted(ll) and
observed(6) performance. The results of an
18-month effort on 45 crystals (38 SC-cut, 7 AT-cut) Vibration-Induced Phase Noise
are reported, discussed and compared with available
theoretical predictions. Subsequent to an operational check and

preliminary phase noise measurements in the quiescent
Three groups of SC-cut crystal resonators, each state, all crystals were subjected to vibration in

unique in its relative support structure to crystal three mutually-perpendicular axes. The z-axis,
orientation, on three- and four-post supports were normal to the package plane is also normal to the
examined. One group of AT-cut crystals on A crystal platelet plane in all units. The results of
Hughes-developed four-post support configur-.ion was these extensive tests are presented in Table 2-5,
also studied under vibration. All crystals were inclusive.
close to 100 MHz in frequency, utilized the 5th
overtone thickness-shear mode of vibration and were TABLE 2. SC-CUT CRYLSIAL GROUP 1
encapsulated in a T05 enclosure. The SC-cut crystals (96.56 MHz, 5TH O.T.)
were procured and tested in two groups with a nine
month separation between groups to examinate the

reproducibility of the detailed performance. All .74 %,c Z I I
7 -40 36 05 47

crystals were tested under vibration in the same 25 5 .32 4

oscillator package, that had been modified and b 08 s 0621 :32 05 2 38
adapted to replace crystals easily and without the .0 :0 D7 b2
possibility of microphonic effects that might degrade ' 4 25 5. 24' 4 , 55 !5 'CS -- 52 ,

the performance. 2 .30 - 46 3 4
2 12 11 0 7 " 3 73

4 '3 046 2 78 305
All crystals were examined under sinusoidal 210 5 ! ,4 3 25

vibration at discrete frequencies between 80 and 1983 i3 087 .23 4 4 0 46
7 1 130 '87 "2 83 357

2000 Hz, in the same phase noise test set, developed 8 .273 20 237 4 36
for this purpose, using the phase locking technique. 8' ,41 3 .22 243

I 397 046 .4)7 i 64'

Subsequent to the vibration testing sequence, all 12 27, ,73 . 4 438

SC-cut crystals were removed from the T05 enclosure, '982 6 8 , '4,

inspected for assembly, mounting and adhesive '883 '544x 2 25 0 8o ! ,

uniformity as well as for lithography control. 4 OST 'PP oT7 0 0 -. oq

Finally, the crystal orientation angles of the In each table, X, Y, Z are the vibration
doubly-rotated quartz plates were determined with the sensitivity coefficients pertinent to these three
aid of the laser-assisted precision x-ray niometer vibration axes and r is their geometric mean,
developed with ERADCOM support.(12) expressed in units of 10-10/g. The algebraic mean

r. and the RMS deviation o, are also calculated
The detailed results of this study In its for each group. (% MAX) denotes the fraction of

several aspects, and a comparison with predictions as resonators (in percent) for which the largest r was
well as conclusions constitute the major topics of observed along a particular axis. Thus, in Table 2,
this report. The results suggest that if the for example, r is quite constant for the two
idealized resonator SuDDort conditions, assumed in
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procurement periods. However, while a is somewhat Resonator Inspection
greater for the later period, the trend (% MAX) is
completely reversed between the 1982 and 1983 Subsequent to the completion of operational
crystals of Group 1. tests on all crystal units (phase noise with - and

without vibration), the TO5 enclosures were opened,
TABLE 3. SC-CUT CRYSTAL GROUP 2 the crystals extracted from the support-post

TABLE .5 C T CTA O UP 2structure and chemically etched to remove all
(96.56 MHz, 5TH O.T.) metdllization and remnant epoxy adhesive. In this

disassembly sequence, optical inspection took place

YEAR NO X . " "" at every step and a number of features were recorded
which might contribute to a correlation betweenS 5 0 0 07 5 57 1 5 7

0 40 06 40 assembly variations and performance. The observable
472 30 0 40 515 09

1982 23 3 0 40 55 096 features are listed below:
9 2 0 64 11 68
10 08 11 *56 58
13 04 2 2 4 0 56 a) relative orientation between support post

3 ,30 1.675 83 712 axis and crystallographic axes (angle at).4 206 23 4 18 352
5 311 301 * 890 990

1983 10 .620 538 3 81? '091 236 b) electrode metallizaticn geometry and
i !i 2 08 "5 59 9 5 18205 426 * 97 25, 825 alignment with crystallographic axis and t.

6 737 1480 1 76 20 29

18X2 %MAX 0 !5 50 c) electrode registration between top and
1 bottom of platelet.1983 V MA X 14 25 7' 75 M425

3POST SUPPORT O00, i0 1%0 d) amourIL drnd distribution of epoxy adhesive at
all posts.

TABLE 4. SC-CUT CRYSTAL GROUP 3 e) general defects and flaws.
(96.56 MHz, 5TH O.T.)

'EAR Z~. The general observations on each of these
I features follow.

'982

'26 064 .127 189 a) Angle (x was observed by noting the
2 213 010 ,307 4 17 deviation from the ground peripheral flat on each
3 00 052 1 70 204 304

1 33 .330 097 369 platelet and prior information obtained from the
1983 6 033 .137 108 80 procurement sources. In general, deviation from the

7 080 "30 207 465
2-3 - 7

-  
-67 368 mean (see Tables 2-4) were found to be well within

2 015 I 060 .4 0 41 40 C 28 +110 for most assemblies of groups 1 and 3 (4
# 3 113 i 390 I 20 434

posts). Somewhat larger deviations were noted for
'893 ,4 0 56 4 group 2 (3 posts). b) The geometry of electrode

4POO TS3PPOF
T  

451
,  1.0qo metallization (Au or Al) appeared to be quite uniform

on all platelets and alignment of the electrode axes
with the post location was quite symmetrical. c)

Similar observations may be obtained on The electrode registration of top and bottom circular
examination of Tables 3 and 4. The 3-post supported metallization that forms the high electric-field
plates of both periods in Group 2 showed consistently region of the resonator showed substantial deviation
inferior performance. The axis of worst case r was in the earlier crystal set of group 1, but improved
not consistent from one procurement period to the substantially in the later set of that group, after
next, as shown by comparing the relevant crystal registration masking was introduced to the
groups in Tables 2 and 3. No comparison of this type metallization process. d) In all assemblies the
was possible for Group 3 crystals. The lowest values extent of the conductive epoxy adhesive areas
of r anr- a were obtained with the AT-cut crystal distributed over a nominally ±25 mil peripheral area
group l,sted in Table 5. Aside from the different at each support post, with deviations in some units
crystal orientation, crystals in this group are extending to +35 mils (+12°). Considerable variation
cemented in place with a resilient silicone-rubber in total amount and spatial distribution of the epoxy
adhesive on each of the four posts. In excess of adhesive areas generally observed. e) All units
80 percent of the crystal units in this group appeared to be free from particulate matter and
exhibited a worst-case axis of r normal to the defects.
platelet, in agreement with prior results.(5)

All crystal platelets were identified

TABLE 5. AT-CUT-CRYSTAL GROUP individually so that their particular history could

(106.3 MHz, 5th O.T.) be traced with subsequent precision orientation
measurements.

2 ' 2 ' 31 Precision X-Ray Orientation
6 0 09 ' 2

I [ 4 25 0 1 25 2 61 075
'982 09 2 8 2 9 All SC-cut crystal plates described in this

9 0 I 9 29 2

9 1 4 14 9 271 report were evaluated as to the precise
6 1 1 1 1 2 0 crystallographic orientation of angles (V and e

8 2- that determine the doubly-rotated plane. Precision
1982 3MAX f 161 83 3

, _ _ ] i 1 .I_ measurements were performed with the laser-assisted
4os7 'OFT SUPPOr , 450 .,,o'0 double X-ray goniometric technique, developed

particularly for this function through USA ERAOCOM

sponsorship. The results for both procurements are
summarized in Tables 6 and 7 where the
Turn-Over-Temperature (T.O.T.) has been included for
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completeness. This additional information, though other than crystallographic orientation variations
not relevant to the present emphasis, may be of use for an explanation of the demonstrated behavior.
to evaluate T.O.T. reproducibility. Each measurement
represents the average value and RMS deviation o of
ten individual readings, so that the expected error Comparison with Theoretical Results
in each measurement is o/i-Oi, or approximately
10-4. The averaging technique was used to minimize Recent theoretical results(ll) for in-plane
probable errors that arose from manipulating the acceleration in doubly-rotated cuts of quartz predict
inordinately small crystal platelets for which the substantially improved performance under acceleration
crystal holder of the instrumentation was not (vibration) that was demonstrated above. A summary
optimally designed. In the 1983 procurement, this of the theoretical results are shown in Figure 2,
error was reduced two times by a more compatible where the two important cases of three- and four-post
crystal holder, though this fact cannot be deduced supported SC-cut quartz plates are combined. The
from a comparison of the two tables. theory is based on idealized point supports at each

post, where the exact location of each support is
TABLE 6. PRECISION X-RAY ORIENTATION RESULTS applied in the median plane of the thin quartz

(1982) plate.(14) For a given support orientation angle
a with respect to the crystallographic axes of the

GROUP, quartz plate, r varies sinusoidally with a 180
°

-__T period, as the acceleration vector rotates through
i 222050 o0059 342020 0O6 40 one complete revolution. The maximum r varies for

89, 17 0,'33 0214? 00074 38 each particular o and this functional behavior is487OST0 3 r3271 0OOT? 0 1.7 0 17033 47

0'0 1. D 046 00092 01745 00W48 48 plotted in Figure 2 for both 3- and 4-post support
2) 'J0980 000C86 071709 0 0017 46
4 0049 0o03 0 844 0 o028 49 post cases and for crystal parameters appropriate to
0 236025 30086 34196 0006' 22 the experimental plates. The theoretical predictions

6 70o 00036 0064 004 22 clearly present the 4-post support structure as the
2 780 6()64 o50 00037 0 ;09 0 002 22 preferred case, because of a) lower minimum andI POS T, 1 06520 000G17 01 201 0 J026 2

1G3 0758 0085 00987 00026 23 overall [rmax and b) the broad valley of low
!3 06568 00083 00786 00092 27 ['max centered at a=45.

33 06918 0072 00475 03066 27

37OTE S 7 EAC , REPRESET50 SOSEPARATE MEASUREMENTS
2 EXPECTED ERROR 'S ' , - , 3 '6
3. VERAGE OF 9 MEASUREMENTS 16
* FEAER MEASUREMENTS X3
.4, T uRN OVER TEMPERATURE 07

c 14
TABLE 7. PRECISION X-RAY ORIENTATION 7 Xl

RESULTS (1983) X 6 =

; GROUP S Nt , OREF -0
)  

PREF O REF 
' ,  

PEF 'I 11OT 'C,r<

U 1222 02378 434 10
2 07150 -02426 22- 3324 1 %

4 0 0994 :0 2344 09869 428 >- 3-POST,1  I '
S00957 -0 2316 039 8-6 I I I

4POSS 7 0 257 -02
1
88 I 9 8 I

-00 8 0 1261 2261 454 • I
9 07200, -02380 ! 425 - I
11 0130 :0 2375 420 % I
12 01-log 02244 1 . 430 Z 6 /

07036 -0 622 230 .
2 4 00543 :-6265 23. 34- 230 z 4

3 POSTS 5 00946 0 6470 06574 0 223 2170 0 0 I9 3

GO 0096 .06349 23 28 6 4I 60.50
15 00265 -06505 21-27
76 00811 '0 6187 26 30 <

7 00137 00254 362 m 2
2 045 00142 21". 4 398 - V l ~ /

3 002!5 00061 0 7852 0 2897 36 2
3 4 f30552 -'0120 160

4 POT0 6 0 0027 -00142 2 0co(450 -0,80 -0032 0 -90 -60 -30 0 30 60 90 120
7 -0080 0077' 416

2 -0635 00845 21
3 -07731 00 528 o2T SUPPORT ORIENTATION -a( 0 )

NO N0:*A. SCOCT A50L658 •22 40 . 34 ]Oigre2
2 ,. NvER TEMPERATURE  Figure 2. Theoretical Worst Case VibrationSensitivity, r of SC-Cut Crystal

Plates for Idealized Support
A cursory examination of both tables shows the Structure Versus Support Orientation

surprisingly small angular spread in all cases, Angle a; (---) 3 POSTS, (---)
approximately 20 millidegrees for the 1983 units and 4 POSTS
slightly larger for the earlier set. All crystals,
with the exceptions of those in group 2 (2 posts) are The angle a is referenced to the xI crystal
quite close to the angles of the stress compensated axis, synonymous with the projected x-axis in quartz
condition, for which the stress coefficient K that is often identified by a small flat ground edge,
(10-11 cm2/dyne) is zero.(1 3 ) To date a direct normal to x on the quartz plate perimeter. As an
relationship between K and r has not been example, for the case, a-O (groups 1 and 2 of the
established. For group 2 crystals, K - -0.02, while experimental samples) the worst case (rmax in
for all others KI-0-011 and these values persisted units of 10-10/g) is predicted to be approximately
throughout the two procurement periods. In lighE of 7.0 and 0.5 for the three- and four-post cases,
the inconsistent results for the vibration respectively, for in plane acceleration along x1 .
sensitivity for the two periods (nearly complete Similarly a rmax = 0.25 is estimated for the case
reversal of maximum r direction in some cases from a-45" (group 3, 1983) and the acceleration vector
1982 to 1983) it would seem that one must look to along x1. Out-of-plane acceleration has not been
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computed to date.(14) Therefore, it is not known - -
whether the computed cases represent, in fact, the 3t

worst case situation. The computation in Figure 2
assume that one of the four posts is placed in error
by 0.5

°. This is believed to cause the observed o4

assymmetry in the relevant curve, in addition to some .

degradation in r near the two minima at 0* and
45*.(14)3

The theoretical results are compared with our

experimental performance of SC-cut crystals in 2-
Figures 3-5, and the AT-cut crystal cases are added
in Figure 3 for completeness. The individual crystal
's are shown there (1982 results), identified by 1

the letter (x, for example) that denotes the
direction along which the oscillator was vibrated in
that case. The group 1 samples show qualitative 0
agreement with theory for the worst case axis (x), 9 -6 30 0 o 60 90

but varies widely while the mean value re (4.06) o°
is ten times the predicted value of 0.5. From a
quantitative point of view, the 1983 results for the Figure 4. Vibration Sensitivity Results - Groups 1
4-post supported plates show similar behavior as is and 3, 1983; r - f (d/m) K - 2.2 x
seen from Figure 4. The group 1 results (c=0) show 104 Ka, fo = 100 Mz, d = 0150",
again large distribution in I. The important m = 5; Ref (11)
difference lies in the nearly complete reversal of
worst case r that is now normal (out-of-plane) to
the crystal plate and, therefore, at variance, with 20 

X3

the computed results. The group 3 behavior is quite 5MHSTHOTsimilar both in the observed spread in r as well as . REF,, 1)J

in the deviations from the predicted worst case axis. X 161

- 12 I
X
3

AT CUT G 4
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Figure 5. Vibration Sensitivity Results- Group 2.

1 ; = d) a  . 14 a 1982/3; r = f: (dim) Ka .o 104 K a'
fo = 100 MHz, d = 0250" 5; Ref (11)

* 2 ______TABLE 8. SUMMARY OF EXPERIMENTAL RESULTSMl
90 60 30 0 30 60 9C

,EAR GPC'~PPOSTS MA

Figure 3. Vibration Sensitivity Results - Group 1, 3*'. -1982; r7 = fo(d/m) Ka 2.2 x 104 Ka '927 T 4 A'5,2 3436' 006 2" 90 '

fo = 100 MHz; d = 0.250", m = 5; Ref (11) 'a .- 36' 3 '4, 784H 50 50
'962 AT 45 4 0 6o§ A 7
1983 9 2' 864 34 2 97 ' , 1S 4 7?

The experimiental results for the 3-post case '963 73 ?3o iJ'5 1 3450? C.10 4
(Figure 5) appear to be In reasonable agreement with ,983 3 1 4 4 P,-, :.". ., 4 4 1 44
predictions. Comparable agreement has been reported -3 6 45 4 23 3,' ) 14 '22'

previously for large, low-frequency (5 MHz) SC-cut S, -,T..
resonators(ll) as is indicated on the figure.

However, no experimental results are available for
the case of x = -15° where a minimum [max = 0.5 x A cursory examination of the experimental
l0-l0/g Is predicted. results shows little evidence of a recognizable trend

from which promising directions toward improvement in
Discussion the vibration sensitivity might be elicited. The

experimentally derived re in Table 8, shows

A summary of all relevant experimental results little dependence on any recognizable parameter.
Is presented in Table 8. It is observed that on the What Is most graphically shown, however, is the
average, the AT-cut crystal group attained the lowest apparent superiority of the 4-post support structure
vibration sensitivity. The distinguishing feature of vis-a-vis three posts. In some respects the present
that group is the adhesive, a soft silicone-rubber study on small VHF crystals is consistent with
like substance that remains resilient after the earlier more extensive work on large, low frequency
curing cycle. The possible bearing of this fact on SC-cut crystal units (6). Both studies shows that
the results will be discussed below, thinner crystals with correspondingly higher

frequencies yield lower r. The notion that the
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stress coetficient K, which depends on comparable variations between posts, might well tend
crystallographic orientation might bear some relation to cancel the "stress-compensation" feature that is
to r is not supported in the present work. Indeed, required to produce the promising theoretical
for the same angles of the doubly-rotated cut, quite vibration performance predicted for the SC-cut. The
different directional F results were obtained from effect of the distribution and extent of the epoxy
the two procurement lots that were produced nearly adhesive on the mode frequency of plate modes excited
twelve months apart. in such quartz resonator and supported in this manner

has recently been demonstrated.(l0) In this
Comparison, insofar it is possible, between the referenced study, the resonant frequency of the

SC-cut and the locally-produced AT-cut group shows fundamental plate mode is raised by in excess of 30
that the latter group is superior in a statistically percent if a distributed epoxy support is assumed
significant way. The most obvious difference between rather than a point support.
that group and the SC-cut groups lies in the manner
by which the quartz plates are secured to the Figure 6 reveals a second significant
individual support posts. Whereas the externally characteristic of the idealized support that is not
procured crystal units feature a captured plate met in practice. The ideal support is attached in
cemented with somewhat rigid conductive epoxy, the the median plane of the quartz plate, representing a
AT-cut plates are secured by a soft silicone
rubber-like cement to the top of four platforms. The -yretrical boundary condition. Present practice in
precise manner in which this relatively benign crystal assemblies features exclusively an
support affects the vibration sensitivity is not assyninetrical support (from one side only). The
known. Theoretical computations, for the AT-cut, precise effect of symmetrical support is not clear atthis juncture. Pertinent computations have not been
similar to those described earlier for the SC-cut crie ut todtet sowut lack of y e
have not been carried. Thus there are no guide lines carried out to dbhat show the lack of symmetry
from which to gain a sense of direction. ef fect on the vibration sensitivity r versus cL,

comparable to Figures 3 and 4. However, symmetry in

a variety of elastic and electromagnetic system leads
If the described analytical formalism is taken to the reduction of permissible modes.(15) In

at face value, it might prove profitable to examine turn, the excitation of modes is reduced and possibly
the idealized boundary conditions and compare these reduces vibration-induced phase noise in the
with what is implemented in practice. Figure 6 symmetrical crystal support configuration.
attempts to illustrate this comparison. Top and side Unpublished, related work suggests that a symmetrical
views of the plate perimeter are shown in schematic support substantially reduces F relative to the

normal assynnetrical support structure.(16)
Table 9 summarizes relevant experimental results,
where rRMS is tabulated for plano-convex 5 MHz,

S - - 5th overtone (mostly) AT-cut resonators in various
UUARTZ 12' configurations.

PLATE " ,QUARTZ
PLATE 2b

- -_€ TABLE 9. EFFECT OF CRYSTAL CUT & SUPPORT ON r(l)

E POXY - .

ADHESIVE - OEPOX POST PosT R MS
ADHESIVE GROUP CUT POSTS LOCATIOTN AXIS 1 10 10 q

HOLDER CLIP I AT 2 2 P
2

1 08

,, TOP VIEW bi SIDE VIEW 2 AT i 4 45" N 1Ob

3 I AT . 2 Z 1 55 - 5Figure 6. Ideal and Practiced Support 3 AT 2 % 5 A _
AT 2 2 5 ?Conditions; the Arrow Represents 4 I 3 z N 48the Idealized Support Assumed in AT 3 Z N 6

the Theoretical Computations 5 5c Z N 1 20

6 AT 2 2 5. 68

form. The idealized support boundary conditions, I AT 2

represented by the solid arrow, apply a point NOTES ,,REF.,PA
constraint in the central plane and along a diameter 2 POST AXIS 

P 
PARALLEL TO PLATE

N NORMAL th PLATE
of the plate. The practically implemented support SYMMETRICALSUPPORT
represented by the epoxy is shown distributed 3 AT 9&0 LOCATION

laterally over a +12° angular range and covering the
entire vertical cross section of the plate A comparison of Group three (three samples) with
thickness. Even this schematic representation is
largely idealized, because the final extent of the Group six (two samples) in Table 9 shows that under

manually-applied epoxy adhesive is not well the same constraints, the symmetrical (S) plate

controlled in practice permitting some spatially support, normal (N) to the resonator plane results in

dependent stress to be applied over a +12
° sector, a ten times lower F as compared to assymmetrical

subsequent to the curing procedure. Finally, the support. Further support for this premise is offered

uniformity of the encapsulating cement region and by Group one result. The parallel (to the resonator)

stress condition at each of the four posts is only support may be considered symmetrical as well because

approximate, subject to variation. An examination its effective support occurs in the resonator median

of, for example, Figure 4, shows the large variation plane. The rRMS of that group is also

of the theoretical F that results from a change in considerably reduced as compared to Group three (five
a near the minimum point at a=O. A +12°  t imes).

variation raises the theoretical rmax by nearly
10 fold. Intuitively, one might suspect that the
variation in boundary conditions spatially within
each post region as postulated above and coupled with
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One further inference may be drawn from Table 9, 8) D. J. Healey I1, H. Hahn and S. Powell "A

with respect to a comparison between AT- and SC-cut Measurement Technique for Determination of

resonators of otherwise identical designs. The Frequency vs. Acceleration Characteristics oJ

rRMS of the SC-cut plate is substantially lower QuartL Crystal Units" Proc. 37th A.F.C.S.,

than of the AT-cut plate in the same configuration pp. 284-289, June 1983.

and of the same frequency (2.5 times).
9) 0. B. Leeson "Short Term Stable Microwave

Conclusions Sources" The Microwave Journal, pp. 59-69, June
197U.

The phase-noise sensitivity to vibration. r of

present state-of-the-art VHF quartz crystal
resonators with SC-Cut Orientation is at least ten 10) R. D. Weglein, W. C. Hu and A. F. Margagliano

times (20 db) greater than the theoretical model of "Microphonics in VHF Quartz Resonators and

the four-post support plate predicts. The present Oscillators", to be published.

support structure of the resonator, rather than the
crystal plate itself, may be responsible for the 11) P. C. Y. Lee and K. M. Wu "In-Plane

discrepancy. It is suggested that, if the idealized Accelerations and Forces on Frequency Changes in

support structure were at least in part, reduced to Doubly-Rotated Quartz Plates" U.S. Army Research

practice, substantial reduction in phase-noise Office, Contract No. DAAG29-79-C-0019, Final

sensitivity to vibration might result in VHF quartz Report, April 1983. (A part of this work is

crystal resonators. contained in Proc. 34th A.F.C.S., pp 403-411,
May 1981.)
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Summary compensate for these effects in the oscillator. For
the purpose of this discussion, the desired phase

Systems for precise navigation, secure communi- noise level (for I g input over a frequency range to
cations, identification, synchronization, and many 2 kHz) is (f) = 1O10 -2 or better. 

T o

other applications require frequency sources of high achieve this requires an effective compensated of
stability and very good spectral purity. It has 4 x jo-! 2 or better. This in turn will require
become increasingly important for such systems to a sensitivity reduction factor of '00 or more for most
maintain high performance under both dynamic and presently obtainable resonators.
static conditions. A crystal oscillator which
serves as the stable frequency source in a dynamic The problem is made tractable by the vector
tactical environment is required to have extremely low nature of F, which permits single-axis compensation.
sensitivity to acceleration forces in order to keep Essential to the solution is the degree to which
vibration-induced sidebands at the level of resonator and compensation element can be aligned
X(f) _ 10-10 x -2, for i g input, exactly anti-parallel, and the degree to which the

achieved compensation holds for all angles and

To achieve this an acceleration sensitivity of frequencies. Special measurement techniques and
no more than 4 x 10-12 per g, for vibration considerations involving the finished oscillator system
frequencies up to 2 kHz, is required. A number of are required.
active and passive compensation techniques show
promise of reducing the overall oscillator sensitivity Presently Available Resonators
to the desired low level. Active compensation is
achieved by means of a voltage feedback signal At present the best resonators available with
(proprotional to input g) generated externally and some certainty show r values of a few x 10"i0

applied to the oscillator circuit to counteract SC-cut blanks can potentially be better than AT-cut,
acceleration-induced frequency shifts. Passive but AT-cut BVA resonators have also shown very
methods encompass those which achieve direct low 7.3 Mounting of the blank, azimuth angles and
compensation (via a sec'nd resonator, or other support structure are important. Blank contour is
element) within the oscillating loop. important, but also observed is a large scatter in r

magnitude and direction for what should be identical

The success of any compensation method depends on resonators 4 . Debaisieux 5 has recently reported
the degree to which the intrinsic resonator <2 x 10-jO with moderately good yield in new
sensitivity, r , is a single, symmetric vector quantity resonator types.
and thus amenable to complete cancellation.

To further improve performance, by compensation,
Test methods must yield a fiduciary marking we need knowledge of the symmetry and directional

system to allcw subsequent alignment exactly parallel properties of T(0), in general and in specific cases.
to the axis of the compensating element. A very
sensitive test for this symmetry is to plot g-response Orientation
in the plane perpendicular to r . Results of dynamic
measurements are presented. We must address the general problem of finding:

for a particular case, verifying its behavior, and
Introduction mechanically attaching the resonator into an

oscillator structure so that it needs no further
"recision systems for navigation, communications, orientation adjustment.

network synchronization and many other applications
require frequency sources of high stability and good Figure 2 shows a resonator blank placed at a

spectral purity. 'iigh performance must also be specific orientation in a coordinate system so that F

maintained in an adverse dynamic environment. ' (max) lies along the Z axis. Imagine this to be the
end result of a process of alignment to be described

However, the frequency of a crystal reference below. The dotted line enclosure emphasizes that we
oscillator is perturbed by accelleration forces. The do not know - a priori - in which direction F is

response is described by a factor, F(fractional pointing . Futhermore, the tolerance of mounting the
frequency shift per g), and manifests itself as blank in the enclosure is not relevant; all we have to
vibration-induced phase noise near the carrier work with is the enclosure.
frequency. This is especially troublesome when
frequency multiplication to high order, n, is A model of acceleration sensitivity which appears
involved. In that case noise sidebands scale as to fit nearly all cases is that F is a vector
20 log n. In many systems, degradation beyond quantity. In the coordinate system shown, an

-"0 dBc at IHz (referred to 5 MHz, and ansuming acceleration input at a polar angle C produces a
I g peak vibration level) can not be tolerated. response proportional to !:I cos '- ; that is, the

fZee Figure 1). projection of I on the acceleration vector. In any
plane through the Z axis, a circle drawn through the

Starting with the best available low r re.onatrs, tip of 7 , I' cos , and the origin, describes the
a general approach to further improvement is to vector response. This kind of polar plot is in fact

the most convenient way to compare data with the model.
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A detailed discussion of the mechanical fixture a second resonator or other element as sensor) within
and measurement process will follow later. We have the oscillating loop.
found that a dynamic measurement system can give rapid
convergence to the desired result, an important feature The generalized scheme of r compensation is shown
being that vibrations in the X-Y plane should produce in Figure 4. The resonator is oriented for r in a
zero response. The precision with which this zero known direction (up) so that the acceleration sensor
response can be found makes it a more powerful may be fixed with its g-sensitivity vector, k, in the
technique than looking directly for the direction which opposite direction. A signal from the sensor
maximizes response. For the latter case, note that the proportional to the component of a along the vertical
derivative of cos 6 at 6 - 0 is zero, while at approach- is used to tune the oscillator frequency via the
ing 90" it is large. Thus the 1/2 degree mechanical voltage control input to exactly cancel the intrinsic
tolerance needed for ensuring a OO-fold reduction in frequency shift a.
effective r is more easily investigated in the X-Y
plane. Some important consideration are:

Alignment - find r and orient to 1/2 degree for
The vector sensitivity r can in principle be factor of 100 reduction.

cancelled by an equal and opposite compensation. This Cos behavior - must hold for both resonator
cancellation will not be exact if the resonator has and sensor.
asymmetric or non-cos 0 response for some angles. The f response - either flat for both, or must
relative magnitude of residual differences will set track each other.
limits on the attainable compensation. If residuals Lack of Proximity - the unavoidable radial dis-
exist at some azimuth angle, we might expect to see tance between sensor and
them projected onto the X-Y plane. resonator.

Linearity - response linear with acceleration
The single vector model has been discussed by magnitude.

numerous authors. Valdois 6 showed linearity of
response to 50 g as well as the vector nature of r • Proximity is important because angular velocity
Przyjemski7 mapped the cos 9 surface for a specific and acceleration inputs to the oscillator system give
oscillator and also demonstrated a sucessful systems rise to centripetal forces whose effects are not
approach to single axis compensation. cancelled, but are additive. A rotational rate of 0.1

revolution per second, for example, begins to show
Production Model Compensated Oscillator effects at the iO- 12 level.

For several years, Frequenc: and Time Systems For the external servo loop compensation, there is
already has been manufacturing high stability compen- specific dependence on linearity and f response of the
sated oscillators as part of a cesium beam frequency sensor, the lineari'- of voltage tuning, and the
standard; this oscillator is used for the AN/WSC-6 requirement that - 3 a constant, independent of
communications terminal (See Figure 3). This shipboard tuning.
application requires that phase noise sidebands at
15 Hz from the carrier be less than -98 dBc, with Figure 4 is easily generalized to include
approximately i g vibration input. To meet this internal, or passive, compensation. The sensor may be
requirement, standard high-Q resonators with F ranging any element having g-sensitive properties which serve
from i to 2 x '0- 9 are compensated to jetter than to frequency tune the resonator in a way to cancel its
'0"10 . The orientation precision required here intrinsic response. For example, a second resonator
is such that the static methods of measurement are has been suggested for this purpose 8 9'10 .

adequate to verify that the required degree of compen- The second resonator must track the first in all
aation has been met for the individual oscillator. respects, and must be aligned with the same exacting

finesse. The g sensitivity of the pair must cancel
This oscillator meets the need low g-sensiti- either by selectior or by equivalent circuit

vity over a specific range of low frequency vibration adjustments.
to 34 Hz. The requirement for high performance in a
tactical environment with vibration to 2 k.z, requires Perhaps the simplest sensor is a g-sensitive
new techniques. reactive element, such as a flexure plate capacitor as

described by .aldois. A very small change in
Compensation napacitance with g is made to be part of the series

frequency-determining load of the resonator. The
A number of active and passive compensation element can be made small, placed close to the

techniques show promise of reducing oscillator resonator, and mou.ited rigidly to it.'2

sensitivities. Active compensation is acheived by
means of a voltage feedback signal (proportional to In all of the methods, success depends on proper
input g) generated by an external accelerometer and orientation of the resonator and alignment with the
applied to the oscillator circuit to counteract compensating element.
acceleration-induced frequency shifts. Passive methods
encompass those which achieve direct compensation (via
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Measurement System Experimental Data

Although static measurements in which an The fixture described above may also be mounted
oscillator is reoriented in the earth's field to for vibration along the Z axis. If it is rotated on
determine g sensitivity can give useful results, they the vibration plate, along a polar angle, we can plot
do not lead quickly to the properly oriented resonator the cos F response.
fixture that is required. Rapid convergence to a
correct orientation is needed, and that requires Typical data are shown in Figure 6. This is the
real-time data from a resonator which is vibrating in response of a 4-point mount 9C-cut 5 MIz resonator.
an easily manipulated fixture. Maximum response represents '0-9 for this case.

The theoretical cos model is shown by the circle, and
This is accomplished by having the resonator data points fall within about 5% of this at all points.

available for mechanical alignment outside of the Note that a 360 degree rotation gives 2-fold redundant
normal ovenized environment. Without thermal control, data because of the bidirectional vibration. Thus a
frequency drift would normally be a p-oblem. And, for complete plot should display bilateral symmetry. In
the sensitivity levels of interest, the high resolution this case we have shown two sets of data. In the left
of a reference oscillator-mixer system of measurement half-plane are data points for rotation in the X-Z
is needed. plane, and on the right, rotation in the Y-Z plane.

We use a low-noise phase-locked-loop frequency These are two arbitrarily chosen slices through
discriminator as shown in Pigure 5. The resonator the symmetric surface of I sensitivity. One limitation
under test is phase-locked to a wide tuning range of such an examination, and to ultimate device
tracking oscillator, and the loop time constant is performance aL well, is the presence of residual
short. Thus the amplified mixer output is proportional mechanical modulation of circuit stray capacitances.
to the amplitude of frequency sidebands fenerated by Other sources of spurious response which limit the
vibration. mhe system bandwidth is much larger than comparison with the theoretical moAel are:
the vibration frequencies, and the loop transfer electromagnetic pickup from the vibrahor driver; and
function has a gain slope of -6 dB/octave over 10 to residual off-axis -otion of the vibrator.
20000 Hz. The natural frequency of the loop is greater
than five times the bandwidth. Figure 7 shows data taken on the same resonator,

for rotato.%q in the X-Y plane, with direction of

The noise floor of the system is such that vibration in the Z direction. The residual sensitivity
acceleration-induced sidebands at the -50 d3 level for all directions is less than i of 7 (max), and
relative to maximum response can be observed, additional alignment finesse can bring most data points

within the 1/2 1 circle. Again, the measurement
For orientation testing we typically use a limitations3 discussed above may limit the degree of

constant frequency at about 30 qz. Off axis motion certainty as to limits on the actual minimum response.
must be held to a minimum. The resonator is held in a
rotatable clamp fixture, to which is attached the 3imilar plots can be shown for 3-point mount AT
oscillator circuit board in close proximity. Flexible cut resonators. A 2-point mount fundamental AT-cut
coax takes the buffered signal to an additional buffer 5 MHz unit also shows a 5% fit to cos A behavior.
amplifier and then to the mixer. 10 MHz SC-cut units (4-point), some having F equal to

8 x i0- 10 or less, also show the same behavior.

The basic requirement of the fixture is that it In the X-Y plane, all resonators examined thus far
permit gimbal adjustment on two orthogonal axes, and appear to show residual sensitivity below '%, so that
that it have a reference plane to which the resonator F' 100 fold reduction of sensitivity by compensation is
will be referred. The purpose is to find F and fix it seen to be feasible.
with known orientation to a compact, rigid subassembly
which ultimately becomes the compensated oscillator. Using the capacitive type of g-sensitive variable
In the process the subassembly response, with and reactance element for passive (local) compensation, a
without compensation element, is measured as the preliminary investigation has given the data of Figure
resonator angles are adjusted. 8. The vertical axis represents the resonator response

(relative to the uncompensated case) in terms of power,
Referring again to Figure 2, the resonator can be or equivalent phase noise. The anomaly at 50 Hz was

oriented in this coordinate system by means of two traced to a vibration table resonance giving off-axis
mutually orthogonal axes, one nf them parallel to X. motion. UIltimate measured performance was limited by

imperfect fixturing and vibration modulation of stray

The fixture is vibrated along the X direction and capacitance, but a sideband reduction factor of 30 dB
the resonator is rotated for zero response. Then the is seen over the frequency range to 110 Hz. Vibration
fixture is vibrated along Y and the resonator is direction was along the compensation axis.
rotated about the X axis for zero response. The
fixture can then be rotated about the Z axis to verify
that the response is small or zero for all azimuth
angles.
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ABSTRACT

Quartz crystals perform a very significant The vibration environment manifests
role in the Time and Frequency field of tech- itself as a degrader of oscillator performance
nology. Since the quartz crystal is used in primarily in the following areas: (a) Phase
stand-alone crystal oscillators as well as all noise, (b) Short-term stability, and (c) Fre-
Atomic Frequency Standards (AFS), the perform- quency offsets. Figure 1 illustrates the ef-
ance of the crystal is of paramount importance. fects of sinusoidal and random vibration en-
Several adverse factors can degrade the crystal's vironments on phase noise performance.
performance in a stand-alone oscillator, produc-
ing unwanted offsets in the output frequency.
Some of the factors, such as crystal aging, the ,,............

crystal's temperature coefficient, and varia- 1 .
tions in the input line voltage/output load
impedance, can be compensated for in an AFS.
The biggest problem for both the stand-alone
crystal oscillators and the present generation i--
of AFS is vibration.

Under vibration, the AFS can provide . .
improved performance over the stand-alone
crystal oscillator if the vibrational
response of the AFS's physics package is S ...... ... V ...... .M l . .

better than the vibrational response of the Figure 1 Phase Noise Under Vibration
crystal. This of course is true only if the
vibration frequencies are within the band-
width of the atomic loop. For vibration
frequencies outside the bandwidth of the Figure 2 illustrates the effects on an
atomic loop, the AFS is only as good as its oscillator's phase noise for various "g-sensi-
internal crystal oscillator. tive class" crystals when subjected to random

In order to improve the performance of vibrations. As illustrated, phase noise de-
an AFS under vibration, one can consider the grades to -92 d6, 100 Hz from the carrier (for
following: (a) Design the internal AFS a "parts in 108/g" class crystals) when operat-
quartz crystal to be less sensitive to ing in a random vibration spectrum of 20 Hz
vibration. (b) Improve the AFS physics to 2 KHz at a spectral density of O.Olg 2/Hz.
package. (c) Work to reduce the atomic This is approximately 60 dB worse than the
servo loop time constant (i.e. Broaden- Efratom low noise (LN) Rb oscillator operat-
ing the servo bandwidth). (d) A combina- ing in a quiescent state In the same figure,
tion of the above. note that a "parts in lO/g' class crystal per-

Of the above, reducing the quartz forms 20 dB better than the "parts in 108 /g"l
crystal g-sensitivity yields by far the class crystals.
biggest gain in performance. This paper
describes a method which falls into cat-
egory (a), and specifically, it deals with__, _ ''-___
vibration compensating a quartz crystal to .

make it less sensitive to g-forces. -""

CRYSTAL VIBRATION PERFORMANCE CHARACTERISTICS

The frequency of the quartz crystal shifts It ** -

as a function of gravity and acceleration. When
the crystal is placed in a vibration environment, .
the crystal frequency is modulated by the vibra- '
tion frequency. -I..

In the case of sinusoidal vibration, the [ I.
resulting sideband amplitude can be calculated M k I
as : X (f) i • " o ' f ,g f ;I1

2 . fv

Where: f(f) Single sideband phase noise
r : g-sensitivity of the crystal Figure 2. Crystal Oscillator Random Vibration
g : Vibration amplitude vs. Phase Noise

fo = Oscillator frequency
fv = Vibration frequency
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Switching from phase noise to short term To simplify the effort, some idealistic

stability, Figure 3 depicts the degradation of parameters are defined as follows: The vib-
a 10 MHz, 3rd overtone crystal operating within ration input applied to the crystal causes the
an Efratom Model M-100 Rb oscillator. Note that crystal to respond in such a way that the
a 2xlO-8/g crystal degrades the short term frequency vs. acceleration curve is linear up
stability a f:ctor of 10 more than a 2xl0- 9/g to 20 g's. The magnitude of the response is
crystal, expected to be between a few tenths and several

parts per billion per g. The response of a
properly mounted crystal can be described by a
constant gamma vector.

The basic compensation scheme is described
in Figure 5 and Figure 6. An analog voltage

, l proportional to the crystal's gamma vector is
generated by a subminiature accelerometer
mounted solidly in the same metal block as the

crystal. The gain of the accelerometer ampli-
fier is adjusted to obtain the correct magnitude

of the analog. Figure 7 shows how the crystal
and accelerometer are rotated into position to
attain the correct direction of the accelerometer
vector.

1. A 1 si - -, . , e , ooA ,

, =

Figure 3. Allan Variance vs. Random Vibration
The crystal manufacturers have worked to

reduce crystal g-sensitivity and, generally I:;; ., I ",g'o:'
speaking, it is now possible to obtain crystals ---------
with a g-sensitivity better than 2xl0-9/g on a .2-. ....

mass production basis. At the present level of
technology, more than improved manufacturing
techniques must be used to further reduce
g-sensitivity.

There are several approaches to this problem.
After reviewing the various methlods, active comp- Figure 5. Basic Scheme of Accelerometer
ensation of the crystal appears to hold the Compensation
greatest promise and practicality. The Efratom
concept is based on a paper presented at the PRODIKI IiON Ry IA S USEIIr IA (111

35th Annual Frequency Control Symposium in IN ,H A,. ,A sT T, 210 THE (lAS..

May 1981 by Vincent R. Rosati and Raymond L. U1 TO A DOUBLE ROTATI,. IS LT
byO At AIRI( I RES 0 1 4155 S Af1rlFil',er on "Reduction of the Effects of Vibration IS U TO 1000 ,LSTAL

on the SC-Cut Quartz Crystal Oscillator." DURING VIRATIN..

BASIC COMPENSATION SCHEME

Before attempting to describe an "active" A,
compensation scheme, a review of parameters SC(Hl (ASTAI*S f Vol I
affecting the g-sensitivity of the quartz '. A((FIIRAIIM I 2 o .,In 0(00111

crystal is helpful at this point. The manu- '174I I .A G, 00T

facture-s g-spec is generally defined as a SA,,. ,
vector whose components are as shown in S( (il S( VOL TAGE IN 11 APIOVER VAPAcrnR rNIO, R M IrS

Fi 4. INr AeIIY 4N 41(, F ARlI I, S

Figure 6. Electrical Mechanization of Scheme

IK Vf 1.ll --Al. HEIl LD1

A. AA A1A. HL

boAOA F (0:B 0(0(0TW *cOAA(f NBTTAT

Figure 4. Components of the Crystal Vector Figure 7. Accelerometer Mounting Scheme
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The mechanical and electrical adjustments (b) The electronic portion is straightforward
are precise but not of a magnitude to pose mass but exacting. The bridge compensation network
production problems. For example, when dealing must be adjustable to about 1 mV offset and the
with the electrical adjustments, to obtain a amplifier must have n- 10 MHz gain-bandwidth to
20 dB compensation along the most sensitive axis, keep phase shifts to less than 60 up to 2 KHz.
magnitudes must be within I0 including all non- In addition, the amplifier must be able to
linearities, frequency response limits, etc., deliver large signal outputs up to about 2 KHz
and allowing no error in the mechanical alignment without significant phase shift. The 0 to 2 KHz
of the accelerometer. For the mechanical adjust- high-level (tens of volts) compensation signal
ments, in order to insure the cross axis response must not modulate the electronic circuitry of
remains below -20 dB (i.e. no worse than the the oscillator, but only the crystal.
on-axis response), the alignment must be within
±6° , allowing no error in magnitude of the (c) The crystals tested initially were 5
analog, including all non-linearities, frequency and 10 MHz, third over-tone units in
response, etc.. To further illustrate this HC-40 holders with 3 point mounting.
point, if the alignment were within ±30, the None of these exhibited the constant vector
magnitudes must be within 5%. needed for all-axes (spherical) compensation.

The analog voltage of acceleration-induced Figure 9 illustrates a polar graph of an un-
frequency chanqe is applied to a linear "volt- acceptable crystal g-vector. Note the re-
age to frequency" modulating device, but in quirements of Figure 10 as a comparison.
opposing phase. Since the acceleration-induced
frequency change is instantaneously cancelled
through the accelerometer, amplifier, and fre-
quency modulator path, an active compensation
scheme has been constructed. 10.

The most convenient means by which the F1.. - ,Jo-"/
frequency of an SC-cut crystal can be modulated
is to apply the DC voltage directly to the
crystal terminals. Generally, the range of A, ,t ,. ,TvO SN:T
vol tages can be 10 volts peak, covering accel er- 212A 61 AN I PACEPTABLE

ations up to 10 g's peak., ,. . .. I-"

INVESTIGATION

The investigation was divided into three
areas of concern: (a) Locating a suitable
accelerometer, (b) Designing the supporting
circuitry, and (c) Locating a suitable crystal.

(a) The subminiature piezoresistive acceler-
ometer is very attractive for its size, weight,
and dc response. Unfortunately, the wideband
(several kilohertz) units are very delicate and Figure 9. Acceleration-Sensitive Vector of an
easily damaged in an undamped configuration. Unacceptable "Non-Stiff" Mounted Crystal

There are two solutions available. The
first, to damp the moving parts with a silicone Z fa ... A-/

oil; the second, to use a precise set of stops Z.7

to limit the motion at resonance.
The latter is a patented technique exclus-

ive with a particular supplier. In evaluating
oil damped accelerometers, they were found to
have excessive temperature coefficients of
damping, unstable dc responses, and overly
optimistic manufacturer specifications. The ..

final evaluation of such devices was that of an

undamped 6 KHz unit which was found to be

entirely satisfactory for this application. See

Figure 8.

10,, IP% At ,n 106 6 YSlPI

* 96 Y 1,~l 45[RI 218 A

t . ) 11. 'Al Figure 10. The Crystal's Acceleration-Sensitive
DAWIN , 001 Vector Requirements

,Afl-BI0,n$1n10114, I, The basic requirements for the active
components to make the compensation scheme

-. work are as follows:

- The magnitude of the vector should be stable
to within 10%. It is desirable, however, to
assign some of the 10% tolerance to the ac-

..... cellerometer, amplifier, etc.. Figure 10
illustrates the upper and lower tolerance
limits for the crystal's acceleration-

Figure 8. Accelerometer for Compensation Scheme sensitive vector.
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- The direction of the vector should be stable Polar charts for these crystals indicated
within 6' spherical, but again some of the that the vector had the required stability to
tolerance should be assigned to the mechan- advance to the actual testing of the Acceler-
ical adjustments and electronic phase ometer Compensation Scheme. Figures 13 and 14
shifts. are examples of typical Polar charts demonstrated

- Figure II simulates the required stable by the newly acquired crystals without any form
acceleration-sensitive vector needed by a of compensation provided. In addition, the new
crystal for the proposed scheme to be crystals exhibited a g-sensitivity of 10O-9/g.
functional. The crystal must not be sensitive
to angular acceleration.

', :Figure 13. Polar Chart of "Stiff Mounted"
.. :=Crystal, XY Plane Uncompensated

Figure 11. Simulation of an Acceptable Crystal --
Acceleration-Sensitive Vector

New Crystal Mounting Technique A2- 9,

During this investigation period, a sep-

arate project was being worked involving theS
testing of a new "flat-pack" crystal from Dr.

John Vig of USA-ERADCOM. The flat-pack ......

crystals appeared to have more stable vectors
than previous crystals tested. After obtaining
permission to copy the flat-pack mounting Figure 14. Polar Chart of "Stiff Mounted"
technique, both Peizo Crystal Corp., and Colorado Crystal, ZY Plane Uncompensated
Crystal Corp. participated in the fabrication of
specially mounted crystals which provided the COMPENSATION SCHEME TESTING
required stable vectors in all axes, to within
60. In addition, the crystals with special The compensation technique was tested by
internal mountings proved to have a better measuring the crystal sidebands during vibration,
g-sensitivity than any of the previously tested with and without the accelerometer compensation
crystals. Figure 12 illustrates the "old" mount- loop closed. These tests were conducted by
ing technique, and the new "stiffer" flat-pack mounting the crystal and accelerometer in an al-
mounting style. uminum block on a specially designed crystal

oscillator PC board, with both mounted directly
to the equipment. After observing the expected

3powT MOUNT 4 IFNT MONT 20 dB improvement for the most sensitive axis,
the assembly was integrated into a Model M-lO0
Rubidium Frequency Standard.

Figures 15, 16, and 17 are phase noise
plot test results with the special assembly
integrated into the functional M-1O0. The three

figures represent the X, Y, and Z axes respective-
til. Fly, presenting the sideband levels for both com-
,14, , .pensated and uncompensated operation. The less

,SI , ,A TO LAT-PAU CONCEPT) sensitive axes of the crystals are at least 5
times better, therefore only a few dB improve-
ment will make these axes as good as the goal of

Figure 12. Improved Crystal Mounting 20 dB improvement for the most sensitive axes.
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INTEGRATION OF COMPENSATION SCHEME INTO M-1O0
S .TER Preliminary tests with the special assembly

a ! , .. integrated into the M-lO0 indicated that the ap-... x _ proximate 20 dB im provement obtained w ith the test
5. . setup was possible, but the test results were

not consistently repeatable, varying with changes
in frequency. The problems were identified as
extraneous pickups by the wires connecting the
accelerometer to the preamplifier. After resolv-
ing this issue, the approximate 20 dB improvement

9Vf was consistent/repeatable up to a vibration
frequency of about 100 Hz. When above 100 Hz,
there was less improvement. In sensitive ap-

,ooi /plications, shock mounts are more than adequate
to provide acceptable attenuation after about
60 Hz. The primary goal of the compensation
scheme is to provide attenuation in the fre-

,2o quency range in which shock mounts are not
. .... .... effective. For the Rb AFS, this frequency isFREQUENCY (HO approximately 1 to 60 Hz.

It was first thought that the g-sensitiv-
Figure 15. X Axis Phase Noise Plot With and ity in the uncompensated mode is independent of

Without Comnensation the existing vibration frequency. The non-
uniformity may be related to package resonance
and measurement tolerances. The up-turn of the
g-sensitivity of the compensated crystal is

;;:ill ii 7mainly related to a phasing problem. (The sig-
E~,~n al of the accelerometer does not remain in

-CRYSTAL 602 phase with with the pickup of the crystal. This
AXIS Y problem is caused by the mechanical resonance of

. the accelerometer [6 KHz] and extraneous pickup,
e.g. by the connecting wires.) Figure 18 illus-

-ac trates the typical improvement assuming an 8 g
vibration level, a 20 dB improvement to 100 Hz,
tapering off to 0 dB at 1 KHz. Figure 19 illus-
trates the magnitude of the g-sensitive vector
of an average crystal both with and without
compensation, as a function of the vibration
frequency.

,o'

FREQUENCY (NI)

DATE 611113,

CRYSTAL - ... .... 

Figure 16. Y Axis Phase Noise Plot With and ILEVEL l

Without Compensation a, FREo

4c CRYSTAL *

"iII} 
,o 

-,--ATT

Ila

all ..........

FREOUENCY (H.)

Figure 18. Typical Improvement of Sidebands
... With and Without Compensation

A "NP" "ooC Y a t 8 g V i b r a t i o n L e v e l

Figure 17. Z Axis Phase Noise Plot With and

Without Compensation
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illustrated by the difference in sensitivity at
900/2700 compared to 180'/360' (Figure 21).

........a.Q 1In conclusion, the Active Compensation
F ... E a

-  -- Scheme described works and is ready to support
-------. low phase noise applications in hostile vibration

environments for Stand-Alone Crystal Oscillators
I . . and Atomic Frequency Standards.

I I% ~MGNITUDE OF 9-SENSIIIV[ E

- V[(ToR OF AVERAG~E "STIFF- ~sP.~ 1
]-:]3, ~MOUNTED CRYSTAL- WITH ANDI- r l

.. .Ti, 00 10

Figure 19. Magnitude of g-Sensitive Vector of
Average "Stiff Mounted" Crystal
With and Without Compensation

CONCLUSIONS

The improvement of the g-sensitivity to
lxlO-9/g for the new stiff-mount crystals has Figure 20. Improvement Obtained by Using the

eliminated the previously observed offsets in Accelerometer Compensation Scheme
the output frequency during low frequency high for XY Plane
level vibration. This would eliminate the need AS7-

for a vibration compensation scheme if the user
is only interested in timing functions. However, C.VSTL.

if the user requires a clean output spectrum the
proposed vibration compensation scheme offers a
significant improvement close to the carrier,
an area where an improvement using any other . 1.9

method is very difficult to achieve. Figures 20
and 21 are the Polar charts illustrating the
improvement obtained by using the Accelerometer
Compensation Scheme. Note the Full Scale (FS)
of Figures 13 and 14 (FS = 8.OxlO-lO/g and
FS = 2.OxlO-lO/g respectively) as compared to
the FS in Figures 20 and 21 (FS = O.63xl0 l/g
and FS = 1.4xlO-l0 /g respectively). Whereas
no further improvement can be expected in the
XY plane (Figure 20) due to the almost unidir-
ectional plot, further improvement in the ZY
plane (Figure 21) could have been accomplished Figure 21. Improvement Obtained by Using the

by better alignment of vector of the accelerom- Accelerometer Compensation Scheme

eter with that of che crystal; this being for ZY Plane
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VIBRATION EFFECTS ON EHF SYSTEM PERFORMANCE EMPLOYING
LOW NOISE RUBIDIUM STANDARD AND CRYSTAL FILTERS

Edward M. Perdue

Raytheon Company
Communication Systems Laboratory

Marlborough, Massachusetts 01752

ABSTRACT With the complexity of the systems, atomic
standards are being utilized to provide both fre-

Every system has its particular vibrational quency/time accuracy and low phase noise. Typical
input specifications as well as on-board vibration, phase noise data of various atomic standards are
It is the vibration induced sidebands that push the shown in Figure 1 purely as examples showing only
RMS integrated phase noise and spurious above the specification data from data sheets (not typical).
system specification. Consideration for generation of higher frequencies

includes the enhancement of any phase noise (whe-
When communication systems were designed for ther it be discrete spurious or oscillator phase

HF to UHF, vibrational induced sidebands were not a noise) by the factor.
concern. Now with modern SHF and EHF systems, vi-
brational induced sidebands become very important. 20 Log (N) (1)

This paper will present test data characteriz- 0- (CESIUM)
ing the rubidium standard and monolithic crystal oRUIDIUM
filter with I Grins vibration inputs from 20 to 5000 * -R .,IEuU

Hz. The paper presents applications for the mono- = E. REOUNlithic crystal filter in EHF systems that improve GENERALREQUIREMENT

phase noise and spurious. It will show their limi- y -o0
tations as they exist now and suggest better meth-
ods for specifying filters to insure low vibration
induce sidebands. s 0 ENHANCEMENT

KEY WORDS ".

Acceleration sensitivity, acceleration desen- "
sitizing, acceleration effects, atomic standards, "
BER, carrier drop-out, EHF systems, monolithic cry- 0

stal filters, phase noise, phase noise clean-up, "" .....
quartz oscillator, spurious, systems application,
vibration induce sidebands. 10 100 1 OK 100K IM IOM

OFFSET FREQUENCY FROM CARRIER, NZ
1. APPLICATION VERSUS NOISE/SPURIOUS ENHANCEMENT

Figure 1. Typical Standard Phase-Noise at 5 MHz
Many different types of systems are being de- Enhanced to EHF Versus Requirements

veloped for future applications. The technologies
of these systems are demanding higher operating Figure 2 illustrates this concept as applied to all
frequencies, fast pusedo random hopping for anti- kinds of systems presently deployed should they
jamming, and stable time base and low phase noise/ utilize a standard as their base frequency. For
spurious. With this also comes the demand for the typical EHF system, the noise enhancement is
smaller, lower weight, and lower dissipation equip- approximately 80 dB. Enhancing the phase noise of
ment. those shown in Figure I by 80 dB illustrates the

effect against the general system transmit require-Each development phase of a system reintro- ments. This leaves little or no margin for system
duces side effects associated with thermal and vi- vibration induced sidebands.
bration as a result of repackaging, new concepts,
and size reduction. Various articles discuss ef- Figure 1 also suggests the necessity for spec-
fects 2f vibration 1-6 and means to reduce the ef- tral clean-up at the 5 MHz level, and several
fects 2,3 on quartz oscillator. Likewise, methods higher frequency points In the synthesis chain.
7,1 have been discussed to reduce vibration effects Monolithic crystal filters from 5 up to 150 MHz are
on atoric standards (quartz oscillator), available.
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APPLICATION and for a continuation phase noise,
~FUTURE ERFENf

SATELLITE COMMUNICATION VUN 2

DOEtS t = f L(f) df (5)
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Figure 2. Noise Enhancement of Standards Utilized = ID

in Various Systems

10_6.

II. TYPICAL PSK BER PERFORMANCE OF COMMUNICATION
SYSTEMS 10-7_

One could choose a multitude of different mod-
0.15ulation schemes to discuss system degradation due ID-, (-22.S DOC

to interference or unwanted sidebands. Simple PSK
(phase shift key) is used as an example to illus-
trate importance of a spectrally pure carrier since 0PE

present systems use digital signal processing, mod-
ilation, etc.

A PSK modulated system is represented by a RF 0 NI

vector of Ot or 180 " for BPSK (binary phase shift "° C O )

keying. The performance of such a system depends Fiqure 3. BER Performance for PSK Modulation
on how well the signal is demodulated into "O"s and
'T's at the receiving end. The performance of such
a system is described by an error probability func- Figure 4 Is representative of a SHF carrier phase
tion: noise.

Exp (-Eb/No)Pe b (2) ,
2 4- (Eb/No) (. -. .

This function is for an ideal system; i.e., no
interference, no LO sidebands, only white receiver - ______

thermal noise. AtRB

The equation (1) has been expanded 0 to in-
clude RMS jitter or integrated phase noise and
sidebands offset from the carrier (LO) over the __

data bandwidth. Equation (1) is thus: ___

it Exp (-Eb/No)  , .... . . .

P Exp- + b (3) is ].,so IR X 90 le.
e* 7 2 /r (Eb/NO) IdB.H3 fH.

Figure 4. Typical Phase Noise Plot for an SHF

This equation is plotted in Figure 3 along with Carrier

various values of O T. Normally a system optinumallg powered will op-

erate at Eb/Nn at 10 dB for a 10
" BER. It is rea-

b aT for discrete components is represented sonable that ?or an interferring signal, the system
by: could increase its signal above the interferring

2 = 2 2 + 23 + . + 2N signal to improve performance. However, for a LO
1 2 +2 2 sideband, the system performance can not be im-
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proved by an increase in signal power; as the side- that the xtal filter is placed at a point in the
band remain at a constant relationship to the car- synthesizer that has the most enhancement of side-
rier power. Thus, any degradation on the carrier bands by multiplication. Having illustrated the
will produce a floor in the RER performance; i.e., effective multiplicative factor, the importance of
further increasing power has no effect of improving exploring vibrational effects of xtal filters be-
system performance, comes clear.

Therefore, most systems have specified that Figure 6 is representative of one piece of
the integrated noise about the carrier over the hardware containing a reference frequency genera-
data bandwidth must be less than 0.1 radian. tion and the monolithic crystal filter. Size is of
This is equivalent to a discrete sideband of -26 importance as the module shown contains components
dBc as follows: on both sides. This type of module is very rigid

and will transfer any vibrations with an estimated
0.1 radian - -26 dBc gain of one into the xtal filter.

III. TYPICAL LOCAL OSCILLATOR GENERATION

The literature contains many basic concepts
for frequency synthesis. Modern synthesis includes
low to high frequency operation, tuneability, slow
to fast speed switching and settling, low spurious,
integrated phase noise lower than 0.1 radian, etc.
Coupled with these requirements are small size and
weight, low, power dissipation, simplification,
maintainability, and reliability. These latter
requirements introduce additional requirements.
Power supplies become switcher supplies to reduce
weight but introduce ripple problems (readily re-
duceable by regulators). Choices between filtering
circuits must be made (i.e. VCXO-PLL versus crystal
filter versus a different frequency scheme.
Smaller size normally leads to higher concentration
of parts thus a higher heat concentration requiring
cooling. This introduces vibration effects for
circuits utilizing quartz crystals or anything that
may change the phase of the RF signal. Normally Figure 6. Typical Reference Generator Utilizing
the above requirements fit platforms that in turn XTAL Filters, (0.23H x 0.675W x 1.175L)
have specific vibration inputs to the equipment.
Thus the jurisdiction design of a modern synthe- IV. TYPICAL VIBRATION INPUTS FOR VARIOUS PLATFORMS
sizer must deal with size, power, ripple, vibra-
tion, etc. Most people have a general impression about

what vibration means. Only those closely related
Figure 5 illustrates the typical approach to to system testing can appreciate the problems asso-

the modern synthesizer. The figure is also repre- ciated with vibration. Even then it may not be
sentative of the various filter technologies. Note fully understood or the characteristic of the re-

quirements appreciated.

The understanding of vibration takes on dif-
ferent meanings for different discipllles. A vi-

I , s I bration specification may mean to one group, that
if it (equipment) survives with no damage there is
no need to be concerned. This statement may be

I Isafe for all commercial television, radio, and
maybe up into the UHF communication. Others under-
stand vibration as a problem area to avoid. How-

IT. Ithe immediate response is "quick fixes". Labora-
tories are becoming better equipped to characterize
vibration; not only the vibration, but the effects

Iof vibration on the equipment can be better charac-
terized.

The type of vibration inputs this author is
familiar with are the typical ship and airborne
platforms. Figure 7 illustrates several platforms;

.... .... . some requiring discrete inputs, some requiring ran-
dom inputs. An overview suggest a device such as a
quartz oscillator or monolithic crystal filter

Figure 5. Typical Modem Synthesizer should be provided with a data sheet characterizing
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the device for one Grms discrete 10 Hz to 10,000 The measurement also shown the mechanical resonant
Hz. Along with the characterization, resonant structure.
points should be noted and their sideband level. The first step in reducing the vibration ef-
As will be shown later, this type of characteriza- fects is via mechanical isolation mounts. Per fig-
tion allows for extrapolation to any level of vi- ure 9, isolation mounts act as low pass structures
hration, any frequency, and the sideband level, filtering out frequencies greater than 80 Hz.

.00- " R* 0L' (fr- r " ..... -- o
?I % 110z21 1.001 E0 D, DISE001

.. I I --U, .

NiIigureO .0 Co. Rb STD atl1Grms on Isolation -ont

=o" .o.,Thesecond step would consist of employing
o,' .....o~oo. accelerationolsn feedback methods as discussed by C.

,001~~0. __ _6D__ __ __ _ __ __

.0 0 ,100 .000 0000 ' 0...0.. The sidebands illustrated in Figures 8 and 9
,,oooo ouooou,,r.,, ar enhanced by 53 dB for an EHF system. Utilizing

mechanical isolation mounts, the vibration induced
sidebands are contained in the region of dc to 50

Various Programs to 80 Hz. However, as the enhanced sideband envel-

ope shows in Figure 9, the sidebands are sufficien-

V. VIBRATION EFFECTS ON THE STANDARD AND SYSTEM tly high to cause carrier "drop out" for sidebands
IMPLICATION close to the c!rrier.

The characterization of the rubidium standards The proper choice of modulation schemes can
has been reported before7 , 8. The sidebands gener- operate under these large sideband levels induced
ated while being vibrated are governored by the re- by vibration at the standard. For example, a PSK
lationship 6 : system using differential demodulation and a data

1 rate 50 times the sideband frequency will see less
=Ta fo (7) than 10° shift from bit-to-bit. Figure 10 simply

L(fv) = 20 Log illustrates the effect. Should the data rate (such
as 75 bits/second) be comparable to the sideband
frequency, the sideband levels projected for EHF

Figure 8 shows the actual measured sideband evelope would be disastrous on system performance. From
of an M-100/LN being vibrated at one Grms discrete this example, it becomes readily apparent that the
tones from 10 Hz to 2000 Hz. The measurement was standard must be improved; i.e., its vibration sen-
at 100 MHz (X20). The calculation for an accelera- sitivity should approach i0-11/g. Newer standards
tion of 10- /g fall right on the measured result, will need to include acceleration feedback 7, or/

C008n n n r..... ..........

-s WDAVI 00 0000 (0 lf-01

.... ~~~70 - ..... -- _ .. .

Figure 8. Rb STD-S/N-1211, Vibrated at 1 Grms Figure 10. Sideband Effects on Differentially

Discrete Frequencies Decoded PSK
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and SC-cut crystals, and a match of the orientation to evaluate crystal filters at 5 MHz. The vibra-
of the crystal with vibrational axis. tional sidebands are characterized by applying one

Grms vibrational discrete frequencies from 20 Hz
VI. VIBRATION EFFECTS OF MONOLITHIC CRYSTAL to as high as 10,000 Hz to the filter. The meas-

FILTERS urement leads to a characteristic envelope of the
sideband level for a 5 MHz crystal filter.

In the EHF communication systems, phase noise
and spurious from a 5 !*Hz reference standard is en- Figure 12 is a typical plot illustrating the
hanced by approximately 80 dR. The available ref- sidebands generated at discrete points and the en-
erence standards may or may not meet the system velope. From this envelope, the resonant point
phase-noise/spurious after multiplication. This (325 Hz) is readily apparent. A quick addition of
necessitates exploring methods of cleaning up the 80 dB (for PF enhancement) to the -40 dBc resonant
spectrum. As Figure 5 indicates, a monolithic cry- point leads to an unuseable system.
stal filter can be employed after the atomic stand-
ard and in the reference generator. In addition it F'
can be used for various frequencies through 160 +

MHz.*-

The environmental effects are of great impor- .
tance for monolithic crystal filters placed at such ___

a low point in the multiplication chain. First,
for cleanup purposes the filter must track over
temperature without the aid of ovens (power dissi- -_

pation and size also importance parameter) and min- 11 m , l ' t, -
imize insertion variation. Secondly, the filter I
must operate with minimal effects from vibration
(as unwanted sidebands). To meet the temperature
range requirements, filters (5 MHz) with 325 Hz . . .-. .
bandwidth have been manufactured with less than I ' o . .
dB insertion loss variation. However, the vibra-
tion aspect of the monalithic crystal filter has Figure 12. Characterization of 5 MHz Filter for

been the more difficult parameter to improve. The Vibration-Versus-Sideband Level
following sections discusses work at 5 MHz and 100 Table 1 is a listing of eleven 5 MHz crystal
MHz. filters evaluated under vibration inputs. Crystal

A. 5 MHz Crystal Filter filters with serial numbers 001 to 007 have no

Table 1. 5 MHz Crystal Filter(s) Vibration
The utilization of a crystal filter at 5 MHz Characterization

could expect any vibrational generated sidebands to f I I I I I f
be enhanced by 80 dB (to EHF). To gather i nforma- n I [ I Pe -4,d I R+ ... t.i L o,I IdBe~a I 'l l: Slope Levl at Ireu cy ee

tion about tho sensitivity of crystal filters to 10.e0- 33,, TOe,1ee1,,1 300 1z3 (09

vibrational inputs, measuring capabilities in ex- o -30 I 06 6 9 0 ' 0

cess of -130 dBc is required. I 0 .0 I 3 .4 ", 0 -6 7 '*- I
S03 3 5 t .73 2 75 I-as I n 0

"

Figure 11 illustrates the test setup utilized I .. 6 .. 30I

I 005 3?175 0.069 1 -84 325 -62 11 In,
006 n n-30 .13 I -i0s 1 336 4-0 18.6 -i 10~

,A(C LE A O AMPLIFIER IXl01

68 220 0.069 -87 9, 2 1,3 14

IYTA 0039 230n 0.0 -33 1210 1-2 16.

F LR I I I

compensation for vibration. Serial numbers 008 and
IFEITI,, A ANAe1111 ..... s~009 have the mounting post stiffened with epoxy

with no resultant lowering of the sensitivity to
vibration. A dramatic lowering of sidebands result
with 010B and 011B. The mount was changed from the

... +standard wire clip to a mount designed to survive
5OG shock. You have to ask "What about sideband
envelope characteristic?" None exist.

Figure 13 is a composite plot of all the vi-
bration envelopes (1 Grms discrete, 10-10.000 Hz)
of the crystal filters listed in Table 1. Visually
it becomes very apparent that for high frequency
systems, the mount plays an important role in re-
ducing the vibration sensitivity. Between 30 to

Figure 11. Test Set-Up to Evaluate a Crystal 80 d8 improvement can be realized at various vibra-
Filter Under Vibration tion frequencies as one goes from simple two point
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mounts to more rigid mounts. In no way does this worst case for the crystal filter S(S/N-007) is the
example show the best obtainable results; only what side-to-side motion. The platform has the least
can be obtained as a first exploration, vibration inputs in this axis (this does not in-

........ clude engine noise).
.. ... .An evaluation of the 5 MHz crystal filter was

-- - made in two axis. Figure 15 illustrates the re-
:7 ------ ---. . /sults of the S/N-007 and S/N-OIIB crystal filter.

....- . _ -~C. 100 MHz Monolithic Crystal Filter

I.. The next level at which one may use monolithic
crystal filters is at 100 MHz. From this point any

- .. vibration induced sidebands are enhanced by 53 dB.
" -There are four types of 1C0 MHz monolithic crystal

filters that have been evaluated to date. Figure
16 illustrates the vibration induced sideband en-
velopes of the various types. The ruggedization of

" , .. the mounts leads up to 25 to 50 dB improvement and
- - shifting the resonant point out beyond known vibra-

Figure 13. Vibrational Sideband Envelope for IG tion inputs.
')rive Level on 5 MHz XTAL Filter - A .

Note that 90 dB of enhancement of the 5 MHz :
filter sideband discrete envelope plus isolation . - .
mounts keeps the discrete sidebands below -32 dRc .. .-
at frequencies below 80 Hz. "

R. Orientation of 5 MHz Crystal Filter -

The orientation of any crystal should be a
large factor in one's mounting in a system (if - . - - -

practical). For the system discussed here the cry- - . 52-

stal filter is mounted as should in Figure 14. The

UP DOWNI

a . .. . . . ]~ ( -, a

Figure 16. Vibration Induced Sideband Envelope for
1 Grms Drive Level for 100 MHz
Monolithic Crystal Filter

SEV. VIBRATION EFFECTS ON L-C AND INTERDIGITAL
FILTERS

Any element that experiences an electrical
phase shift due to vibration will produce PM side-
bands on the carrier. The element does not neces-
sarily have to be a quartz filter or oscillator as
discussed in preceding sections.

Figure 14. Orientation of Filter in Platform

With the test method described, two other
classes of filters were evaluated; i.e., a 1200 MHz
interdigital filter and a 1200 MHz L-C filter. The

.. .. I , following table shows the two types of filters to
be very similar in electrical characteristics but

- entirely different with respect to mechanical char-
acteristics.

IPIter rymS

- rPar-mter t -C 7Nt~d1It.1

.64 MZ -4! dR -63 d

-64 MNT 1-63 dR -66d6

;. ] I W I .021 Sl3 • , O . ,.3

F1- , 1 n ., Ij l -1
Figure 15. Vibration Sensitivity Related ,Rod,.,CStoy

Orientation of Filter
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Both filters were characterized for discrete
vibration frequencies of I Grms. The sideband en- 2Tan "I  Radians for of = 8W3 dB

velope is illustrated in Figure 17. For EHF appli-

cations (and 30 dB enhancement of these vibration
sidebands), the interdigital filter characterized Therefore:
exhibits vibration sidebands too high for satis-
factory operation. n

0S nBW3 dB
,-, 1 Then:

-_L2L(fv) 2Log (10)

Equation (10) is plotted in Figure 18. From Figure
18, increasing the filter bandwidth at a specific

:. - center frequency decreases vibration induced side-
bands for a specific acceleration sensitivity, -.
In the same sense, if acceleration sensitivity, T,

....- can be lowered, vibration induced sidebands de-
S.. crease.

Figure 17. Vibration Induced Sideband Envelope for
Two Types of 1200 MHz Filter with 1 FT11
Grins Drive Level

C; ER .1IT L FIT R I 10 R H ]

VII. IMPORTANCE OF VIBRATION INDUCED SIDEBAND EN- (,2ooze.z
VELOPES OF VIBRATION SENSITIVE ELEMENTS x

Throuqhout the preceding discussion, a rela- O/

tionship between system performance and vibration lo, R
induced sidebands have been established. There is RYSTALFILTER(5MHZ)

a relationship for oscillators that defines the vi- I N"'
bration induced sideband (with respect to frequency N II

of vibration) as long as the sensitivity is known
and is given by equation 7. The sidebands have a oO 00 , 0, (06 0 ,
1/fv characteristic.

On the other hand, filters have a flat side- owmo

band characteristic as the phase slope is constant
at the center frequency of the filter. A relation- Figure 18. Vibration Induced Sideband Level as a
ship relating phase slope and sideband level has Function of Filter Bandwidth, Center
been attempted. However, the filters have a strong Frequency, Number of Elements, and
component connected to the mechanical structure as Acceleration Sensitivity
viewed in Figure 13 for the 5 MHz crystal filter.
It is possible that the sideband relationship for From the above discussion, it is apparent that
filters may be defined as: filters should be supplied with an acceleration

rF ] sensitivity factor or the level of the vibraiton
L(fv) = 20 Log[{r a 0s fo R(fv)lJ (8) induced sideband for a I Grms drive level (100 Hz).

where: a is acceleration level in g's Figures 19 and 20 illustrate that from a 1
T is acceleration sensitivity, parts/g Grms envelope, one can immediately correct for sys-
Cs is filter phase slope, radian/Hz tem vibration input and for system multiplicative
fo is filter center frequency, Hz factor. Then a determination can be made to the
L is sideband/carrier ratio, dBc possibility the system will function properly with
R(fv ) is I except around the mechanical re- the data rate being transmitted.

sonant point of the mounting structure.

The phase slope of a filter may be approxi-
mated by:

n - 2Tan_ 1jf

S D d eg/Hz (9)
BW3 dB
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IX. CONCLUSION

Elements that may produce unwanted sidebands

due to vibration have not been an important consid-

- 1 -, - eration for UHF systems. However, as systems have
.. developed, one can follow its history right up the

- -frequency spectrum. With the higher frequency,
spectral purity becomes more important. Types of

- -- filtering at lower reference frequencies dictates

- - - - - - 2 narrow band.

"- - - -Measurements discussed in this article show

I R S , the EHF performance to be marginal or severely de-
.- graded under tactical vibration requirements uti-

lizing standard crystal filters, atomic standards,
'oo. .... and other elements.

Additional measurements show the situation to

" . ... . . . . .be manageable via:

Figure 19. Vibration Envelope Extrapolation of 1. proper mount design

Standard 5 MHz Crystal Filter Mount to
EHF 2. choose of orientation

3. and mechanical isolation
/\

A relationship was developed to characterize

S....the filter similar to that utilized with atomic

standards. In addition a method of testing was

S .presented for obtaining a vibration induced side-
,. ..... o', . j band envelope. From the characterization it is

000 / . .0 0 apparent that any component that:

- - - -1o 1. Has a sensitivity to vibration and,

--. ,--2. Is to be used in high frequency systems

.. -which are to transmit low data rate;

I I NVEL00 should be provided with acceleration
- \ sensitivity and/or vibration induced

,- sideband level for 1 Grins at 100 Hz.

..... 00 . . - -The results presented here are by no means the
.. . . .. . . . . . best obtainable.

Figure 20. Vibration Envelope Extrapolition of
Improved 5 MHz Crystal Filter Mount to
EHF
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REACTIVE ION BEAM ETCHING FOR VHF CRYSTAL

RESONATORS
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One Space Park, Redondo Beach, California 90278

ABSTRACT applied in fabricating thin crystal membrane

resonators(4). The ion milling rate, however, is low

(about 5 p/hr), and several problems have been associated

Both conventional ion beam etching and the newly with this technique. Quartz masks used in ion milling are

developed reactive ion beam etching (RIBE) are being difficult to fabricate, and the side wall angle of the mask

examined as potential techniques in fabricating VHF is hard to control. Redeposition from sputtered materials
crystal resonator devices. The quality of a crystal - substrates or masks - onto the edge of the membrane

resonator is critically dependent upon surface finish and cannot be prevented. Consequently, the aluminum electrode

parallelism. A technique to obtain a smooth etched surface on the top of the redeposited layer breaks down when this

is, therefore, very desirable. This paper is a report on layer peels off the substrate. The fabrication cost in

our research efforts and the results of our experiments using this technique is still high. This paper will report

using conventional ion beam etching and reactive ion beam on a new approach to fabricate thin membrane crystal

etching for VHF crystal resonators. resonators. Using a combination of chemical reaction and

In Ar ion beam milling, undesirable trenching anc ion bombardment, reactive ion beam etching, (5) has proven

redeposition were usually observed near the edge of the superior in this process. An etching rate as high as 30

etched wall. These problems could be reduced with reactive p/hr has been achieved and a smooth and finished surface

ion beam etching because the compounds resulting from the has been obtained. An anistropic chemically etched Si
reaction between the substrate and the reactive gases are mask(6) 'with a window array has been used, enabling the
volatile and can be pumped out. However, a fluorocarbor production of many membranes from a single substrate. This

accumulrtion was found on the etched surface, preventing technique will be of importance in the crystal resonator

the reactive ion etching from proceeding. By using the industry.

combination of ion milling and RIBE, an etch rate as high as
30 pin/hr has been achieved with a gas mixture of Ar and

C2F6. The etched surface was clear and smooth. This II REACTIVE ION BEAM ETCHING

improvement in technique was found to be very successful
for the long etching times necessary for VHF resonator The experimental set-up is shown in Figure 1. The
fabrication, system is a slightly modified version of a conventional

An AT-quartz resonator with an 8 pji membrane thickness ion-beam machine (Millatron II, Commonwealth Scientific

has been fabricated. The resonator har d loaded Q of 25000 Co.); alterations were made to permit the use of reactive
as determined by transmission measurements at the gases. A gas such as freon is used to create a plasma in the

fundamental frequency of 200 M-z. Our innovative RIBE volume contained between the cathode, the cylindrical

techniques and VHF resonator work will be reported. anode,and the inner grid. By means of a grid held at a
negative potential, a well-collimated ion beam is
extracted from the plasma and impinges on a rotating,

I. Introduction water-cooled substrate holder at ground potential. A
shutter with an attached probe for current density
measurements is provided to protect the substrate during

Crystal resonators fabricated by mechanical initial beam tuning. Typical system conditions are

polishing have a physical limitation on thickness and outlined in the figure.
size. The industrial thickness limitation, for AT cut

quartz corresponding to 50 MHz fundamental thickness mode Previous researchers( 7 ) have found that the etch rate
and surface profile of an etched wafer are dependent upon

resonance, is about 33pm. For many years, the angle of the substrate holder with respect to the

researchers(l, 2 ) have been trying to reduce the thickness incident ion beam. This dependence was investigated by
of quartz plates in order to obtain higher frequency etching quartz crystals in an Ar ion beam while varying the

resonators. Chemical polishing( 1 ) and ion milllng(2) were angle of the substrate holder. All other parameters were
the two main techniques used in these efforts. By using wet maintained constant. A Si mask with an array of square

chemical polishing, resonators having fundamental openings having 35' sidewalls was used to define the

frequencies of 400 MHz have been made. However, the membrane pattern in the substrate. An angle of

quality of the etched surface is affected by many approximately 35" was found to provide the highest etch

parameters such as chemical strength, etching rate (12pnm/hr) while simultaneously creating a flat
environments, and crystal orientation. Other difficulties surface. At angles greater than 35', the centers of the

with chemical polishing have also been reported.( 3 )  membranes are etched at a faster rate than the surrounding

Recently, ion milling, a dry etching process, has been edge areas, resulting in roughly 'V' shaped surfaces: the
35 sidewalls of the Si mask shadow the edges during a
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portion of the substrate holder rotation cycle, reducing mask. The overlapping electrodes fell only on the center
the etch rate in those areas. At angles less than 35', the portion of the membrane. The etched plate, with the
membrane centers are etched only by the incident ionswhile membrane array, was finally diced in a chip form, and
the membrane edges are etched by two processes: incident mounted in a To-5 package.
ion bombardment and bombardment by ions reflected from the
side walls. The higher etch rate near the side walls The main features of these miniature devices, using
produces an undesirable convex shaped surface, commonly reactive ion beam etching versus other techniques, are

small volume, light weight, and planar mounting. This
known as 'trenching'(8). All subsequent experiments were technique could be of importance for hybridizing a
conducted at a 350 angle of incidence unless otherwise frequency source on a substrate and mounting it in a
noted. package.

In order to investigate and characterize the reactive An AT-quartz membrane resonator with an 8 pi membrane
ion beam etching technique, the inert Ar plasma was thickness has been fabricated. The resonator has a loaded
replaced by a reactive gas. Both CF4 and C2F6 were Q of 25,000 as determined by transmission measurements at

initially tested, but due to the consistently higher etch the fundamental resonant frequency of 200 MHz. Figure 7
rates For C2F6 (1.7:1 for pure C2F6 vs. pure CF4 ) all shows the insertion loss amplitude of a resonator at the
further tests were conducted with the latter. Unlike Ar fundamental resonant frequency of 141 MHz. Spurious

etching where surface removal is purely due to physical responses at frequencies higher than resonance were also

sputtering, the C2F6 chemically interacts with Si to form detected. No studies of temperature effects and aging have

volatile SiF4( 1 0 - 12 ) which can be pumped from the system. yet been made.

Using C2F 6 at 2x10-4 Torr, an accelerating voltage of 1250

V, and a current density of 3mA/cm 2 at a 35° angle of IV. Summary

incidence, etch rates as high as 23pm/hr were achieved.
Under the same conditions, Ar etched at a rate of 12pn/hr.
However, the quality of the etched surfaces using C2F6 was We have developed a special Reactive Ion Beam Etching

technique to fabricate thin quartz membrane resonators.
very poor. Surface profiles (Sloan Dektak IIA) of the C2F6  Etch rates as high as 30 pn/hr have been obtained, and
etched surfaces revealed irregularities on the order of mirror-like surface finishes have been achieved. With the
lpm-2in (See Figure 2). As shown in Figure 3, the etch rate high etch rates attainable with this technique, process
for C2F6 was not constant over the etch time. From an times and fabrication costs can be reduced. Also, as is

initial etch rate of 21pn/hr the etch rate declined to done with IC chips, many resonators can be fabricated and
about 13pp/hr after 30 min. Conducting detailed studies of cut from a single wafer. Resonators in this form can be
the chemical etching mechanism, several used in a hybridized circuit. A resonator with a loaded Q

investigators( 9 - 13 ) have concluded that in a system using of 25,000 at the fundamental resonant frequency of 200 MHz,

C2F6 carbon is absorbed on the substrate surface. This has been made.

carbon accumulation accounts for the declining etch rate Accurate thickness control is very important in using
and poor surface quality. the reactive ion beam etching technique for VHF crystal

To overcome the surface quality problems associated fabrication. However, a method of end point detection has

with 100%C 2F6 , mixtures of Ar and C2F6 were used with very not yet been worked out. So far, the resonators fabricated
using this technique, have had Q factors lower than the

encouraging results. We believe that the Ar serves the expected Q for quartz material. Both of these problems
purpose of physically sputtering the adsorbed carbon will be dealt with in future studies.
layer, thus removing the main rate limiting factor on the
chemical C2F6 etching process. The variation of etch rate
with percentage of Ar is plotted in Figure 4. As the V. Acknowledgements
percentage of Ar to C2F6 increases, a maximum etch rate is
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FIG.3 Graph of etch rate as a function of time for

surfaces etched in 100% C2F6.

UOSUALLY SOURC0

GRI O NEUTRALIZ ATION

t7FILAMENT

SHUERTTER WFA4

4[" -- TTO VT TL fl ALSOOO
12

ROA KG VA1R 2I A Io

AA
20OL jd jtI/5REHLDR2

4

FIG.I Experimental set-up for Reactive Ion Beam

Etching. Typical conditions: Substrate: 0 0 O 1Quartz. Accelerating voltage: 1250V. Beam PVXWM m OF ,ft 4 IEC-A A

current density: 3mA/cm2 . Base pressure:

2X10- 6 Tor. Pressure during etching: 2X10
- 4  FIG.4 Graph of etch rate vs. percentage of Ar in

Torc. Gases used: Ar, CF4, C2- C2F6. Etch time: 3 min.
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FIG.7 Insertion loss as a function of frequency.

FIG.5b Enlarged view of surface variation in figure Fundamental resonant frequency: 141 M-Z.

(5a). Scan range = 200pm.

FIG.6a SEM photograph of surface etched in 40% Ar -
60% C2F6. Etch depth: 45p . Magnification:

150X.

FIG.6b Cross section of etched surface. Etch depth:

45gm. Magnification: 150X.
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ETCH FIGURES AND ETCH RATES IN AT, BT, X AND Y CUT QUARTZ PLATES

C.R. Tellier

Laboratoire de Chronom~trie, Electronique et Pi~zo~lectricit6

E.N.S.M.M., Route de Gray, 25030 Besangon C~dex, France.

Summary were lapped with a 5 Vm abrasive. The etching

phenomena described in this work were produced

The kinetics of etching of AT, BT, X and entirely by a concentrated solution of ammoniym

Y- cut quartz plates are studied and the etch bifluoride (typical concentration 10.5 mol I)
rate data are plotted in the well known Arrhenius maintened at a constant temperature, T, in the

form. The specific behavior in the low temperature range 290 - 360 K for various periods of time.

region can be understood in terms of surface
texture dependent etch rate but the high temperature The surface textures were examined after

region allows us to determine an apparent activation any isothermal etching with a scanning electron
energy which is found to be almost independent microscope (SEM). The SEM micrographs were taken
of the cut. along an observation angle of 01

. 
In addition

to SEM studies the surface textures were characteri-

The variation in the roughness parameters zed using a microprocessor-based surface profilome-
with the depth of etch depends on the orientation ter. The profilometry traces were made along
of the quartz plate. Moreover, for a given cut, two specified directions of the various crystal
the changes in the roughness parameters during plates. The directions of traces for the various
dissolution depend on the direction of measurement crystal plates are successively

of the roughness parameters. The scanning electron
micrographs agree well with the profilometry 1. for X-cut plates the crystallographic Y and Z
traces. The shape of the etch figures for a given directions.
cut shows directional effects attributed to
asymmetrical etch rate distributions. These 2. for Y-cut plates the crystallographic X and Z
results can be understood in terms of correlated directions.
symmetries of the crystal plane and the etch patterns. 3. for AT-cut plates the X direction and the P di-

By comparison of the observed patterns with rection lying at 900 to t eX
some theoretical predictions made by Irving some direction.

indications are also given on the possibility

of determining the approximate shape of the etch 4. for BT-cut plates the X direction and the P di-
rate surface from a rectangular combination of rection lying at 90

° 
to te X

etch rate distributions, direction.

These profilometry traces were used to derive

Introduction values for two widely used statistical and vertical
roughness parameters, the centre line average

The roughness, R , and l he r.m.s. roughness, R
The constr,ctiOn of high frequency qUrz respectively efined as

resonators requires very thin quartz plates
As it is well known surface imperfections can - L

markedly disturb the vibrations of resonators R = L lzi dx
and consequently can degrade the 4 _qrformance
of high precision quartz resonators . Quartz 1  L 2 Y2
resonator plates are commonly processed by mechan~cgl Rq dx
polishing which creates a damaged~surface layer Of
As suggested by some authors an alternative where z is measured from the centre line and
and simple method to achieve clean and smooth L is the profile length in the x- direction.
surfaces consists of chemically etching quartz
resonators down to tiiable thicknes s. Some
experiments on AT-cut and SC-cut quartz Dissolution Rates of Quartz Plates
resonators have been carried out satisfactorily,
quartz surfaces become smoother and smoother
whereas chemical polishing proijces no significant Even if a chemical reaction is too complex
( degradation. A recent work on X, Y and Z- to be formulated in terms of the mass action
cut platelets has revealed that thp m--phology law, an apparent activation energy, E , can be
of the etch figures depends on the orientation still obtaiaed from a plot of the log of the
of the crystal plate. reaction rate, R, versus the reciprocal of the

The purpose of this study is to investigate absolute temperature, 4 , according to the well-The urpse o ths sudy s t invstiate known Arrhenius equation
-

the kinetics of etching of AT, BT, X and Y- cut

quartz resonators and to give valuable informations E
on the changes of surface topography with prolonged R = A exp a

etching. k BT

where k is the Boltzmann constant. The pre-exponen-B
Experimental Procedure tial term A includes general concentration terms.

For thin quartz plates the dissolution rate,
The resonatnrs used were synthe* ic plano-convex

quartz plates. Pr or to etching these plates R, can be, for various isothermal etchings, reasona-
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bly evaluated from the slope of the linear changes are respectively elongated parallel to the crystal-
in the decrement, Ad, in thickness with time, lographic X and Z directions. The enlargment of
t. Moreover the decrement, A d, in thickness of surface profiles produced by repeated etchings
a resonator which oscillates in a thickness mode is common in all the figures examined. A clear
is conveniently expressed in terms of the change, correspondence between the evolution of surface
Af, in frequency as profiles during etching and the changes in roughness

parameters with the depth of etch is thus established.

Ad K
_fif Scanning Electron Microscopy

where f. and ff are the initial and the final SEM micrographs made after different isothermal
frequency. The constant of proportionality K depends etchings provide further information (Figs 10
on the orientation of the quartz plate and on to 12). Etch figures with distinctive shapes differing
the overtone of the vibration, with crystal plate orientation are revealed in

agreement with experimental results on surface
The data obtained for various cuts are plotted profilometry. For a given cut the shape and the

in Figs. 1 and 2. It is seen that the situation orientation of the etch figures are uniform at
is complex but one can roughly distinguish two any stage of etching. For X-cut and specially
different behaviors which correspond to an high for Y-cut plates when the depth of etch reaches
temperature region (curves BC) and to a low tempera- a particular value the etch figures become stable
ture region (curves AB). PLots in the high temperature in shape but vary only in size with subsequent
region consist of straight lines whose slope corres- etching, moreover on the X and Y planes the etch
ponds to an activation energy of about 0.44 + figures are elongated parallel to the Z axis.
0.04 eV (table 1). Hence as shown in table 1 the The BT-cut plate etched by the NH4F HF etchant
orientation has only a slight effect on the etch reveals etch figures of shape varying with the
rate. depth of etch, repeated etchings result in a ridged

background extended along the X axis (Fig. lcj0
In the low temperature region the rate data As previously observed by several workers

corresponding to the X-cut and the Y-cut plates only the AT-cut plate presents a smoothly etched
are particularly incongruous. But it must be remarked surface with uniformly shaped etch figures slightly
that this situation is only associated with freshly elongated along a direction close to the X axis.
lapped plates. Effectively if the same chemically
etched quartz plate is further etched in a fresh
NH F HF solution the data obtained lie on a straight Discussion
line (curve DE) which runs parallel with the curve
BC.

Without attempting to describe the details
of the etching process some typical results will

Surface Texture be discussed in relation to the surface texture
of quartz plates. Let us focus attention on curves

Surface Profilometry AB in Figs 1 and 2. The etch rates in the low

temperature region are very rapid and are partly
Changes in roughness parameters, R and R , concerned with freshly lapped quartz plates. These

with the depth of etch, Ads = Ad/2, of athe plan9r physically uncertain Arrhenius plots are best
surface of various resonators are represented understood if one compares the typical depths
in Figs 3 to 5. These show that the influence of etch of table 2 corresponding to the formation
of the depth of etch on roughness parameters is of stable etch figures with the depths of etch
different for each adiection of a given cut and, related to points B (Table 3). Moreover one can
for a given direction, also varies with the orienta- remark that for some curves representing the variation
tion of the crystal plane. Except for AT-cut plates in the roughness parameters with the depth of
etching causes effectively a marked decrease in etch there actually exists a point of inflexion
both roughness parameters measured along a specified I (Figs 3 to 5). This point I corresponds for
directior and in contrast an increase, followed various quartz plates to a particular value of
in some cases by a slight decrease, in roughness the depth of etch also indicated in table 3.
parameters related to the perpendicular direction.
The effect of crystal orientation is conveniently Comparison of tables 2 and 3 clearly shows
illustrated by the behaviors of AT-cut and Y-cut that the break B in any rate-temperature curve
resonators. For quartz C-3(inset of Fig. 3) measure- is tied in with the formation of relatively stable
ments along the X-axis reveal that the R and etch figures on the crystal surface. The conclusiona
R parameters decrease and approach equilibrium that the etch rate in the low temperature region
vAlues smaller than initial values whereas chemical depends on the surface texture is corroborated
etching on Y-2 and Y-3 plates produces an increase by the Arrhenius curve DE related to the chemically
of both R and R parameters (Figs 3 and 4). Moreover etched quartz plate which gives a single straight
it must %e remarked that it exists a qualitative line of slope comparable with that obtained in
similarity between behaviors of Z traces for X-cut the high temperature region. Moreover for mechanically
and Y-cut plates and the P trace for BT-cut plates lapped quartz plates the etch rate is susceptible
and between behaviors of X traces for Y-cut and of enhancement due to the formation of e disturbed
BT-cut plates and the Y trace for X-cut plates. surface layer.

Such markedly oriented changes are also typified SEM micrographs agree well with the profilometry
by the relevant surface profilometry traces shown traces made along two perpendicular directions
in Figs 6 to 9. The surface profiles in Figs 6b, and reveal that for different orientations distinct
7a, ba and 9a exhibit a relatively stable shape types of etch figures occur. From Figs 10, 11
when the depth of etch reaches typical values and 12, there'is some evidence that
summarized in table2. The surface profiles in
Figs 6a, 8b and 9b resulting from prolonged etching
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1. For X and Y- cut plates typical etch figures The expted variation is plotted in Fig. 13b.
elongated along the Z axis develop on crystal As usual " , the etch rate of the Z plane is assumed
surfaces. The etch figures on the X- cut plate to be a hundredfold greater than the etch rate
show a digonal symmetry compatible with the symmetry related to the Y plane and for convenience we
of the basal X plane. have make use of some primarely data on an almost

"AT-cut" plate lying about 310 of the Z axis.
2. Prolonged etching of BT- cut plates is Since only orientations neighbouring the reference

accompagnied by a progressive extension of etch AT-cut plane need to be considered in applying
pits along the X direction, the statement on reciprocity, the conditions for

the formation of a concave background st nture
3. Subsequent etching of AT- cut plate gives are satisfied by the expected variation of surface

rise to a concave background with pits slightly rate with orientation. It seems also that on the
elongated along the X axis. basis of this treatment we can partially explain

the s~fiations observed on deeply etched BT-cut
Thus the morphology of the etch figures reflects plates . However it must be noticed that a complete
the crystallography and the orientation of the comparison of theoretical predictions with etch
surface on which they are formed, rate data requires a detailed knowledge of the

etch rate versus orientation data. In particular
Moreover Figs 1 and 2 reveal that the etch the etching of planes lying in the vicinity of

rate varies with the crystal orientation. For the AT-cut and BT-cut planes must be systematically
example it is evident that the Y plane etches studied.
differently from the BT- cut plane by a factor
of about 0.2 at 353 K. But the surface orientation
affects only slightly the activation energy with Conclusion
deviation less than 12 % from the average value
of 0.44 eV. A consequence of a diffusion controlled The etch rate of quartz plates of various
reaction is that different crystallograph a y orientations in a solution of NH F HF has been
oriented surfaces should etch at the same rate ', investigated in the temperature range 290 - 360K.
therefore it is reasonable to assume that the The Arrhenius plots are found to be linear in
etching mechanism is primarily determined by the a high temperature region which corresponds to
surface orientation and properties. The fact that the formation of stable etch figures. The measured
etch rates are approximately insensitive to stirring activation energies are only slightly affected
is also in contradiction with numeros, experiments by the surface orientation. In contrast the variation
on diffusionP 19ontrolled reactions . Moreover of the etch rate with the surface orientation
some authors ' have stated that the symmetry is pronounced.
elements of an etch pit or of an etch hillock
in general correspond to the symmetry of the crystal A clear correspondence between the shape
plane on which the etch figure is produced. The of dissolution figures and the surface orientation
morphology of the triangular pits 0nich develop is established. Moreover the shape of profilometry
on Z- cut quartz platelets pre- .es an additional traces depends on the direction of the trace.
argument in favor of a surfac orientation-governed The SEM micrographs and the profilometry traces
reaction. provide some evidence for asymmetrical etch rate

distributions. A rectangular combination lef etch
The surface profilometry traces which exhibit rate distributions as presented by Irving allows

after prolonged etching an approximately stable us to explain to a first approximation the formation
shape are also interesting because they suggest of distinctive dissolution figures on some crystal
a convenient way to use the reciprocity condition planes.
. sta.ilily criterion to explain the final

shape of dissolution figures. In tef s of the
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Quartz Plates E a(eV)

curve BC curve DE

quartz X-R2 0.438
X-cut

quartz X-R3 0.438 0.436

quartz Y-R2 0.484

Y-cut I
Y quartz Y-R3 0.475 0.494

BT-cut quartz BT-7 0.432

AT-Cut quartz C-3 0.390

Table 1 : The activation energy, Ea, as determined from curves BC and DE for various quartz plates.

Quartz Plate Direction of trace Ads (m) type of background structurE

BT-7 P - direction > 2 convex

C-3 X - direction >, 2.5 concave

X-R2 Y - direction > 1.6 approximately convex

Y-R2 X - direction > 1.2 approximately convex

Table 2 : The formation of approximately stable etch profiles.

Quartz A d (Am) Ads (m) Ads (UM)

point B in Figs 1,2 point I in Figs 3,4 point I in Fig. 5

C-3 2.45 X-trace 2

X-R2 1.6 Y-trace 1.7 Y-trace 1.7

Z-trace 1.67 Z-trace 1.62

X-R3 1.5 Z-trace 1.4

Y-R2 1.2 Z-trace 1.25 Z-trace 1.3

Y-R3 0.84 Z-trace 0.9 Z-trace 0.95

BT-7 2.5 X-trace 2.5

Table 3 : Typical values of the depth of etch.
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T l(10-3 K-) Figure 3: The roughness parameter, Ra as a function of the depth,
• A l I Ads, of etch for various quartz plates and for various2.8 3 3.2 3.4 profilometry traces.

Figure 1 Plot of InR vs T-1 for various quartz plates.

€: <> •Y-R3
>, • oX-R3

c c: • B T -7

1 5 .5- ___Z_ _s__ R

Scc 2o1-7 oXYaxi -s.1 k J.2 BT 7 axis

.05- Z axis ~e[m R
\D Y axis

T-1 3K)D X axis ads (IJm)
T 0-KI I I

.01 1 1 1 1 1 1 1 0 1 2 3
2.7 2.9 3.1 3.3

Figure 4: The roughness parameter, Ra, as a function of the depth,
A ds, of etch for various quartz plates and for various
profilornetry traces.

Figure 2 :Plot of InR vs T-1 for various quartz plates.

Dotted curves are for chemically etched plates.
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Figure 5: The roughness parameter, Rq, as a function of the depth, quartz C-3
Ads, of etch for various quartz plates and for various
profilometry traces.

Figure 7: Changes in the surface profilometry traces with the depth
of etch for an AT-cut quartz plate.
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Figure 6: Changes in the surface profilometry traces with the depth
of etch for a BT-cut quartz plate. .75

a) X axis quartz Y-R2 b) Z axis

Figure 8: Changes in the surface profilometry traces with the depth
of etch for an Y-cut quartz plate.
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Figure 9: Changes in the surface profilometry traces with the depth X-R2
of etch for an X-cut quartz plate. 1.01 - x2000
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Figure 11 SEM micrographs for various quartz plates

/a) Quartz Y-R2 (Ads = 1.47 pm)

b) Quartz X-R2 (Ads = 1.60 Pm)

1.60 , X-R2 c) Quartz BT-6 (Ads = 3.96 jm)

x 2000

dq

3.96 cBT-6
X 1000

Figure 10 SEM micrographs for various quartz plates
a) Quartz Y-R2 (Ads = 1.01 im)

b) Quartz X-R2 (Ads = 1.01 Jim)
c) Quartz BT-6 (Ads = 1.95 pm)
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Figure 13: Etch rate vs orientation
BT-6 A rectangular combination of etch rate distributions

824- l'eading to the formation of a concave background.

'1000 b) Expected plot of etch rate vs orientation: some experi-
mental data are indicated in the figure.

Figure 12 SEM micrographs for various quartz plates

a) Quartz Y-R2 (Ads = 2.24 pm)

b) Quartz X-R2 (Ads = 2.75 um)

c) Quartz BT-6 (Ads = 8.24 pm)
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CHIP CRYSTAL RESONATOR WITH LOAD CAPACITORS
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ABSTRACT The paper first describes features of the LiNbO 3
chip resonator comparing it with LiTaO3 , and descrives

This paper reports on the miniaturization of a an application example and optimum using conditions for

chip resonator using LiNbO 3 and the integration of this the widely used 4-bit microprocessor, noting the
resonator and two capacitors for a 4 or 8 bit one chip oscillator rise time and temperature characteristics.
microprocessor clock generator, which has an amplifier Then the thick film process production of external
to form a Colpitts oscillator, capacitors is described. At the end, the resonator

The strip type crystal resonator using LiNbO 3 was characteristics are explained.
developed with a suitable crystal orientation and
suitable outline dimensions. The size of a 4 MHz
LiNbO 3 crystal strip is 4.5 x 0.6 x 0.5 mm. This is 2. LiNbO3 and LiTaO3 chip resonators
almost 20 times smaller than that of a AT-cut quartz.

Two capacitors were integrated into the same If a piezo-electric shear mode resonator is made
package with the resonator strip chip. As the mechan- in a strip type and the strip longitudinal direction
ical energy is strongly concentrated around the center agrees with that of the displacement direction, there
of the strip on the driving electrodes, the strip can is no mode transformation at the strip side terminal
be mounted directly on a ceramic substrate without face and spurious response is suppressed [31. As a
reducing the Q factor. This film dielectric for result, the resonator can be miniaturized. Figure. I
capacitors is pre-printed on the substrate. The shows the strip type resonator structure, where 2W is
resonator and two capacitors are encapsulated under a the strip width, 2H is the strip longitudinal length,
ceramic cap. The resonator is 8.0 x 3.2 x 2.5 mm when and 21 is the driving electrode length.
used as a chip component.

The capacitors' values and resonant resistance of LiTaO 3 and LiNbO 3 have a high coupling factor for
the resonator are optimumly defined by examination of shear waves, and the energy concentrates around the
oscillation rise time, which is chosen as less than driving electrodes. The crystal axis orientation and
50 us. The capacitor value of 20 ± 8 pF and resonant element shape of LiTaO3 have already been investigated
resistance value of less than 150 Q gives stable from viewpoints of temperature and spurious characte-
oscillation for typical Fujitsu N-Mos or C-Mos 4 bit ristics [2]. Similarly investigating LiNbO 3 by an
microprocessors. vibration analysis, the optimum crystal orientation and

element shape are obtained. Table 1 shows the calcu-
lated crystal orientation, compared with that of

1. Introduction LiTaO3. The velocity is almost equal, but the coupling
factor of LiNbO 3 is 1.3 times higher than that of

Electronic devices are becoming digitized more LiTaO3 and a smaller size chip can be expected. To
and more, greatly increasing the demand for stable determine the element shape, for the strip width, a
clock signal oscillators used in fundamental oppera- condition that never generates unwanted spurious
tional processors. Therefore, mechanical resonators response must be obtained first. Figure 2 shows a
using piezo-electric material are attracting attention conditions generating no spurious response for LiNbO 3
due to their high Q, high stability, and miniaturiza- and LiTaO3, that is, there is a no-spurious condition
tion. Especially, for one chip microprocessors which in a narrower strip of LiNbO3 . For the strip length,
have been used recently in many electronic devices, resonant resistance of resonator has an important
the frequency range required for resonators extends factor. Since LiNbO3 has a higher coupling factor, it
from several MHz to several tens of MHz, and thickness is found that the resonant resistance does not degrade
shear mode resonators of quartz, ceramic, or LiTaO 3 are even if the strip length is less than that of LiTaO 3
used. The LiTaO 3 chip resonator is small and is most as shown in Fig. 3.
suitable for miniaturization [1](2], thin structure,
light weight, and automatic assembly. However, to X1
satisfy a demand for smaller size, we investigated a
LiNbO 3 piezo-electric single crystal. Since mechanical

resonator characteristics strongly depend on the
material, we noticed that LiNbO 3 has a high electro- y,mechanical coupling factor, and investigated the

crystal axis orientation and element shape to obtain a
smaller size chip component. This resonator, when 2W
used in microprocessors, features not only small size I I

but also a faster (1/100 of quarts) rise time and V
stable oscillation. To promote higher density assembly I2
and to decrease the number of components, two load
capacitors conventionally mounted externally in a
oscillator circuit were mounted in the same package, of 2 L
resonator as thick film capacitors, to realize a three
terminal chip resonator with built-in load capacitor. Fig. 1. Piezoelectric strip construction
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T 1. Crystal orientation Figure 5 shows admittance characteristics ofTable .Crstlo LiNbO 3 and LiTaO 3 resonators using these crystal

Crystal orientation orientations, compared with those of qualtz. Because

Velocity Coupling factor of the coupling factor of the piezo-electric material,

e (m/s) both resonators have a capacitance ratio less than 1/30

than that of quartz. Therefore, the difference between

LiUT0 3  0 -48' 0' 4340 0.47 the resonant and anti-resonant frequencies is consider-

LiNbO3 -90 90 -15' 4580 0.61 able and the inductive frequency range, that is, the

range where oscillation is possible in a Colpitts

(Ealerion coordinates) circuit, can be twenty times as wide as that of quartz.

Moreover, since spurious response points near the main

frequency are few and of low level compared to those of

2.6 quartz resonators, oscillation frequency jumps and

stoppage failures can be expected to become fewer.

T 24 LiNbO 3  LiNbO 3  The temperature characteristic of a thickness shear

2.1 mode resonant frequency of the LiTaO3 X-cut is known to

C ~ be a secondary curve [4]. On the other hand, the

S2.0 LifbO3 resonator temperature characteristic is

0 approximately linear with a -70 ppm/C slope. This is

U 1.8 t a little high, but is acceptable for conventional use
LiThO3 of a microprocessor, Figure 6 compares the temperature

.6 characteristics of the LiNbO3 with those of the

.LiTaO 3 resonator.'4

0 , 2 3 4 5 6

W/H

Fig. 2. Conditions generating no sprious response of 20.

resonator for LiNbO 3 and LiTrn3

300

250 4 5 3 4 5 3 4 5 (MHz)

S200 Frequency Frequency Frequency

150- (1) LIT0 3  (2) LINbO3  (3) quartz

SFig. 5. Frequency response for 4 MHz restonator

0.4- L~O
0 10 13 14 15

L/H ~f 0. 2

Fig. 3. Relationship between the ratio L/H and R1  
f

Consequently, when Li bO3  
is used, the strip is 

- 0.2 UO

smaller than that of LiTaO 3 and batch processing using -O6
a wafer unit increases the effect. Figure 4 shows the -25 0 25 50 75
case wheni 4 MHz chips are produced from a two inch

wafer. One wafer can produce about 500 chips at the Temperature (*C)
same time. Furthermore, powdered LiNbO 3 material is Fig. 6. Temperature characteristics of LiNbO 3 and

cheap and a large 3-inch or 4-inch crystal can be grown. LiTaO3 resonator

Thus the LifbO 3 chip resonator is much more economical

than the LiTaO 3 chip resonator.
3. Load Capacitor

3.1 optimum capacitor

The oscillator circuit in ordinary microprocessors

is regarded as a modified the Colpitts circuit. As

shown in Fig. 7, it consists of an amplifier, a
resonator, and two capacitors. Depending on value of

the two capacitors for the resonator, there are cases

where stable oscillation is not obtained. The proper

values of load capacitors for stable oscillation are

determined from measurement results of the rise time in

the operating temperature range and output voltages of

clock signal high level and low level. N-MOS and C-MOS
4-bit microprocessor widely used for public and

industrial objectives were investigated here. The time

__,,,,_____________________ until the circuit oscillates stably when a 5 V pulse

" 
" ~ ' 

,  
voltage is applied as the power voltage Vcc is called

,gAu,,s,, wsl~rnl~w ,,iwbtfI9 ba1J i rise time. This depends on the load capacitor, temper-
ature, etc. This rise time is required to be stable and

Fig. 4. Oe LibO3 wafer forms about strips high speed.
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Fig. 7. 1 chip microprocessor and clock oscillator Fig. 10. Relationship between C2 and oscillation

voltage V1 (MB8851)

-For a typical Fujitsu 4-bit microprocessor, the
MB8851 (C-MOS), Figure 8 shows the results of LiNbO 3  3.2 Thick film capacitor characteristics

4MHz resonator investigated in the temperature range
from -40C to 85*C. When the temperature rises, the From the previous investigation, it was found that
oscillation-possible range becomes narrow. Figure 9 the optimum load capacitor was about 20 pF for 1-chip
shows the no-oscillation region and oscillation rise microprocessor oscillator circuits. This is a value

time for room temperature. The smaller the load which can be realized with about 0.7 mm
2 

thick film

capacitor, the faster the rise time, and the rise time capacitor if its specific dielectric constant K is about
is 50 ws or less near Cl and C2 values near 20 pF. 100, and stable oscillation can be expected even when the
Figure 10 shows the relationship between the high level the capacitance change is ±20%. The production accuracy
and low level oscillation output and the load capacitor. of this thick film capacitor can be easily realized.
If the load capacitor is small (10 pF or less), the We made about 30 um thick and 0.7 mm

2 
area capacitors on

high level is 4.0 V or less and discrimination becomes an alumina substrate using BaTiO3 thick film paste
difficult. The investigation using the N-MOS 4 bit (K=100). The dielectric layer was a three layer
microcomputer MB8841 found that stable oscillation and structure where print, dry, and fire were repeated three
100 Ps or less rise time was obtained similarly with a times. Characteristics of this thick film capacitor are
capacitor of about 20 pF. described below. Figure 11 shows temperature charact-

teristics of only the capacitor. The capacitance change
is ±200 ppm/*C over the temperature range from -35*C to

3W 85C and approximately 0.3 pF in the range included in

--- .... 5C the stable oscillation region. Table 2 summarizes other
R.T. electrical characteristics. The tan6 is small, 0.1% or

. .. -40C less, the insulation resistance is ixlO1
0 

or more ohms,
ii. 200 -~' no | and the breakdown voltage is more than 500 V, equivalent
C. oscllation to ceramic capacitors.

N .region0I

100[
oscillation 

1.0
region 0

0 100 200 300 0
Ci (pF)0

Fig. 8. Relationship between Cl, C2 and oscillation
region -1.0

3llRtlo -2-30 0 50 100non-oscillation

- 2 - region Temperature (0)

CL Fig. 11. Temperature characteristics of thick film

aY II capacitor
S10O0 region

.. .-50JJS Table 2. Characteristic of thick film capacitors.10i
0 100 200 300 ton6 Insulation resistance breakdown voltage

C 1 (pF)

Fig. 9. Relationship between Cl, C2 and oscillation <0.1 > >500 V
rise time (of I00 V)
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Table 3. Outline and dimension
4. Resonator with Built-in Capacitors

Construction of a resonator with built-in _capacitors by mounting a chip resonator element on a
substrate where the thick film capacitors are formed,
is described. Figure 12 shows the resonator structure. -
Three external terminal electrodes are formed at three
locations on the substrate, left and right and center,
via through holes connecting the surface and the rear OO±J
face, opposite to the capacitor face. All these
processes use the thick film process and are formed by 0 0 a o
one time printing on a large-size substrate. This is
suitable for mass production. The 96% alumina sub- CHIP TYPE SIP TYPE
strates are also much used as in hybrid ICs and a large
substrate can be obtained cheaply. Figure 13 shows an Unit -mm)
example on a large substrate (114.3 x 95.5 mm2 ). 338
chips can be made at the same time from this substrate. Dimension L W H
Since this is a energy trapping resonator where
resonator energy concentrates around the driving Conf iurotion
electrode, the resonator is directly mounted on the A
capacitor upper electrode formed on the alumina sub- type OOiO.5 4.5O.5 2.5O.3 2.54Q2
strate, with conductive paste. [5] Chip typ
In the final process, giving space in the vibration B type 8.0t0.5 3.2±O.5 2.5±0.3
portion of the resonator element on the base substrate A type I 1.0±.2 4.3±0.2 6.3±O.2
and sealing the entire protection cap, the capacitor SIP type
built-in chip type resonator is completed. Table 3
shows dimensions of chip type and SIP type resonators. B type 9.0±02 43±Q2
The SIP type resonator can be produced by adding a lead
frame to the chip type and by transfer-molding. Both
types share the same process.

5. Overall Characteristics

LiNbOs Resonator
Cermc cap Overall Characteristics of the LifbO3 chip

resonator including 20 ± 8 pF capacitor, in a 4-bit
C-MOS microprocessor application, are same as the

i circuit consists of the resonator and the two discrete
electrode capacitors. The oscillation rise time was 200 Ws or

less over the -50*C to 100C temperature range. Figure
Tk film 14 compares rise times of the LiNbO 3 chip resonator andelectroe a quartz. It shows that the former is about 100 times

\ 3 faster than the latter. On the other hand, frequency
temperature characteristics over the temperature range,

SCeramic substrate as shown in Fig. 15, agree with LiNbO 3 resonant fre-Delectric material Thquency temperature characteristics depending on material
Twough hole characteristics shown in Fig. 6.

Fig. 12. Structure of LiNbO 3 resonator

LiNbO3

RESPONSE

"'- SUPPLY VOLTAGE

X : LiTaO 3

* ,---RESPONSE

J. ^ -SPPLY VOLTAGE

J. 5V

--- rQuartz

... .. ~,... .' RE SPONSE

'SUPPLY VOLTAGE5V

Fig. 13. One large substrate (114.3 x 95.5 mm2 ) Fig. 14. Oscillation rise tine
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MB8851 6. Conclusion
' LN 4 MHz

Q5' L 4" M20z We developed a strip type resonator generating no

C Cspurious response and having a low resonant resistanceC I C e 2O p F  by using LiNbO 3 single crystal having a large electro-

0 - mechanical coupling factor and by investigating optimum

crystal orientations corresponding to the vibration

mode. Compared to the LiTaO 3 chip resonator, this type

-0.5- resonator is smaller and more economical, and is

suitable for clock oscillators in 4-bit one chip micro-

processors. When the element is used in an oscillator,

-C two external capacitors are needed. The optimum value

-50 -25 0 25 50 75 100 was determined by the time to reach stable oscillation

Temperature (*C) from power-on time. For our company's C-MOS (MB8851)

and N-MOS (MB8841), the optimum value is 20 ± 8 pF, and

Fig. 15. Relation between temperature and oscillation with this value, stable oscillation is obtained without

frequency (Temperature characteristics of adjustment. The rise time is 50 ps or less in the

LiNb 3 chip resonator) -35°C to +85°C temperature range (approximately 1/20
of quartz). Since the strip type resonator is a
energy trapping resonator where the oscillation energy

Fig. 16 shows temperature characteristic for the concentrates around the electrode, the resonator

oscillation voltage. It shows stable oscillation over element can be directly mounted on the substrate.

the temperature range. Figure 17 shows the oscillation Consequently, by directly mounting the resonator on

voltage for power supply voltage change. The clock the upper electrode of the thick film capacitor formed

signal assures ±0.8 V margin for wide range variations on the alumina substrate, the resonator and capacitors

of about 20% at the 5 V power voltage. This can be said could be integrated. Thus we could reduce the number

to be a stable clock signal oscillation. Thus we could of components of 1/3 of the conventional number and

obtain stable oscillation without adjustment even in the realize a three terminal chip element with 1/3 mounting

built-in type by using 20 pF ± 8 pF for the two load area. When it is used in combination with a micro-

capacitors. computer, its stable oscillation against changes in
temperature and power voltage was confirmed.
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AT-CUT STRIP RESONATORS ENCLOSED IN CYLINDRICAL PACKAGE

Masanobu OKAZAKI and Naoki MANABE

NDK (Nihon Dempa Kogyo Co., Ltd.)
1-21-2 Nishihara Shibuya-ku

Tokyo, JAPAN

Summary On the other side, a tuning-fork crystal reso-
nator for wrist watch Lnclosed in a cylindrical

Miniaturization of the electronic components package have been available at the mass production
leads miniaturization of the electronic equipment, level. So it was tried to apply this cylindrical
such as clockt,video tape recorders and their cameras. package for an AT-Cut strip resonator. Finally,
This is the recent tendency. To meet such demands the miniature AT-Cut strip resonator, named "MS-309",
from the market, chip type resistors and capacitors has been developed. This MS-309 has the good
or high integrated IC have been developed. Among electric characteristics and the high environmental
these chip type components, sometimes, crystal re- performance. And the frequency range developed is
quires the biggest area on the print circuit board, very wide from 4.19 MHz for clock application to
Therefore, strong demands for miniaturization of the 17.7 MHz for V.T.R one.
cryltal have been increasing.

Miniaturization
One candidate to meet this requirment is an

AT-Cut strip resonator elongated to the X axis which Almost all performance of resonators rely on
authors have been studied. As a result of our in- the design of the wafer. Therefore, care must be
vestigation, the development of a new miniature AT- taken for the design of the wafer. Crystal imped-
Cut resonator enclosed in a cylindrical package as ance of an AT-Cut resonator is fairly sensitive to
D3.0 mm x Z8.8 mm, which is well known as the stand- the length along the X axis which is the displace-
ard package for wrist watch crystal, is succeeded. ment direction of the thickness shear mode, while
The resonator named "MS-309" was achieved the same it is not so sensitive to the length along the Z'
electrical characteristics as the conventional axis. However, if the length along the Z'axis is
HC-49/U holder crystal. Therefore, the MS-309 helps shortened unnecessarily, the frequcy temperature
more miniaturization of the equipments not only in curve shifts from the original cuvic to the para-
the consumer field but also in the professional com- bolic. And, this must be avoided.
munication field.

The length along the Z' axis should be selected
Introduction so that the coupling between the thickness shear

vibration of the desired frequency and the face
An AT-Cut resonator vibrates in a thickness shear mode of the wafer must not be originated.

twist mode in which the direction of the displacement Frequency of the face shear mode is given by the
is parallel to the diagonal, X, axis. There are following formula.
many advantages to use AT-Cut strip shaped resonator
elongated to the X axis for miniaturization of f n CSS - CSS2/CF;)
crystal blanks. It was reported that a minitature 8c p
AT-Cut strip resonator, which had good electric
characteristics, was realized by tilting the edges where n is the degree of overtone, 2c is the length
along the X axis. (1)(2) Fig. I shows the tilting along the Z' axis, C55 and C66 are stiffness const-
way under the coordinate system. The theoritical ants, p is the density. This face shear is the
tilting angle a is given by the following equation.(3 strongest vibration of the undesired modes, so that

care must be taken. Fig. 2 shows the comparison of

a = tan-1 C5L crystal impedance at room temperature with two diff-
C66  erent wafer design. The design A is considered to

avoid the coupling of each mode, while the design
where C5 6 and C6 6 are stiffness constants refered to B is intentionally selected for the ratio of c to
the rotated coordinates. According to the experi- h to make the coupling.
mental results, the effective range of a is from
4 degrees to 6 degrees. The length along the X axis should also be

selected not to couple with other undesired modes
A type of resonator applying this technique, than the discussed above. Fig. 3 shows the fre-

named "AT-35", was reported at the 31st F.C.S. quency spectrum for the resonators changing the
In this case, a strip resonator was mounted at both length along the X axis and keeping the length along
ends along the X axis in the flat package as the the Z' axis constant. When the length along the
AT-35.' However, there were difficulties in reducing X axis is shortened in order to miniaturize the
the size more than the AT-35 because the AT-35 wafer wafer, edges of wafer must be beveled or curved so
dimension is the smallest size for both end mounting that the vibration energy should be concentrated
without worsening the electrical characteril-ics. around the center of wafer. In this case, theo-
To overcome such difficulties, it was considered retical result may not be fit to the practical
that mounting of one of the short edges might give result. Therefore, it was required to investigate
better characteristics. In fact, crystal impedance the practical frequency spectrum chatt as shown in
did not increase in spite of decreasing the length Fig. 3.
of crystal wafer.
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The degree of beveling and curving also gives As shown in Fig. 10, production process are as
the influence to crystal impedance of the resonator, follows. At the first cutting process, crystal
Fig. 4 shows the relation between crystal impedance wafers are cut to certain angles and length. Then,
and operation time of curving by pipe method, wafers are ground to specified thickness and they
As shown in the this figure, there is optimum oper- are lapped to specified frequency using the abra-
ation condition. In the range of higher frequency sive powder. At the second cutting process, these
like 17.7 MHz, a good result is achieved without crystal wafers are broken into strips. Then, the
curving process because the length along the X axis strips are processed to convex shape by pipe method.
against thickness can maintain enough. But in the range of higher frequency than 10 MHz,

any curving is not required. The strips are etched
Mounting chemically to remove mechanical damages received

by beveling so that the surface becomes smooth.
The rectangular AT-Cut resonator has the length After that, the strips are cleaned with water and

along the X axis. Although the direction of the chemicals. The electrode of Cr and Ag is attached
X axis is very sensitive to stress, it is necessary to the strips bIy the vacuum evaporation. Next step
to support the short edges along the X axis. There is the supporting of the strip on a base by solder-
are two ways of mounting method considered such as ing. A small quantity of silver is additionally
one end mounting and both end mounting. Fig. 5 evaporated on the electrode so that the frequency
shows an example of one end mounting. In this case, is adjusted within a desired range. Finally, the
another end is free. So, the vibration of the reso- can containing the resonator is evacuated and
nator never receive any influence created by mecha- sealed, so that the sealed resonator will vibrate
nical shock and by thermal shock. Fig. 6 shows a stably over a long time. Fig. 11 shows the final
comparison of resistance against mechanical shock "MS-309".
in each case of mounting methods. As shown in this
figure, the frequency drift of 4.19 MHz resonator Characteristics
with one end mounting is less than both end mounting
after tested under the condition of three natural The wafer size of this miniature resonator,
drops from 75 cm height. called "MS-309", is reduced very much. So, the

electrical equivalent constants of this resonator
As discussed above, the one end mounting method are slightly different from conventional AT-Cut's.

can offer to keep low crystal impedance. Fig. 7 Table 1 shows typical equivalent constants of
shows the wafer size and its typical equivalent conventional resonator and "MS-309" at 4.19 MHz.
constants of 4.19 MHz for both end mounting and one Table 2 shows their typical equivalent constants
end mounting. In spite of decreasing the wafer at 17.7 MHz. These differences have no influence
length by 30%, the Q value of one end mounting type on practical use for oscillators. Besides, "MS-309"
achieved twice that of both end mounting. has very high Q value. Then, the oscillator applied

"MS-309" can maintain the stable frequency. This
Electrode resonator has a good cubic curve of frequency vs

temperature characteristics which is the inherent
The electrode is an essential part for vibrat- characteristics of an AT-Cut resonator. Therefore,

ing the piezoelectric resonator. Especially, the it is stable against temperature variation.
shape and the material of electrode are important Fig. 12 shows a typical frequency temperature curve
factors. This resonator is mounted on a base by of 4.19 MHz "MS-309". Although inflection point
soldering. So it is necessary to solve the problem of T-C curve is slightly rised from the original
such as the migration of the material to solder and AT-Cut, T-C curve is broad around the room temper-
spreding of solder to the elctrode. The dispersion ature. So, this resonator is useful for the high
of equivalent resistance is affected significantly accurate and miniature clock oscillator.
of the soldering area. So, the electrode shape is
determined as shown in Fig. 8 to keep the soldering "MS-309" is very stable for changing of envi-
area as narrow as possible. romental conditions due to one end mounting, espe-

cially it shows the high resistance against the-mal
The construction of the electrode is decided shock and the good aging rate. Fig. 13 shows the

as a multi-layer structure of Cr and Ag in order to result of thermal shock test on 4.19 MHz resonator.
prevent electrode migration. This selection brought During the test, resonators are exposed 10 cycles
the excellent aging characteristics, of thermal changes at -400 C and at +85*C.

The frequency and crystal impedance drift little.
In the range of high frequency like 17.7 MHz, Fig. 14 shows the result of accelerated aging at

it is more effective to choose plating back than +850 C for 4.19 MHz resonator. This condition is
beveling in order to lower crystal impedance. This equivalent to a period of more than 10 years at
way also leads to the effective energy trap. room temperature.
Fig. 9 shows the change of crystal impedance of
17.7 MHz crystal resonator as a function of the Conclusions
plating back.

The miniature AT-Cut strip resonator enclosed
Production Process in a cylindrical package as *3 mm x L8.8 mm has

developed. The shape of wafer is the strip type
The manufacturing process of this rasonator is with tilted edges which is given superior temper-

very simple. Especially, the fabrication technique ature characteristics of the original AT-Cut cubic
after etching process is the same as mass production curve offered by the conventional HC-49/U.
technique of the tuning fork resonator for wrist "MS-309" has excellent electric characteristics and
watch. From this point of view, the resonator has environmental performances so that there are a lot
the high possiblity of mass production, of potential applications which authors are expected.
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2c (mm) 1 .5 1.6
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HC-49/U MS-309 HC-43/U MS-309

freq. (MHz) 4. 194304 freq. (MHz) 17.73447

Rs (SI) 25 29 Rs (9) 8 10

C. (pF) 2.7 1.6 C. (pF) 5.7 2.9

C, (fF) 7.0 3.4 C, (fF) 24 13

Co/C, 390 460 C./C 240 230

L (mH) 140 420 L, (mH) 3.4 6.4

Q 15x 104 40xl0 4  Q 4.7x 104  6.8 x10 4

Table 1. Typical equivalent constants of the Table 2. Typical equivalent constants of the
conventional resonator and "MS-309" conventional resonator and "MS-309"
at 4.19 MHz. at 17.7 MHz.
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Fig. 12. Typical frequency temperature
characteristics of "MS-309".
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ELECTRODE STRESS EFFECTS FOR LENGTH-EXTENSIONAL
AND FLEXURAL RESONANT VIBRATIONS OF QUARTZ BARS

Errol P. EerNisse
Quartex, Inc.

Salt Lake City, UT

SUMMARY the resonant mode can be adequately described
by a one-dimensional model. However, for

The frequency shifts caused in length- cases where the initial stress is not uniform
extensional and flexural modes of long, thin and/or where the resonator is of a shape where
bars of quartz are calculated approximately. a one-dimensional model for the resonant mode
A stress coefficient K is defined for the is inadequate, Tiersten has developed a
modes and calculated for all possible perturbation technique of general application.
crystallographic orientations of the bar. A The reader is referred to several good
stress-compensated cut with temperature references on the fundamentals of the
compensation is found for the length-
extensional mode. No stress compensated theory.

9 - 1 0

orientation was found in the calculations for
the flexure mode for any of the commonly used The perturbation technique is derived
electrode patterns, using rigorous expressions for the interaction

between an initial stress (biasing stress) and
INTRODUCTION small amplitude acoustic waves at a point and

integrating an energy-related stationary
Electrode stress was identified in function over the volume of the resonator to

earlier work as a potential source of obtain the frequency perturbation. In this
frequency drift in thickness-shear mode quartz way, one can obtain a useful approximation to

the frequency change due to a biasing stress

resonators. Calculati-ns of the frequency even if one has only a reasonable
shifts in resonant frequency due to stresses approximation to the resonant mode shape being
from electrode metallization through nonlinear perturbed. The present work uses only a
elastic effects showed that there was an selected portion of the overall theory. The
orientation whereby the nonlinear elastic frequency shift Af/f is given by
effects on resonant frequency are zero, thus

leading to the SC-cut. 2-3 Recent demands for Af/f o = (f-f0 )/fo (0)
small size and large numbers of resonator
devices have led to photolithographic
manufacturing processes. These devices tend where f is the perturbed frequency, and f is
to be very small and since they are made using the unperturbed resonant frequency. We 0

chrome/gold electrode metallization with high restrict ourselves here to perturbations of
internal stresses, the initial stress levels the resonant modes of a traction-free body
in the quartz can be large. Thus it is caused by an initial stress in the bulk and
logical to assume that if the nonlinear wherein only the elastic effects play a
elastic effects in these devices are typical, predominant role (neglect piezoelectric
the stored frequency shifts in the devices are stiffening and electric boundary conditions).
large, leading one to conclude that long-term The resulting expression can be put into a
drift problems can arise, form which has some similarity to that of

Thurston and Brugger:
Two types of devices that have been used

for photolithographic manufacturing are the
Af/fo :

length-extensional bar
4 and the flexure mode

tuning fork. 5 - 7  The resonant frequency of /VI ( LM I + CLIMJAB 5ABKN TKN) J,M gI,L

both of these devices is controlled by the
elastic compliance along the length direction, 2 2
so analysis for both is similar. This work +2 P 4 X 2 fo2 JIKN TKN J 1 ]jdV / (1f0
reports on the theoretical development of a
theory to handle nonlinear elastic effects in (2)
such devices and presents calculated results
that demonstrate the size of the effects in
existing device designs as well as the Here, TLM is the initial stress, 6 ij is the
options, when available, to reduce the effects
by proper choice of crystallographic delta operator, CLIMJAB is the third-order
orientation.

elastic constant, sABKN is the elastic
GENERAL THEORY

compliance, p is the unstressed mass density,
The previous analytical model for

electrcde stress effects was based on the work and gj is the normalized displacement for the

of Thurston and Brugger. 1,8 This theoretical unperturbed resonant frequency f . Summation
development was sufficient for resonators
where the initial stress is homogeneous and of repeated indices and differentiation
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denoted by commas are assumed. In deriving and N2 is
Eq. 2, we have invoked the traction-free
boundary conditions, the divergence theorem, - 2 2
uniform biasing stresses, and the relation N2  311 oT1 PO t w I / (2 x ) (10)

4 x2 fo2 = fC LKMR gL,K 8M,R dV (3) if terms like (w/l) 2 and (t/I) 2 are neglected.

Equations 7, 8, and 10 can be used to

where c LKMR is the elastic stiffness (the form the gK" Substitution of g K into Eq. 2

inverse of sLKMR). Also, it is assumed in and integration over V leads to an expression
that can be evaluated with known values of the

deriving Eq. 2 that the initial (biasing) constants for quartz to obtain actual
stresses are small enough to ignore terms of numerical answers for af/f . The reader is
order higher than one and rotations in the
initial (biasing) displacement gradients. spared the details, which are involved because

~ one must decide which axes system to use in
Normalization of g is by N, where performing the contraction of the tensor

expressions in Eq. 2 to the scalar form of the
N answer. In the application of Eq. 2, terms of

N2 : pV uj u dV 2 2
V t/I) and (w/l) turn up after carrying out

and the integrations. These are ignored here for
long bars. It has been found that in this
one-dimensional case, use of the crystal axes

gj uj / N (5) system was most practical.

with u the displacement for the unperturbed THEORETICAL RESULTS: LENGTH-EXTENSIONAL MODE

resonant mode. The electrode pattern used for the
length-extensional mode is shown in Fig. 1.

LENGTH-EXTENSIONAL MODE THEORY The initial (biasing) stress is T =T 33=T,

Consider a bar resonator of IEEE standard where T is given by-tfTf/w with Tf the

orientation notation11 (Zxtwt) 0, o, W with electrode stress and tf the total electrode
length I, width w, and thickness t as in
Fig. 1. When vibrating in a length- thickness on the two opposing surfaces. The

scalar T was set equal to one for the
extensional mode, all the stresses T (in the calculations. All other TIj are zero. The

plate axes system) associated with the frequency shift can be represented by the
relation

resonant mode are zero except for T which11Af /f = KT (11)

is given to good approximation for long bars 0

(using engineering matrix notation)
where the stress coefficient K is the
numerical answer from solving Eq. 2 with

T = T 1 sin(x 1/1). (6) T=1. Here, K has the flavor of the K stress
coefficient used in the past works on

The displacements uI are given by thickness-shear mode resonators. 2 '3

_ - Calculations for K have been carried out
I Is TI dxI I=1,2,3. (7) for all values of 0,O,w using the published

third-order coefficients.12 As a check, our
Thus, by integration over Xi, calculations for the Eq. 2 term containing

CLMKJAB were compared to Tiersten and

u S 11 o T 1 cos(xXl/1) /X. (8) Ballato, 13 who calculated nonlinear modulation
effects in length-extensional resonators. Our
results for that term compare directly with

We find from Eq. 3 and Eqs. 7 and 8 that their results except that we interpret their
Figs. 2-4 as actually being their 0I

4 i2 fo2 = i 2 / (12 Po s 11) (9) parameter, not their 0 parameter as stated in

their text.

There is not enough space here to show
all the results. Figures 2-6 show results for
K plotted in the a, a plane with wheld
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constant. From a practical standpoint, calculation. The deflections are different,
0  0 chowever, and are difficult to write down

W=0 and w=90° can be reasonably accomplished analytically in rigorous form wherein all the
in the photolithographic process. Also, no traction-free boundary conditions on all
particular advantage was found at other values surfaces are satisfied. Beam theory is

normally used, which satisfies relations
of W over what was found for W=0 ° . For these between moments and bending curvatures along

the length of the bar. We use the results of
reasons, only results for w: 00 and w= 90 are beam theory here, admitting in the beginning
discussed in any detail here, i.e., Figs. 2 that point-wise satisfaction of the continuity
and 6. It is apparent in Figs. 2 and 6 that equation, boundary conditions, and the
there are loci for K = 0 in both cases, divergence theorem used in deriving Eq. 2 is

not rigorous. However, the integrals over the
The orientation commonly used for volume of the bar lead to the proper frequency

relation and to physically sensible results
temperature compensation is 30 ,2 ,0 . As for the predominant term in Eq. 2, the one

2 containing CLIMJAB.

seen in Fig. 2, K=-0.127 x 10-11 cm2/dyn at

this orientation. A typical stress level in Let G(kx/l) be the commonly used1 4

the Cr/Au films used in photolithography is normalized beam function which describes the
2 lateral deflection in the y direction, with k

2 x 109 dyn/cm tension in the film being a constant determined by the end
(compression in the quartz). If the device conditions of the bar. This deflection is the
has a width w of 0.0085 cm and film predominant one, so if one ignores

contributions to Eq. 4 from u2 and u3, we find
thicknesses totalling 2000 a, the frequency that
shift stored in the device after fabrication

11 ~22is -0.127xlO-x(-2x1O9)x 2 OOx1O-8/O.O085, or N = t w G(kx/l) dx (12)
+6.0 ppm. As the stress relieves, the 6 ppm 0
will diminish, causing a downward drift in
frequency. where we know that

There are loci for K = 0 in both Figs. 2 1 2
and 6. The piezoelectric coupling is not /G(kx/l) dx = 1. (13)
appreciable in Fig. 6 near the K = 0 loci. 0
There is appreciable coupling for 0>0 in
Fig. 2 along the K = 0 loci represented by the The predominant strain is along the x
dashed-line. Figure 7 shows the calculated direction with odd symmetry about the neutral
piezoelectric coupling and temperature plane of bending at y=o. It is given by
coefficient (slope of the frequency vs.
temperature curve) along the dashed-line K 0 2 y N2

loci of Fig. 2. There is reasonable y ( 2G/ x2  / (14)
temperature compensation all along the loci

for 0>10 ° , with two orientations where the with the other strains associated with the
calculated temperature slope = 0, at bending given approximately by

(120,20) and (270 ,100 ).The exact values for
these two orientations will be slightly gIJ = sIJ11 gi,1 / s1111" (15)

different because of small inaccuracies in the
values of the constants used in the
calculations for both the stress-caused and Note here that if one integrates Eq. 15 over
temperature-caused frequency shifts and
because of the approximate nature of the x2 (y) to obtain u2 that there is a constant
solution in Eq. 6 used for the displacement

of integration of G(kx/l) equal to the
The contours of zero temperature deflection at y=O.

slope lie nearly along constant K lines in
Fig. 2, i.e., along constant o, which makes Substitution of Eq. 15 into Eq. 3 leads
it difficult to adjust the temperature to
behavior and stress behavior independently.
In the case of the SC-cut, the temperature 2 2 1 - 2
slope zero loci and the stress zero loci are 4 f cVIJ1cIJKL KL11 g d
orthogonal in the *, 0 plane, thus allowing
independent adjustment of the resonator
respoise to temperature and stress effects. 2

s s11 (16)

FLEXURE MODE THEORY
Since SlK is the inverse of cIJKL, Eq. 16

If the bar in Fig. 1 vibrates in lateral IJKL

deflection in the y direction, i.e., flexure reduces to
in the xy plane, the analysis is similar to
that of an extensional bar in that the same
extension compliance S11 comes into the
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2 both ratios. Again, Eq. 11 is used to
4 x 2 fo2 = t w3J ( 2 G/bx 2 )2 dx present the results. Figure 8 shows the

0 results for W=0. Note that K has about the
2 ( same general behavior with 0 as the length-

/N 2 ) (17) extensional mode except for the vertical
offset caused by the third term in the

or, from the properties of G(kx/1), 1 4  integral of Eq. 2 being different for the
flexure mode because the predominant

deflection is in the y direction instead of

412 wf / = 12 2 4 (1 the x direction. Based on the theory
2 o = kP o s11 1 (18) presented here, the K for the flexure moo

does not become zero anywhere in Fig. 5. in
fact, a survey of all orientations shows that

which is the usual result for the resonant K 1 0 anywhere.
frequency of a long, thin bar vibrating
laterally in the xy plane. Alternate electrode patterns have been

used. For instance, the first watch crystals
The gIJ used in Eq. 2 are found in used only electrodes on the top and bottom

surfaces with the orientation tilted out of
Eq. 15. The predominant gI used in the third the xy crystal plane to obtain piezoelectric

ternm of Eq. 2 was taken as G(kx/l)/N since we excitation. 5 '6  Another electrode pattern used

2 early on in the watch industry left out the
ignore here terms containing (w/l) and side electrode of Fig. 1 and used only thin

(t/l)
2 . strips along the edges of the top and bottom

surfaces.7  In either case, Eqs. 22-24 can be
used for the biasing stress by letting t/w

THEORETICAL RESULTS FOR THE FLEXURE MODE approach 0. Figure 9 shows some results for

this case. Again, K A 0. Also, a survey of
The expressions to be evaluated in Eq. 2 all orientations showed that K 1 0 anywhere.

for the flexure mode turn out, as one might
expect, to be almost identical to the results REFERENCES
for the length extensional mode. The first
and second terms in the integral of Eq. 2 are 1. E. P. EerNisse, Proc. 29th Ann. Sym. on
identical to their counterparts for the Freq. Control, 1 (1975).
length-extensional mode, the third term being 2. E. P. EerNisse, Proc. 30th Ann. Sym. on
slightly different because the predominant Freq. Control, 8 (1976).
deflection is different. The electrode 3. A. Ballato, E. P. EerNisse, and T. J.
patterns differ as seen in Fig. 1, so the Lukaszek, Proc. 1978 Ultrasonics
biasing stresses are different. The most Symposium, IEEE Cat. #78CH 1344-ISU.
common electrode patterns are as seen in Fig. 4. R. J. Dinger, proc. 35th Ann. Sym. on
1, or minor variations such as the side Freq. Control, 144 (1981).
electrodes passing over the edge to cover a 5. J. H. Staudte, Proc. 27th Ann. Sym. on
small portion of the top and bottom surfaces Freq. Control, 50 (1973).
near the edge. In either case, the biasing 6. J. A. Kusters, C. A. Adams, H. E. Karrer
stress can be approximated as follows if we is and R. W. Ward, proc. 30th Ann. Sym. on

Freq. Control, 175 (1976).
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It is impractical to carry out
calculations for all t/w and w /w, So
representative values were use 8 of 0.5 for
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AN ANALYSIS OF NONLINEAR RESONANCE IN ELECTRODED CONTOURED
AT- AND SC-CUT QUARTZ CRYSTAL RESONATORS

H.F. Tiersten

Department of Mechanical Engineering,
Aeronautical Engineering & Mechanics
Rensselaer Polytechnic Institute

Troy, New York 12180-3590

Abstract trapped energy resonator, it was for the case of strip

electrodes only and did not consider the transverse
Since the modes of motion in contoured quartz behavior of the modes in both directions in the plane

resonators are essentially thickness-modes varying of the plate, as is done in this work. The type of
slowly along the plate, only the thickness dependence nonlinearity that was ifnored in Ref.3 was properly
of the elastic nonlinearities are retained in the equa- included in recent work on the nonlinear vibrations of
tions. The nonlinearities contain terms up to cubic in quartz rods, in which it was shown that this type of
the small mechanical displacement field, and all terms nonlinearity causes a change in the resonant frequency
present in the general anisotropic case are included, through its influence on the wavelength.
The linear portions of the equations are respectively
the same as the equations that have been used heretofore The linear portions of the equation in the dominant
in the analyses of contoured AT- and SC-cut quartz thickness eigendisplacement of interest, which is used
resonators, witha change in the thickness differentiated in the description of the transverse behavior of the
term that arises from a nonlinearity in the boundary modes in the contoured resonator, are the same as those
conditions on the major surfaces. The steady-state that have been used

2
'
5 

in the analyses of contoured
solutions are obtained by means of an asymptotic itera- SC-cut quartz resonators, but with a change in the
tive procedure and an expansion in the linear eigen- thickness-wavenumber caused by the quadratic nonlinear-
solutions while retaining the nonlinear correction to ities considered here. Since the analysis is to be
the eigensolution that has a resonant frequency in the applicable to the doubly-rotated SC-cut, in the case
vicinity of the driving frequency. The slow variations of both the pure thickness resonator and that of the
in the mode along the plate are included in the non- contoured resonator the mechanical displacement field
linear correction by averaging over the plate. Lumped is decomposed along the elgenvector triad of the pure
parameter representations of the solutions, which are thickness solution, exactly as in the existing work

2

valid in the vicinity of a resonance and relate the on the linear case. Of course, all conditions imposed
amplitude of the mode nonlinearly to the voltage across on that work are applicable here and since the non-
the electrodes, are obtained. The expression for the linearity is small also, only the thickness dependence
current through the crystal is determined, the external of all electrical variables is included in the treat-
circuitry is incorporated in the description and an ment, as in all the other work in this area'

-a
.

equation relating the mode amplitude nonlinearly to the Naturally, the nonlinear portions of the equation in
driving voltage and other circuit parameters is obtained, the dominant thickness eigendisplacement are the same
The analysis holds for the fundamental and odd harmonic as those that occur in the pure thickness case, but
overtones. Nonlinear resonance curves are calculated with a slow transverse variation, since it has been
for AT-cut quartz using the known nonlinear coefficients, shown

2 
that this equation reduces to the pure thick-

Such calculations cannot be performed for SC-cut quartz ness equation when the transverse variation is
because the coefficient of the cubic nonlinearity is not suppressed.
known. An equation relating the change in resonant
frequency resulting from the nonlinearity to the current The steady-state solutions to the nonlinear forced
through the crystal, independent of the external cir- vibration problems are obtained by means of an asymp-
cuitry, is derived. totic iterative procedure and an expansion in the

eigensolutions while retaining the nonlinear correction
1. Introduction to the eigensolution that has a resonant frequency in

the vicinity of the driving frequency. The slow
Since an accurate description of the modes of transverse variation in the mode is included in the

motion in contoured AT- and SC-cut quartz crystal nonlinear correction by appropriately averaging over
resonators exists

1 
,2 and an understanding of the non- the plate. Lumped parameter representations of the

linear behavior of these devices is of interest, an solutions, which are valid in the vicinity of a reso-
analysis of nonlinear resonance in contoured quartz nance and relate the amplitude of the mode nonlinearly
resonators is performed. Inasmuch as the modes in the to the voltage across the electrodes, are obtained.
contoured resonator are essentially thickness-modes The expression for the current is determined, the
with slow transverse variation along the plate, only the external circuitry is incorporated in the description
thickness dependence of the elastic nonlinearities are and an equation relating the mode amplitude nonlinearly
retained in the treatment, but with the full anisotropy to the driving voltage is obtained. Nonlinear reso-
of doubly-rotated cuts included. First the case of nance curves are calculated for AT-cut quartz showing
pure thickness-resonance is considered and then the the influence of driving voltage, quality factor, load
treatment is extended to include the transverse shape resistance and harmonic overtone on the resonant fre-
of the harmonic modes in the contoured resonator. The quency. Finally, an equation relating the change in
analysis of nonlinear thickness-resonance is presented resonant frequency resulting from the nonlinearity to
in detail because couplings that were ignored in earlier the current through the crystal, independent of the
work

s 
are included here. external circuitry, is obtained. Both this latter

equation and the calculations indicate a significant
In fact one of the couplings that was ignored in dependence of the change in resonant frequency result-

the earlier work
3 

arises not from the inclusion of the ing from the nonlinearity on the order of the harmonic
full anisotropy of the nonlinear interaction in this overtone of the contoured resonator.
work, but from a term that exists even in the isotropic
case and was improperly ignored in the earlier

analysis . Furthermore, although that work treats a
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2. Thickness Equations are sufficiently widely separated in cut of interest,

the resulting coupled transcendental frequency equa-

A schematic diagram of a plano-convex quartz crys- tion
- l
' very accurately uncouples and we effectively

tal resonator is shown in Fig.l along with the associ- have three independent transcendental frequency equa-
ated coordinate system. Since the modes of interest in tions

9
, one for each thickness eigendisplacement uj.

contoured crystal resonators are essentially thickness- By virtue of the forms taken for K 2 in (2.5) and (2.6),
modes varying slowly along the plate and the amplitude which indicate that the ul eigendisplacement is driven
of the motion itself is small, it is appropriate to linearly by the voltage while the u2 and u eigendis-
consider only the thickness (X2 ) dependence of the placements are not, the aforementioned uncoupling is
elastic nonlinearities, by virtue of the small piezo- already built into the description. Since both the

electric coupling of quartz. Accordingly, we write the thickness of the electrodes 2h' and the amplitude of the

pure thickness equations for the general anisotropic dominant eigendisplacement ul are small, the boundary
case in the form conditions take the form

u  wKX2  2), U1,2)1, 2  K21  = e , at X2= ±h, (2.8)

- 2a 2 [u 1 , 2 U2 ,2 ],2- 2B 3 [u 1 ,2u3, 2 2 , (2.1) K22=0, K2 3 =0, at X2= ±h. (2.9)

,22 u-) 2 - (2.2) The expression for the X2 component of the electric

2,22 2 21,2,2 displacement vector, which determines the current, takes
(3) u

2  
the form

2

3,22 3 3 1,2,2 D 2 = e221 Ul 2 - e 2 2 '
P, 

2" (2.10)

where

1 1 ( 6As already alluded to verbally, the components of e2 2 J,22 266+ + c 6666 1 2 226666 K2 and uj occurring in this work are respectivelyrelated to the e
2 2 r, K2 and a,, which are referred to

2 (c+ c) , 5 (c2+ c6), (2.4) the conventional plate axes by the transformations
2

2e 2 22=Qr2 K2 j=QjrK2 r u=Q r236 (2.11)

since ul is taken to be the "large" thickness-driven 
22r' i

eigendisplacement in this work. We note that the in which Qj . denotes the orthogonal matrix obtained
mechanical displacement field uj is referred to the from the thickness eigenvalue problem

2
.

eigenvector triad of the linear piezoelectric thickness

solution, in accordance with Sec.2 of Ref.2, and the
c
-< ) 

denote the piezoelectrically stiffened eigenvalues. 3. Nonlinear Thickness Vibrations
As a result of decomposing u in the diagonal system, the As noted in the Introduction, although this problem
linear portions of Eqs.(2.1) - (2.3) are uncoupled in was treated in Ref.3, coupling caused by an existing
this general anisotropic case. The elastic constants on quadratic nonlinearity was improperly ignored. Further-
the right-hand side of (2.4) are obtained by transform- more, the treatment in Ref.3 was for the AT-cut only and
ing the mechanical displacement components ir in the not for the general anisotropic case considered here,
original coordinate system to the eigenvector compon- in which the equations are referred to the eigenvector
ents uj in the nonlinear thickness (X2)-dependent triad of the linear thickness solution. In addition,

terms7. solution of the nonlinear pure thickness vibration

problem serves as a convenient, if not essential, model
Also referred to the eigenvector triad, the cor- for the solution of the nonlinear resonance problem for

responding components of the Piola-Kirchhoff double the contoured resonator, since the mode in the contoured
vector take the form rescnator is very nearly a thickness mode. Consequent-

Kc K (1),+e C +c(1) ) 3  ly, the relevant part of the solution of the nonlinear
= e2 +)Y(Ut pure thickness vibration problem, namely the nonlinear

2 eigensolution, is presented here.

+ 1 (U1,2 ) 2B 2 ul, 2 u 2 , 2
+ 

28 3ul, 2 U3 , 2  (2.5) Since the linear solution forms the essential

-(2) 2 starting point for the nonlinear resonance solution, it
K22 =c u

2 , 2 
+ B2 (u 1 ) , is briefly reproduced"

1 
here with the slightly changed

notation. In order to satisfy the inhomogeneous

K23=(3)u+ 2(u) (2.6) boundary condition (2.8)2, we have taken U1 and F in
K23= 3,2 82(1,2 )' 2. the form V

where, since t, is the "large" driven eigendisplacement, U I=U+KX2' ) 7 -P - + 
Cp, (3.1)

we have included
2 

the linear (in X2 ) eigenpotential,

which causes the term e,,C and the inhomogeneous forcing in which e has been suppressed, and we note that K

term c" 
)K +

e2 3V/2h in (2.5) where and V/2h already appear in the equations in Sec.2 since

(1) (1) 2 k
2

-
2  

() they are on the ul and (v variables. Since 2h' is small,
c =E (I - k 2 6 ) , 2 6 e 2 6 /22 E (2.7) from (2.5) and (2.8)1, we have

and a is the driving frequency. Note that the first K= - e26 (3.2)
index 2 in Kj refers to the normal to the plate and the 2hc

(I

second index j refers to the respective coordinates of
the elgenvector triad. Note further that we have and we note that the linear portion of (2.1) takes the
omitted the linear (in X2 ) eigenpotential from K2 2 and form

K2 in (2.6) which would have caused terms e22 I C (j = 2, .(1) 2 o 2KX
3) in KP and K23 , respectively, that couple the c(i) C 1,2 2+ U1  2 0 (3.3)

eigensolutions for shorted electrodese
-
1
°
. Since the

piezoelectric couplii; is small in quartz and the E(J)
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and e 26 c 2)2 2h i(2NM)12C0 - 1 uIC2, cpo at X2-_h (3.4 Vp
= ( 2  

/' PNM - L 2N- M
e 22

and we note that C already appears in (2.5). The sin(2N+M)T/2 (3.14)
linear eigensolution (V= 0) takes the form " +M .

u A sin 2. u +C X (3.5) Clearly, similar first iterate equations and solutions
ln n %2' 22 In n 2 can be found for ju, and 1u. Since the procedure for

finding their influence is essentially the same as for
) 26 n n u2 , in the interest of brevity we will omit them in

n -n = n s i n %h , (3.6) the derivation and then simply include them in the
final results. Furthermore, for 1.2 the only case

tanh 
(3.7) of interest is M=N because c( 2 ) , 4C(l)

k26
+
Rh Substituting from (3.9) and (3.12) in both the

quadratic and cubic terms in (2.1) and (2.8)1 ,with
a(2.5) in the absence of O and %, while retaining alland since k 2 << I and A << 1, from (3.7),, we obtain terms of order 4A an conrtainingthtiedpnnc

ters o orer ~A~ and containing the time dependence

2 e
iw t 

only and employing some trigonometric identities,

%h = RT(I - 4k26 . R(3.8) for M=N we obtain the inhomogeneous differential

n 7- equationn r

E(I) -w2KX2 e iwt + 9 2A* 4
In the vicinity of a resonance, say the Nth, one c 1 2 2 -Ul, 2 1=2 1-6 YNANTh(sin V 2

term dominates the series solution of the forced vibra- i. 3 iwt
tion problem, and we are interested in finding the + sin 3 %X 2 )e i+ 82 (A N+ACN)Isin 2T6X2 e
influence of the nonlinearities on the Nth eigensolu- (3.15)
tion at the driving frequency w, which is near u4 . To
this end we systematically obtain the solution to the and homogeneous boundary conditions
nonlinear pure thickness vibration problem by system- -_ _r 2 3
atically iterating from the linear solution to successi 1) 2u +e 

26
C2p'h' 2U= - yAA;TL.(3cos %h

ive orders in the dominant but small amplitude AN.
Since we are ultimately interested in considering a + cos 3%h) - , (AP, +A CN)L. (1+ cos 2%h) e i
driving voltage and damping, we use complex notation. i' I + 2

I
2

t

From (3.5), we see that the zeroth iterate, which is
the linear solution, for the Nth eigensolution may be at X2= +h
written in the form for the second iterate 2u1 of the nonlinear thickness

s I e + ANe I , (39) problem. It should be noted that the right-hand side
ol nNX 2 2 of (3.16) is negligible because AN is small and

Th"Nn/2. Since we regard AN and % on the right-hand
the substitution of which in (2.2) yields side of (3.15) and (3.16) as presently unknown and the

sin T X2 term will arise as a solution of the linear
c(2) 222 1 2 3 2 12wt differential operator on the left-hand side, the

l N nX2 e2S I sin T X2 term is regarded as homogeneous and we say the
(3.10) iterate is corrected'

3
. As the Nth eigensolution of

the linear differential equation (3.15), we take

where the real part of the complex 
bracket is under-

stood in the usual way. Since the piezoelectric iu t
coupling and amplitude AN of the dominant displacement 2Ul uNe , uN =AN sinT 6X 2 + GN sin

2
X2

are both small, the influence of the external circuitry
on the nonlinear eigensolution can be shown

4 
' to be + LN sin 3TX 2 , (3.17)

negligible and can be ignored. In order to satisfy the
boundary condition (2.9)1, with (2.6)1, the solution of the substitution of which in (3.15) yields

(3.10) is taken in the form 2

2 ()%(I+ ) (3.18)

1u2  iBmsin %X 2e + I Csin %X 2 '  (3.11) 2 ,.
m m 16 02 fN r(.GN= 7 7.. r cPN LN= "- (3.19)

where the B, and C. are obtained from the orthogonality 8

of the sin TX 2 . We now suppose that at most only one where N+
term in the series need be retained for our purposes 2  9 2 *-l 2 ( l,)2
and write = 16 .. () A N A;~~L~ 1  31

lu 2 =CM sin V 2 + BMsin V 2 ei 2 
t (3.12) 2E(1) E (2) (2)E . (3.20)' c2: Z• (2(34F(20)E2)

where from orthogonality, we find Substituting from (3.*17), (3.19), (3.2Q), and (3.6)2
into (3.16), we obtain

'2 A31 2NANNM
2 C ( .) M - 2 2h(3 , (3.13(

where

and
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I2 cos 3TNh 32 2 fNrc2 cos 2%h 2 (l)N. N iWtPN: 24 cos %h 27 NTT cos %h u 1U(AN s i sin V2 + 9LNsn3V)e

K ~ in 3%hp 2 Xeit N ~* 4 iWt8 c2 s 2 +1e 26VXe + 2 Ul V2+ sin 3%X 2 e
9 N TTco s h ( c o s 2Nh+ l ) , 8 s i n -N 

h  
c ( 1 ) 2 h 2u u (

2 N
2  

4

2 NNr sin 2U rn2 2- I u- e2 iW
s16 '2c2 % 2 (3.22) + 02u1  sin 

2 
TVN2e (4.1)+ 27 N r s in "I Nh ' 2 = E (-- ) * I32) 2l

where M, and P. are given in Eqs,(3.16) and,(3.17) of

Since k 6 << , R << I and 4 << 1, the roots Thh of Ref.2, u, is given by (3.17) with AN , G, and LN and

(3.21) must differ from Nrr/2 by small quantities, say N ( 3 1 8k
2

AN, and we write UIu 1N(V) 3, = E'( 1 - n T2-2k

1h= (N,/2) -IN, N odd. (3.23) X2 +2
2h = 2ho 1- X X3"] ,(4.2)

Substituting from (3.23) into (3.21) with (3.22), h [l - 4 (
expanding and retaining terms linear in , we obtain o

23 r and we note that u, is a slowly varying function of X,

2 k 24N 32 'r2c2" (3.24) and X,.kT2 2 )2 T
It has been shown that the linear eigensolutions

the substitution of which in (3.18), along with of the associated homogeneous problem, i.e., of (4.1)

(3.20)1.2 and (3.23), yields the nonlinear eigen- without the nonlinear terms and with V=0, can be

frequency ; for pure thickness vibrations in the form written in the formF
'
1l

4k2 X
2  2

F=e NTTX 1 26
Ulnp = e

9 y 1 (' + A 2 2 64 nX2 inmpt
+ 16 (i) 4h 

2  
2 3 - .2 2 )ANANH s n X i t

(3.25) ( 3 sin- e (4.3)

and we recall that the influence of the nonlinear coef- where H. and HP are Hermite polynomials and

ficients k and 3 is not contained in (3.25) because
they were omitted in the treatment. Since we are 2= 2 2Z(1)/R., 2 2 2 (1) 3

=t n 7c /8Rhi3i, n T7 /8Rh P . (4.4)
interested in the driven nonlinear solution for the n n o n n n o n

contoured resonator, we carry the nonlinear solution
for pure thickness vibrations no further, i.e., we do The linear eigenfrequencies a,,p may be found from the
not obtain the driven solution for pure thickness relation

vibrations or present the dependence on 8j and 3. As 2 (c(1) 2 2 2 2 2
we shall see, the amount of the solution to the non- P p = (c nn T/4h )+ Y +P n (4.5)

linear pure thickness vibration problem presented in
this section is crucial for obtaining the solution to where
the problem of the nonlinear vibrations of the con- 2 2
toured resonator, which is presented in the next Ymn = n(1

+ 2
m), ppn n (1+

2
p), m,p=0 2 4secton.n n +pr , ,,, ... , (4.6)

section.

which are determined from the condition that the series
4. Nonlinear Vibrations of Contoured Resonators for H. and H, terminate and they be polynomials. Since

only the harmonics are of interest in this work, we
In the linear case it has been shown that the have 2 2

inhomogeneous differential equation for the forced 1 3

vibrations of contoured SC-cut quartz resonators driven -N "N " -
by the application of a voltage across the surface u1 = e e , m=p=0, W= 0 NOO (4.7)

electrodes may be written in a form given in Eq.(3.23)
of Ref.2. In view of that equation and the reasoning Consider the Nth homogeneous equation, i.e., the

leading to it and the solution to the nonlinear pure nonlinear one consisting of all terms not included in
thickness problem presented in the last section, it can the suma in (4.1) but with V=0, multiply by uN and
be shown '

4  
that, for a driving frequency w in the integrate over the entire surface to obtain the weighted

vicinity of the linear resonant frequency % mp of one average with respect to X, and X2 since the solution
of the families of modes associated with the Nth function in (4.3) is essentially the slowly varying
harmonic, the inhomogeneous differential equation for thickness solution. The weighted average turns out to

the nonlinear forced vibrations of a contoured SC-cut be most convenient because of the use of orthogonality
quartz resonator driven by a voltage across the surface in the forced vibration analysis. Then from the result-
electrodes, i.e., the equation for the second iterate, ing X2-dependent problem, by following the procedure

may be written in the form used in the pure thickness problem treated in Sec.3 we
2 n 2 n 2 2 (1) obtainu ou n r Zn  n .i p 1  n n _ n ] 1 .rc2 N N

LMn 2 2 u_ Uj GN 2 67 "2 E N N' N (4.8)
n2N 3)2uN

2--N^ iwt

+ MN N 2 - PM uIuNe

3
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N22 r2 8k 2+ 128 x 2 r C2 (i) where 2 2 0 2

1 2 8 2  A + + 4 2 r2 2
4h2  N 2T2 3 27 N 2

r
2 2 32 _(1) 4h2  F"() 2h2  c - 3J

S(1)2 2 ^  o 0 (4.19)

-2 EMNo 2T (4.9)
+ N00 4h2  ,4 and we have included the influence of the nonlinear

0 coefficients k and , which have been omitted fromthe

where derivation, as we said we would, and where
9 Y N. (4.10)
32 _(1) NAN r (41= (2E(1)/ (3)) [(E(3) 2E(l))/4Z(I)c rc3 2~/ )( -

In obtaining (4.9) we have used the condition - E (3))] , r cl
= 

- 2/3. (4.20)

V = N/2- aN , (4.11) Thus, for an w in the vicinity of U400 , the solution

can very accurately be written

which is analogous to (3.23), and from which we obtain

NTX e VX
2 k2 + NR - (A) 32 2rc2 (4.12) Ul sin T2 iwt 26 2 wte

N , 6 2 77-W N 2h0 NO' c(12h

in the same way that (3.24) was found. Substituting + e  N-1 X2
from (4.5) and (4.2)2 in (4.9), we may write 2 iwt 26 Kn 2 (- 2

c=-- e +- __ -- )--"-

+2 2 + N2  (4.13)
4h O N 2 where & must satisfy (4.16) with (4.18).

where In order to find the nonlinear relation between

2 2 (I) 2 h 0 N the amplitude A and the driving voltage V. of a typical
2 +T L1  

+ ) , reduced test circuit, we substitute from (4.21) into
oN00 N (4 (2.10), which is then substituted into0 N CN (4.14)

and we have employed (4.4) in writing (4.14). 1 c  (4.22)

A

We now write the steady-state solution of the 
e

inhomogeneous equation (4.1) in the form where Ae is the area of the electrode and I is the

u1 = NOO(AN sin %X 2 + 8N sin 
2 %X 2 + LN sin 3ThX 2)eiwt current, to obtain

I 22 1 +2)AVM(2
Ic 2h e 26 h--NOO (4.23)

+ ) H u H r"' sin ThX~e wt, (4.15)
n p nmP s n4 in which, for convenience, we have again replaced the

together circular electrode by the circumscribed square andN-l

and we note that we are interested only in the vicinity 
( 2 ) X --

of nonlinear resonance, i.e., when the term containing A =A e ( + h (-A) N

Z00 is dominant. Substituting from (4.15) into (4.1), 0 2
using the orthogonality of the eigensolutions in the 2 k 26

plane, then substituting from (4.5) for the linear k26 k2 (4.24)
terms and (4.9) for the nonlinear terms and then using 26 - 26
the orthogonality in the thickness direction and, as

usual, replacing the circular electrode by the circum- The equation for the reduced test circuit takes the
scribed square, we obtain form

2__2 N-I 4e26 2 2 (4.16) c (Rg+R L ) + V = ,  
(4.25)

c(N 2 M2NOO where R, and RL are the generator and load resistance,

respectively. Substituting from (4.23) and (4.25) into

and we do not bother to write any of the H
n ', because, (4.16), we obtain

as already noted, we are interested in the solution
only when w is in the vicinity of u00 and the NOOth N _2
eigenmode is dominant and all other eigenmodes are 

2

negligible and where 
4w2 ( 0(IOO + )

2rr erf A erf/ A LNOO- []

JNOO 52 T 'a 26 40ONNS0 2 26 V (4.26)
(4.17) 22k26 hLNOO c(1 ) LNOO 9

From Eqs.(4.10), (4.11) and (4.13), we may write

-2 2 2 * 2 (1) 2T 2h 2) and, as usual, we have replaced %40 e by a400, where

NOONOOWNA,
+  OO/2N (4.27)
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in which QN is the unloaded quality factor of the since 4C.see is not known for any other cut, including
resonator in the Nth harmonic family of modes. Equa- the SC-cut, such calculations cannot be performed for
tion (4.26) is the nonlinear equation relating the the SC-cut. Calculations have been performed using the
amplitude of the mechanical displacement to the gener- known values of the sccond order elastic, piezoelectric
ator voltage. Since (4.26) contains AN as well as AN, and dielectric constants of quartzis , the third order
we multiply (4.26) by its complex conjugate and after elastic constants of quartz and the above-mentioned
some algebraic manipulation obtain value of C565s for the AT-cut1 1 . The results of the

calculations are presented in Figs.2-7 and Table I.
[d2 + c2 2 2 All the results appearing in the figures are for a7[+c- 2(d+ ca)NOO0t+ (+ a) LNO a]42 =e e2rg

g nominal 5 MHz (actual 5.2 MHz) fundamental piano-convex
(4.28) resonator with a center thickness 2ho= .3282 mm, a

where radius of curvature R= 5 cm and an electrode diameter

A e22 (I + 2 2Y= 3 mm for a few driving voltages V., load resist-
67=ANA, g , a=W(Rg+RL) (l+k2 6)Ae, ances RL and unloaded quality factors QN. Figure 2

i2 2 eshows the amplitude of the current as a function of the
k 2 6 4 0 0  N2 ,e26_6 0  driving frequency for the conditions shown in the

W(g- ¢22 hLNoo 4w e = (1) figure. The response curve shown in Fig.2 is exactly
c2) LNOOv the same as the one that would have been obtained from

aNOO 2 2 2 2 0 0 a a linear analysis. This is a result of the fact that
C- Q+ a(w _ wN -b, d = w _N + - (4.29) the frequency scale used in Fig.2 is too large to show

N the nonlinear effect. Figure 3 shows current response
curves as a function of driving frequency for a few

A very interesting and valuable relation giving the driving voltages Vg to a small enough frequency scale
change 4 from the linear resonant frequency at maximum to exhibit the influence of the nonlinearity. The
current due to the nonlinearity can be obtained from middle curve is for the same conditions as Fig.2 and
(4.18)land (4.23), independent of the external cir- indicates a clear nonlinear effect in the vicinity of
cuitry, by noting that at resonance, V can be neglected resonance. The dotted curve shown in Fig.3 was
in (4.23) to obtain obtained from Eq.(4.31) and, as can be seen from the

figure, it goes through the maximum current points of
AN all the solid response curves shown in the figure.

c " ie26 T NOO (4.30) Figure 4 shows current response curves for a fixed
driving voltage V, and load resistance RL for a few

Then substituting U4O0 = 0o + 4 in (4.18), and employ- quality factors QN. Figure 5 shows current response
ing (4.30), we obtain curves for a fixed driving voltage V. and quality

factor QN for two values of load resistance RL.
Cal II* Figures 6 and 7 show current response curves for the

S cC (4.31) same values of RL and QN and two different driving
2wNOOe26"-NOO voltages for the first, third and fifth harmonics. It

is clear from both figures that the order of overtone,
i.e., value of N, has a significant influence on the

which is the complete equation relating the change in shift in resonant frequency resulting from the elastic
resonant frequency to the square of current. If the nonlinearity, as already indicated by Eq.(4.32). In
coefficients of the quadratic nonlinearities 1,2 fact, the figures indicate, as does Eq.(4.32), that
and S., which turn out to have a very small influence the value of N has a stronger influence on the shift
on the total nonlinear behavior, are neglected and the in frequency LN than the current Ic.
electrodes are assumed to be sufficiently large that
the error functions in (4.17) can be taken to be unity, A comparison of the coefficient of nonlinear
which is approximately true in almost all practical dependence of frequency on current obtained from the
cases, Eq.(4.31) can be put in a very illuminating complete relation (4.31) with that obtained from the
form. When the foregoing approximations are made and com te relto (4.3) i that in e fr tewe substitute from (4.17) I and (4.19) with (4.4) into approximate formula (4.32) is given in Table I for two
we substie ro n (different plano-convex resonators for a number of radii(4.31), we obtain of curvature of the contour for the first, third and

,N4 21 1* fifth harmonics. Both resonators have an electrode
9 cN c diameter of 3 mm. It can be seen from the table that

A e 8(32)2 (4.32) the agreement is much better for the thinner resonator
2 NNN NOOe26'o than for the thicker one. This is a result of the

fact that the confinement is considerably sharper in
which clearly shows that t. for the contoured resonator the thinner resonator than in the thicker one, as
depends much more strongly on the order of the over- shown by Eqs.(4.3) and (4.4), and both have the same
tone, than for the thickness vibrator or even the small electrode diameter of 3 mm. This means that the
trapped energy resonator3 . In hindsight this seems electrode diameter of 3 mm is much too small to be
obvious because in the contoured resonator the confine- practical in the case of the thicker resonator but that
ment of the mode increases rapidly with the order of it is fine for the thinner resonator. The table also
the overtone, which results in an increase in the shows that for the fundamental mode (N= 1) of the
amplitude of the mechanical displacement for a given thinner resonator the agreement decreases with increas-
current level. Equation (4.32) also reveals an ing radius of curvature of the contour. This is also
explicit dependence of 4, on the effective planar a result of the fact that for N = I the larger values
elastic constants MN and PN as well as a dependence on of R do not result in sufficient confinement to get
the radius of the contour R and the center thickness 2ho . nearly all of the mode under the 3 mm diameter elec-

trode. However, the table shows that for N'- 3 or
5. Results N- 5, the entire mode is essentially completely under

the 3 mm diameter electrode.
Calculations can now readily be performed for AT-

cut quartz since the fourth order nonlinear elastic
constant c656,, which appears in the expression for y
given in 12.4)1, is known' for the AT-cut. However,
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TABLE I

COEFFICIENT OF NONLINEAR DEPENDENCE
OF FREQUENCY ON CURRENT

__N5 /27'- 5.20 MHz^/,=RL- 5 ohms
"N /c, Vj= 0.3 Vo',ts

N= 1 N= 3 N= 5 Q = 500000

N=I

2h = .3282 mm*

R=5 cm 2.73x 106 83.6 x 106 361x 106

2.63 87.8 374

10 cm 1.83 43.1 182 Z

1.33 44.1 188 ~/
20 cm 1.33 23.2 92.4

.67 22.1 94.0

2h = .9846 mn**
0

R= 5 cm 2.19 18.8 55.8
.28 9.6 41.0

10 cm 2.01 14.0 36.7
.14 4.8 20.6 -75 -50 -25 a.O/27T +25 +50 +75

20 cm 1.88 11.2 26.4 FREQUENCY (KHz)

.07 2.4 10.3

Nominal 5 MHz fundamental Figure 2

* Nominal 5 MHz 3rd overtone 2Y = 3 m Current-vs-Frequency Response Curve for Large

Upper number from complete relation 
Frequency Range

Lower number from approximate formula

/L

U io/27T= 5.20 MHz
Rg=RL= 5 ohms
QN= 500000

o N=1

X2

12h'

.5 V

Figure 1 I

Cross-Section of Plano-Convex Resonator 
=

-200 eo/2T +200 +400
FREQUENCY (Hz)

Figure 3

Current-vs-Frequency Response Curves for Different
Generator Voltages for Small Frequency Range
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Diw/27T= 5.20 MHz QN=1,00o,00o
Rq=RL= 5 ohms
Vg= 0.2 Volts

o N=l
?3,/2Th= 5.20 MHz
Rg=RL- 5 ohms

00 Vg= 0.2 Volts
500,000 ON= 500000

Z Eo /N=1

Uj

5

-ico -50 wIo/ 2? +50 +100 F100Q-50CYo (Hz)
FREQUENCY (Hz) FEUNY(z

Figure 4 Figure 6

Current -vs-Frequency Response Curves for Different Current-vs-Frequency Response Curves for the First,
Quality Factors Third and Fifth Harmonics

0!

D,./2r~= 5.20 MHz t
Vg= 0.2 Volts 6&,oo/27n= 5-20 MHz

00t N- 500000 Rg=RL=5 Rg=RL= 5 ohms
N =1 Vq= 0.3 Volts

100 - Q = 500000 N=I

ZI

3
5

-100 -50 NO~o/ 2 i +50 +100 -200 @0/7 20+0

FREQUENCY (Hz) FREQUENCY (Hz)

Figure 5 Figure 7

Current-vs-Frequency Response Curves for Different Current-vs-Frequency Response Curves for the First,
Load Resistances Third and Fifth Harmonics
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ANALYSIS AND DESIGN OF COUPLED MODE

AT REUTANGULAR RESONATORS

Joseph I. Tomase and Lawrence N. Dworsky

Motorola, Inc.

Schaumburg, Ill.

ABSTRAiT This analysis is a simplified form of the analysis

presented by Milsom, assuming a fully electroded plate
A review of the predominant vibration modes of rectan- which is clamped at one end.
gular AT quartz resonators "strip resonators") is
presented, including the implications of coupled mode
interplay to device design. COUPLED MODE EQUATIONS OF MOTION

\ three dimensional mode-matching theory for AT strip For the rectangular cross section of a bar of AT-cutresonators was presentedl by Milson et al!. in 1981.1 Frtercaglrcosscino a fA-u
Swas p tquartz, as shown in figure 1, Newton's Law and Gauss'

ilsom expressed the acoustic displacements as the Law may be written in the following form, assuming
Iinear sum of partial modes, each mode having a wave that u 0.
number whose components in al three directions were z

in general complex. This paper develops a simplified
version of Milsom's model which, bV scaling the equa- aT 6T
tions as shown bv Mindlin in 108?. contains all real 11 . . Pax (1)
equations.

2  
Since free-edge boundary conditions can- 6x Vy

not he satisfied usin4 a finite number of modes, a
',alerkin form approximation is used at the (X) edges. aT 12  bT 22  (2)

Ax cy Y
computer program has been written, based upon this

model, to be used for the design of AT strip resonat-
ors. 'he model's predictions are shown to be in good 6D y 0 [3)
agreement w;th experimental data. x 6 

8
y

T, p, u and D are respectively stress, density, parti-
iNTRODUCTION cle displacement and electric flux density. The con-

stitutive equations may be written as,

T!ie ever ncreasing demand on the crystal industry
today is for devices with reduced size, improved elec-
trical a-I frequency-temperature performance capabili- T 1 cL '  • '14n - eu IuO (4)
ties, tf-e ility to withstand shock levels in excess 8x ) Z )x

of ten thousand 's. and last but not least, low cost. ,
As a result, much interest is being directed towards T2 T21 r 56x
the miniature AT rectangular resonator. The operation 6z b x /

of these devices however, involves an interplay between
the desired funfamental X-thickness shear mode and . e 260 O 30 5)
o ther vibration nodes. 2Y 36

z

!r has been demstrated b-; Mindlin and more recently T2 2  l2- x c22 28 - 0 (6)
i l,. Nilsom et al.- that the flexural and face shear Cx - y ax

nodes are never "ut r ,fi 3,1 Therefore tor fundamental
mode ,7 rec taaIilar r-,,snators, coupling to these two Dx e 8 x -e 8u4). -,1 _1 (7)
Modes must be avo)ided. '..nen one of these undesired Fx v 14 z x
mo-le s i e x ited, considerable energy transfer can 8u
occur. This ,,ill result in a decrease in the resonat- D ' e 2 54'_ e 2  Y - 22 -)

(,r's motio, nal capacitance with a corresponding increase z \6 8y 8z
in its rmtinnal resistance, and will also cause a
-han c , ;-:the frequency of resonance. This coupling

,-n he avoided however, h modeling the coupled mode whore c, e. and 0 are respectively the elastic con-
-sytem ,f the AT rectangilar resonator, th,is enabling stants, piezoelectric constants, dielectric constants

o f, ermination ,f the proper design parameters, and electric potential, and u and u are each func-
e proper re-sonat-,r width to thickness ratio). tions of x, y and z.

* -fl"n ext,-nded the theory of flexural motions to AT The homogeneous boundary conditions for an unclamped
3 iartz platis and determined that. "the resonances in and unelectroded piezoelectric resonator are as
ao--ed olat enmmonlv designated as thickness-shear, follows:
or thikness-shieir ovcrtr~ne-, are simply lo(al regions
in tre spe-trum of flexural resonances over which the
frerlien v does not hanrge ;i rapidly as elsewhere, with At x ( A At y 2
'ha-i,4,- of plate dime.nsions. 

3  
If' also stated that face

-hear vihratir, 0 are stroungst ahen flexural vibrat ions
are sxcited, the-refore tIle a--oidan(e of X-thickness TI 1 T12 0
shear to I ex r. I mode coupl Il m4 i I I also resiul t in the

av,,idanc ,,f -nup Iing to rh, fa,'- shear mode. With

hi s p-i n i n mind. he fnl lowing formul at ion wi IT2 l T22 0
mo,-l X-th i(kness shear t, f lexur.i I mode coup i ng, only.

x
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Since electrodes on the X-Z surfaces produce a y- (c c5), 2c and 2c coefficients (of terms

directed electric field, then as shown by Tiersten, dierentiat ed with respect to z) will be assumed
all potential and electrical variations with respect equal to zero.

to x and z may be ignored.
4  

Therefore equations (1)
and (2) may be written as, Since the rectangular resonators which are being mod-

eled utilize a cantilevered mount, the boundary con-

2 2 2 ditions on ux and uy will be approximated by,
c ux  c1 2 * c6 6  u I ( c 4 + c5 6 ) u

Xx y 3xuz u = ux = 0 at z = Lz  (17)

2 2 2 2 z (z

c u c du c u2c56 3 x 66 x ux 5 e26 a
6yaz 2 2and,

2 u = u = 0 at z = 0 (18)
x

and, Therefore it will be assumed that,

56) 2 (c c 2 c6  2= usin z (19)c56 - c,4) x  (66 ul)) x  c66 8 uY Lz

ax~y 8 ×By 6x 
2

and
2 2 2

c c22 6 2 2 24 1 2 + e44  u2
%2. ayz 6 2 u = Uy(X,y) sin/n z (20)y z 2-z /

S2 2
u 0 (10)

x26  y where, n = 1, 3, 5,

where. Therefore equations (9) and (10) may be rewritten as,

2 2
0 = e 2 6 u x 2(2 22 e22 a u

2  
1 c11 a

u x
+ (c 12 ' 

c
66 

)  x c66  u

6.
2 

62x2Y 3y_
2

Using the values for the elastic constants as presented

b2 Fenton et al., for right-handed, 35.25 degree, AT- / 22

cut quartz, the coefficients of the terms of equations -c55nU
=  (21)

(0) and (10) which are differentiated with respect to 42

z, normalized to c 66 become as follows.
5  

L

/ 2wher C e26

c14 -c56= -0.04 (12) wherec 6 = 66 e 2  , and

c66 222

(C66 c12) 2 u' c6 6 a u c22 a u

2c56 0.17 (13) axay ax 2  ay 2

66

_-c44n 22 PQ2uy 0 (22)

- 2.37 (14) 4L
2

55 z

66
where (21) is the equation of motion for the X-
thickness shear modes, and (22) is the equation

2c 24 0.39 (15) of motion for the flexural modes. For these two
equations, the sin nTz\ term has dropped out and

66 thus, (2Lz/

c 1.33 116) u x  u (x,y) and u - u (x,v) (23)
44x x y uy

c66

Therefore the z-dependency of these equations resides

in the

Since 1.7 is much longer than Lx and Ly. it may be
assumed that ux and u y are slowly changing with respect

z. and therefore in equations (9) and (10), the
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2 22 /2 2
-c5

n a and -c44 n ff coefficients. - C4 4 n nt - c2 2  2 -c663

41.L2  4L 2  4k 2 L2 )

z z

Equations (21) and (22) are a pair of linear, coupled 2 2

second order partial differential equations, which must 19,02 A y 0 (30)

be solved. O1 02

The y-directed electric field results in a predomi-nantly X-thickness shear solution u , which is odd in
nanly. o t e soh-earolution ust e whichven in Expressing equations (29) and (30) in matrix form gives,

Y. For D to be non-zero, ux must ge even in x.

ThereforeyI

u = A cos(k 01IX) sin(ko 0 2y) (24) qi Ax

0 (31)

where, k 0 _ " (25)

Therefore u , a predominantly flexural mode solution,

will be eve?; in y and odd in x. Therefore, where,

u = A sin(k131 X) cos(k 0 02y) (26) wh

l' = P - c 5 5n n - c 1 1 1 - c 6 6 03 2  (32)

Substituting equations (24) and (26) into equations k 04k 2 2

(21) and (92) results in, = -(c12 + c 6 6 ) (33)

12 ' 66 1 2/
2 2 22 2 2Cl131 - 6602 pC

2  
c 55 n2 2.Ax -%= (C 12 'c66) 0, 1 (34)

k44n2k2 L22
4- -c 6 6 13 -1c 2 2 f3 0j 1 2 135

_(2 c6 6 )f 1 3 2 A - 0 (27) 2 2L
c6082y \k2 4k 0 L'

Let,

and
AAN (36)

-) ,)32(c66 ' c12) Ax 
/ 

(36)

2 2 2 2 2
P - c4 4 n - c2 2 )32  - c 6 6 1) A 0 (28)

k2 4k 
2
L
2  Therefore all coefficients in the matrix as well as AN

O z are real. Nontrivial solutions are obtained when the
determinant of the above matrix is zero. u x and u

can now be written as the linear sum of two terms.
Multiplying the Ay term in equation (27) by 0i02 In order to satisfy the boundary conditions, coeffi-

results in, 00112 cients B N are required.

2_ - 2 2 2 u = 2 BNANAYN cos (ko 131 X) sin (ko 2Ny) (37)

C - c66 2 P Wi - 55
n  A N=' 131 2N

k 2  4L~k2 A 2
Uy N=; BNAYN sin(k 0

lx ) 
cos(ko / 2NY

)  
(38)

12 c, 6 ) 
1

2(/;.2). 0 (29) Multiplying both sides of equations (37) and (38) by

P1 gives,
yN

Multiplyng the A y term in equation (28) by 1 2 As

ultiplin they U1102 1 BNANcos(ko lx)sin(ko 2 Ny) (39)

a:,d both sides of equation (28) by 1 AyN N I 12N

2

212 ( )A Uy3 1  = , BN1lisin(ko
1

lx)cos(ko132Ny) (40)

1- 2 66 N=1
AyN
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From the boundary conditions at v L 2 ( 1 2
2 

= 
( 2 12 ' )3 2 2 C2 2 )si (49)

T12 c 16 au x  c., dul 0 41) 2

-x 022

and
Therefore all coefficients in the above matrix as well

T22 )12 x C2 dU 0 ,42) as /BI) are real.

ax 43VB2

Substituting equations (39) and (40) into equations In order to match the boundary conditions on x,
(41) and 142) gives, another set of arbitrary constants, CM , are needed.

2

c6 4B A cos(ko)ix)sin(ko u O Ml) BMNANSn (k0
8
2MNY) (50)

'341- 21- N= 1 2MN

B 2A 2cos(k OX)sin(k 0 8 2 2 Y) uy = Y CM IMsin(ko IMX) Y' BMNCOS(k0 2MN y )  
(51)

022 
=

At x = LI

C 66_a B1 6 1 sin(k(3 1 x)cos(k0 021Y )  
2

and

STI 11 ci1 aUx i c 12_n_ = 0 (52)

B2 9lsin(ko,1,x)cos(ko 2 0 141) 11x cly

and 
T21 T 12 = '66aux c 66

._uy = 0 (53)

c12  B 1Acos(k0oiX)sin(ko321y) By ax
BX2 (--321

Substituting equations (50) and (51) into (52) and
(53) gives,

B2A2cos(k)0 1x)sin(ko3 2 2 Y) LI 2 2 A

0322 ) 1 1 = ' Msin0ko31M 2 Y- BMN~c 1101M HN
M RiM N=I

.C 2 2) sin(k (y
c 22 -~-1 (31sin(k0 t3,x)cos(k 0 2 1 y) 12191M 02MN ~ 0192MM - 0 (54)

ay (02MN

B2 13,sin(ko0 (3x)cos(k0 32 2 Y) 0 (44) and

/T

Differentitating, equations (43) and (44) become, in 12 I CMc IM BMN(66AM
matrix form, '

fi B1  *c66 1$M)COS(ko 2MNY) = 0 (55)

= 0 (45)

B 2 Because T11 and T12 cannot be satisfied exactly for
all y using only a finite number of modes, a Galerkin

form approximation will be utilized. Since T11 is

where, odd in y, and T12 is even in y, then

2 inr y " 2
6 (A6C 6 6  1 66) P21(46) 2

2) f T1 Sln(k0 y)dy = 0 (56)

(A2c6 6  9 ( 1c6 6 )co
s 

0 2 2  (47) -L2

2 L 2

2 2

c(AC2  )321 c22)n 2 (48) T12 cos(koy)dy = 0 (57)

-2

021 2
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L2

Integrating equations (56) and (57) results in, where 0 = at y = 2 Solving equation (67)

for a2 and integrating twice with respect to y,
FGIMI[CM] = 0 ( 2

ay

= e26  u y A(x,z) (68)where. f)
2

sM2- 1 6MM tin ______ IMLI NN(c At A L2

82MN 2

.8 1M ~=e 2 6 u (x, L 2) sin Lz L2 A(x,z) (69)

•12 _L 7

c f 3
2  2  si n/' 2 M N ~ si6fl4 2 z /

1? 0 1 02MN 2 (59) and thus,

62N f32N A(x,z) = 2 26 u x,'
4  

s in~n (70)

and Differentiating equation (68) with respect to y, then

k 2_e [ix(x,y) sin {n Lz

2M= cos 0 lm BMN(c 66AMN c6 6
2  ' 26 7 zA . A(x,z) (71)

sin[ 2 {2MN s ] [ sin _7 2mn * ] (60) y 22 y

02MN - 02MN which may be rewritten as,

- 4 ~ ,z) ~ i, (x,ysn{--L_ 4220 (72)22A e26__________

Nontrivial solutions result when, 
8y ay

det [GIN] 0 (61)

L TM( Comparing equation (72) to equation (64) gives,

Choices of oi which satisfy equation (61) are reso- D = - 4 A(x,z) (73)

nances of the crystal. y 22

and thus,

MOTIONAL CAPACITANCE AND ENERGY Dy _ u ( L2 ) sin (74)

The capacitance between two isolated conductors is y 2  2L

defined as,
Substitution of equation (74) into equation (63) gives,

(62) Lz LI/ 2

where 0 is the charge on one of its conductors and V Q .L n-in[-'--z
is the potential difference between them. 

For the

electroded rectangular piezoelectric resonator, 0 -L 2 LU

Q 
= 
ffDyds (63) The energy stored in a capacitor is given by,

F W = Cv2  (76)
From equation (8), and once again neglecting all poten-

tial and electrical term variations with respect to x which may be written as,

and z, then

D~~~ = a x -k2 w %v (77)
Dy = e26 00 - 22 95 (64)

1y a y Now since equation (62) may be written as,

Now, 2 (78)

VD= p free 
(65) QV

the denominator of equation (78) is just equal to

but since Pf re0 for quartz, twice the stored energy in the capacitor.

VD 0 (66) The motional capacitance of a piezoelectric resonator

is that portion of the total device capacitance which

therefore, arises from the mechanical vibration of the quartz

2 2 itself. Now since the total stored energy in the
V'D = e U - 2 8 = O (67) system, W, equals the maximum kinetic energy, T,

Y 26 by 2 22 of the system, then,

1y 8y
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seen that values of x for which the T 2rati os are

W = T =mv
2  

.2( dV (79) LT3 I
Y y large, (where again T is the energy in the X-thickness

shear mode and T is Ehe energy in the flexure made),
Therefore upon substit;ition, and since QV W, correspond to resonator width to thickness ratios which

L, L: L, result in minimized coupling. Examples of the impact

2f -a u2 2of this mode coupling on resonator temperature perform-
2 = u w 2)sin2,j d. dy d, (80 ance can be seen from figures 4 and 5. The experiment-QV f u y x Y -zJ ally determined frequency-width pairs are typically

0 -La -L, .0005" to .001" less than the computer program's indi-
- cated optimum frequency-width pair.

Now since, CONCLUSION

C = -

mot QV (81) A simplified version of the Milsom model has been de-

6 veloped which, by scaling the equations as shown by
then, Lz L Mindlin, contains all real equations. The formulationa models X-thickness shear to flexural mode coupling

42,rLf L 2,.io, 12 only, and assumes a fully electroded plate which is
sr- dx dz clamped at one end. Since free edge boundary condi-

'mot = L La LL tions cannot be satisfied using a finite number of

L 2 z-W --T (82) modes, a Galerkin form approximation was used at the
(u2 u2)sin2n W(X) edges. Expressions were developed which relate the

0 _
-
_ -L, y x dy dz Lx, Ly and Lz dimensions of the rectangular resonator
a - z to themotional capacitance, and the resultant energies

in the X-thickness shear and flexure modes. A computer
which may be written as, program has been written based upon this model, and its

predictions were shown to be in good agreement with

2 L experimental data.C = 
4
ez6 8L TI (3Cmot 26/- zl--(83)

p L 2  ](T T3 ) REFERENCES
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A computer program has been ,ritten based upon this
model, to be used for the design of fundamental mode
AT rectangular resonators. The program predicts
resonator width to thickness ratios which result in
minimized coupling between the X-thickness shear mode
and the flexure mode, thereby resulting in activity
dip free temperature performance. The computer
rrogram's output is graphically represented
in figures 2 and 3. From figure 2 it can be
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HARMONIC AND ANHARMONIC MODES OF AK-CUT CRYSTAL RESONATORS

Ferdinand Euler and Alfred Kahan

Solid State Sciences Division
Rome Air Development Center

Hanscom Air Force Base, MA 01731

Summary

We report static frequency-temperature charac- o
teristics, f(T), for doubly rotated quartz vibrating in g0 Z
thickness shear c-mode with angular combinations 30
-t 46.10 and 210 < e < 28.440. The f(T) of these 9
orientations are similar to AT- and BT-cuts and, in

good agreement with theoretical predictions, have turn-
over temperatures between 80 and 115 °C. These turn-
over temperature values are relatively insensitive to
crystallographic misalignments. Compared to the funda- 60
mental mode of vibrations, the 3rd overtone shows a
larger number of modes and the resonances are weaker.
There are also indications of activity dips and cou- BT
pling with spurious resonances. The frequencies of the

harmonic and anharmonic modes are in fairly good agree-
ment with calculations based on a trapped-energy reso-
nator model, including effects of coupled thickness
shear and thickness twist vibrations. Computations

indicate that for several orientations the 3rd harmonic
is seriously affected by interaction between the a- and 0

c-modes. This leads to exponentially decaying vibra- 300
tions and impaired energy trapping.

Key Words: Quartz, Crystal Resonators,

Frequency Standards, Vibration Spectra

Introduction

In previous publications
1
'
2 
we described the

existence of a set of doubly rotated quartz orienta-

tions for thickness shear mode of vibrations. These 00 _y
crystals have turnover temperatures, T , in the range 0

of practical interest for ovenized oscilators, and0

possess static frequency-temperature, f(T), character- 30

istics similar to AT- or BT-cuts. At the same time,

the T values of these crystals are relatively insen-
sitive to crystallographic misalignments. We designa-
ted these quartz orientations as the AK-cut. Figure I Figure 1. Synopsis of singly and doubly rotated quartz

shows the crystallographic positions of these cuts re- orientations utilized for precision resonators. The
lative to the Y-, X-, AT-, SC-, and BT-cut orienta- AK-cuts are depicted by turnover temperature isotherms,
tions. For T of practical interest, the AK-cut occu- demonstrating low sensitivity to crystallographic

pies the crysiallographic region of 3 
0  

% 450 and misalignment.
200 $ e % 290. We show three calculated T iso-

therms, 80, 100, and 120 
0
C, respectively. Rth the

AK-cut, a T o tolerance of 5 0C requires an angular high degree of confidence. We developed an automatic
precision o 

0
a few degrees, rather than the minutes or frequency scanning technique which enables us to track

seconds of arc necessary for the AT- or SC-cuts. The the mode spectra over a large temperature range. We
AT-, SC-, and AK-cuts are applied in the slow shear recorded anharmonic f and f frequency spectra and
vibration mode, the c-mode, and the BT-cut is utilized find that, compared to mhe fundaental, the 3rd over-
in the fast shear vibration mode, the b-mode, tone modes exhibit an abundance of anharmonics, spurn-

2 ous resonances, activity dips, and in some cases, no
We reported experimental f(T) of seven orien- clearly dominant resonance which can be designated as

tations, measured on 10 MHz 3rd overtone quartz resona- the main 300 mode. The interfering spurious modes have
tors, vibrating in the lowest fundamental or 3rd harmo- fast moving f(T) characteristics and strongly couple
nic, f40 0 or f30 0 ' respectively. The measured f(T) and when they cross major resonances.
T_ values agree well with theoretical predictions. In
ths publication we show data of seven additional ori- The analysis developed by Tiersten and
entations. Based on the experimental confirmation of Stevens for contoured SC-cut trapped energy resona-

calculated T for 14 orientations, one can now define tors, which includes the effects of coupled thickness
angular combinations for specified Tto values with a shear and thickness twist vibrations, has been applied
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to calculate f values for AK-cut orientations. For
most orientation the analysis predicts harmonic and
anharmonic mode patterns, and these agree well with 10920
measured values. For other orientations, calculations f(kHz)
yield complex f3  values, indicating that these vibra- t(4°2 °

tions decay and 3?Ril to trap the energy. This lack of

energy trapping agrees with measured weaknesses of the
3rd overtone modes.

Experimental Procedures
10915

The quartz resonators utilized for this study
were fabricated at Frequency Electronics, Inc., as 10
MHz 3rd overtone plano-convex units having a blank dia-
meter of 13.8 mm (0.550 in), radius of curvature of 50 100
30.285 cm (1.75 diopters), mass loading of 0.0029, and

maximum crystal thicknesses between 0.55 and 0.64 mm.
In Refs. I and 2 we presented f(T) and Tto results on 1000

seven combinations of rotation angles (4 ,G ). For R(ohms)
this study we selected an additional seven orientations
with the aim to cover the crystallographic region pre-
dicting T values of practical interest. The Miller
indices o°the lattice planes used to fabricate the
resonators included [1i11, [322], [323], [211], [212],
and (3121. For each orientation 6 resonators were
fabricated in one batch and under the same conditions. 100

The resonators are placed in a heater and con-
nected through a U-network to a network analyzer with a
dynamic range exceeding 100 dB. A programmable synthe-
sizer, with the upper limit at 13 MHz, provides a step-
wise variable frequency. Temperature is measured with
a thermocouple attached to the resonator enclosure and T(°C)
connected to a digital thermometer. A programmable 10
temperature controller provides linear ramps with ad- 50 100
justable rates, e.g. 0.2 or 0.4 0 C/minute. A data bus
connects these components to a desktop computer andprinter for automatic data recording. Figure 2. Frequency and resonance resistance as afunction of temperature for b-mode, showing frequency

Resonators from each orientation were fre8 uen- jumps and resistance peaks.

cy scanned first at room temperature and near 150 C
for resonance modes between 3.3 and 13 MHz. This scan-
ning range includes all the fundamental and the 3rd taking about 45 seconds for each sweep. As the tempe-
overtone c-, and b-modes, as well as the fundamental a- rature is ramped with 0.4 0 C/min, the sweep is re8eated

modes. The scanning is performed typically in steps of at predetermined intervals, for example, every 5 C.

5 Hz and is set to detect resonances exceeding 2 dB The resulting mode spectra are automatically plotted
above the parallel capacitance background. The major after each measurement and recorded on tape for later

resonance modes of interest are then individually data processing. Figure 4 shows an example of such a

tracked between room temperature and 150 
0C, with tem- plot for orientation (40.9, 23.55), frequencies between

i o9.97 and 10.03 MHz, and temperatures between 30 and 150perature intervalsC. This is the frequency region where one would
frequency, resistance and motional inductance are

determined. In this case, the controlling program expect the strong fR00 resonance. Instead, we find the

calls for repetitive frequency sweeping through the region infested wit spurious modes, resonance

series resonance in small frequency steps. Selected strengths transferred between adjacent modes and rising

5th overtone frequency scans and temperature tracks and falling as a function of temperature, and this re-

were also made with a high-frequency network analyzer. sults in a complete obliteration of the major mode.
This type of a graphic display is of great assistance

Figure 2 shows the frequency and resonance in tracking several mode amplitudes and frequency posi-

resistance data obtained from this type of measurement. tions simultaneously as a function of temperature.

For this particular resonator, in the temperature range
between 50 and 100 °C, the b-mode contains three mild Results and Discussion

frequency jumps but strong and narrow resistance loss
peaks. Figure 3 shows on an enlarged scale the 55 °C Figure 5 shows calculated T isotherms be-

loss peak strength in 0.5 °C intervals. We note a fast tween 75 and 160 0C for c-mode vibratons as a function

moving spurious mode through the major resonance and a of rotation angles (4,e). The T calculations for

corresponding decrease in peak height, the AK-cut are described in Refs. I°and 2, and are
based on the temperature coefficients of elastic con-

In order to determine more accurately the in- stants derived in Ref. 4. These calculations do not

fluence of activity dips, coupling of spurious modes distinguish between fundamental and overtone modes.

and major resonances, and interaction of major modes, Figure 5 also shows the experimental Tto values of the

we automated the frequency scan as a function of tempe- 100 modes for all 14 orientations. The agreement be-

rature measurements. The frequency is swept in 1500 tween prediction and measurement is reasonable, consi-
dering the fact that the temperature coefficients ofsteps to cover frequency ranges of up to 100 kHz, elastic constants utilized for these computations are
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- ~ ~55 5 Figure 5. Calculated turnover temperature isotherms/ for AK-cut. Measured values in degrees centigrade are
indicated next to the experimental points.

, / constants, as well as the frequency separation of the
b- and c-modes. Based on these results, we feel confi-

dent that the major claim for the AK-cut crystal, angu-
lar insensitivity of T in the temperature range ofto

Figure 3. Interaction between b-mode and fast moving interest to ovenized oscillators, is substantiated.

spurious mode for the 55 C resistance peak shown in

Fig. 2. For the AK-cut, similar to other doubly ro-

tated cuts, we expect intricate anharmonic mode spec-
tra, especially for the overtone modes. The practical

development and utilization of the AK-cut will depend
"-, on the frequency separation and strength of the b-mode

-- 7. r-- 301c and nearby anharmonic c-modes. The experimental 3rd
overtone 10 MHz AK-cut resonators were fabricated with

diameter, contour, and electrode dimensions and thick-

- nesses developed for the SC-cut. Best results for an
AT-cut are obtained for the 5th overtone 5 MHz resona-

-- 1. 1. tor. The ideal geometry and configuration for the AK-

S Ii ---- cut resonator has not yet been determined. In order to
- .obtain some insight for these parameters, we measured

all resonators in the fundamental, 3rd overtone, and

for two specific cases in the 5th overtone.

_d' Tiersten and Stevens developed a formalism4 T ° for the SC-cut contoured trapped-energy resonator,

- which includes effects of coupled thickness shear and
thickness twist vibrations. This analysis predicts

=409-' very well the harmonic and anharmonic modes of the
'singly rotated AT-cut and the doubly rotated SC-cut.

0-23.55' In principle, it is also applicable to other cuts. We

' 1applied this formalism to calculate the harmonic and
anharmonic f for the AK-cut orientations, and find
that for all AK-cut angles the lowest frequency, f

9910 10000 I1kHz) 10030 is consistent with the value calculated from the 42
quency-thickness constant. Table I shows the calculated
frequency separations of the lowest anharmonic modes

Figure 4. Temperature track of 3rd overtone mode from f.10 for one selected orientation, (36.58, 26.0).

spectra for (40.9, 23.55) orientation. For symmetric crystal configurations, m and p values
are restricted to even numbers. The 102 mode is situa-
ted approximately 80 kHz from the 100 mode, and the

derived from temperature coefficients of frequencies of higher inharmonic modes appear in two doublets, fol-

crystals with vastly different angular orientations lowed by one triplet. The frequencies, for the range

than the AK-cut. Also, there is good correlation be- of AK-cut angles, vary within a few kHz of the values

tween calculated and measured frequency-thickness shown.
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Figure 6. Fundamental c-mode spectra for 14 AK-cut crystal ( ,O) orientations. Triangles indicate calculated
mode frequencies.

- f Several orientations show measured modes in

Table 1. Calculated fImp 100' in kHz, for AK-cut frequency regions not predicted by computations. Most

crystal orientation (36.58, 26.0), 1.75 diopters, and noticable of these are two weak, but not negligeable,
mass loading 0.0029. "in-between" resonances, located 40 kHz above the 100

and 102 modes, respectively. For the (33.0, 24.44)
nmp: 102 120 104 122 106 140 124 108 orientation we measured the mode spectra of all availa-
Separation: 81 150 160 228 237 294 303 313 ble resonators, with a 2 dB floor, and find that the

two extra resonances occur only in two of the six

units, while the other four resonators show only the
100, 102, and a very week 104 mode. Subsequently, we

Figure 6 shows the fundamental mode frequency measured the mode spectra of the 6 resonators for other
spectra for the 14 orientations under investigation, orientations as well, and find similar statistics, that

The vertical bars indicate the measured amplitudes, and is, some do and some do not show the additional modes.
their horizontal spacing shows the measured frequency For (40.9, 21.0), they occur in 5 of 6 units. We con-
separations relative to f O0" The triangles represent clude, that the extra modes are not intrinsic to the
the calculated f values. For all orientations, the AK-cut orientations, but are related o fabrication
102 mode assignmenF is reasonably accurate, within 5 processes affecting crystal symmetry.
kHz, and the 100 and 102 are always the strongest and
second strongest modes. The higher inharmonics have We also carried out f, calculations and en-
weak measured counterparts, and specific assignments countered the following peculiarty. The coefficient
are rather uncertain. For orientations with the lowest
T , 80-85 

0
C range, the resonance resistance values of n defined in Eq. 3.16 of Ref. 3, contains the ex-

th 102 mode are 3.7 to 12 times as high as for the pression C - cot(KnW/2) in one of its terms, with

corresponding 100 mode. It is then anticipated that an K - /cc, where c and c are the wave velocities of
oscillator can be operated in the 100 mode without spe- t c a c a

cialized circuitry to suppress the 102 mode. Similar- the fundamental c- and a-modes, respectively. Values

ly, for these orientations, the frequency separation for K range from 0.58 to 0.73. For K - 2/3 and n - 3,

and relative strength of the b-mode do not seem to be a C - *C. Below this pole, C is strongly negative,

problem, makes imaginary and f3  complex, and it indicates

that tenvibrations decay eponentially and the energy
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Figure 7. 3rd overtone mode spectra for 14 A-cut crystal n orientations. Solid bars are the c-modes,
dotted bars are spurious modes, and the triangles show the calculated mode frequencies.

is not trapped. This is the case for all orientations ture. This enabled us to distinguish two kinds of
with 36' <, 4 <, 38.50 and (34, 28.45). For (40.9, modes. The solid lines denote 1.c-type" vibrations,
21), we calculate K = 0.667, that is, C is very close that is, they have T a The dotted lines indicate fast
to the pole on the positive side, and it yields very moving modes which do not appear to have turnovers, but
high values for M and f . With higher angles, K exhibit reasonably well defined f(T) curves. However,
increases, C moves away trm the pole and the frequency they are not the higher frequency b-modes.
spectra return to more normal patterns. This peculiar
interaction between the c- and a-modes indicates that For e- 40.90 we do not observe turnovers for
the 3rd harmonic may be undesirable for operating many any 3rd overtone mode. In addition, all resonances are
of the AX-cut orientations. also seriously affected by strong coupling with spu-

rious modes. 0oFigure 4 showed an example of this behav-
Figure 7 shows the room temperature 3rd over- ior. At 30 C there is a series of weak modes, and one

tone mode spectra for the 14 orientations and indicates fairly strong resonance near 10014 kHz. As the tempe-
the position of calculated e3p The mode sequence, rature rises, hpolver, this mode becomes weaker, cou-
and their relative separation, are more angle dependent ples to several rious modes, and its identity be-
than their f counterparts and are influenced by comes confussd. 3mp mode spectra shown in Fig. 7
proximity to'HRe pole in C. There is fairly good a- for4' - 40.9 I milarly affected by spurious modes.
greement between calculated and measured 300 modes, but This obliteration~ of c-modes can be understood as a
there are substantial deviations for the anharmonic physical manifestation of highly negative n and sup- 3
modes. Most of the spectra are for resonators that did ports the theoretical results of Tiersten and Stevens.
not exhibit the two additional fundamental modes, and
in this respect we expect that they also be the The difficulties encountered in calculating
1.cleanest" in the 3rd overtone. Compared to the funda- the 3rd overtone do not extend to the 5th overtone. We
mental, the number of observed modes are more numerous calculate real 5th overtone spectra for all angular
and harder to assign. The nature of the modes 0was in- orientations, except for (46.1, 23.55), where we ap-
vestigated by measuring all resonators at 150 0 C, and proach another pole of C expected for K- 4/5. Figure 8
also tracking selected modes as a function of tempera- shows observed and calculated mode spectra comparisons

154



Table 2. Turnover temperatures Tto and resonant

I 20 d8 frequoencies f u f major modes for fourteen AK-cut
I crystal orienttons.

I iI pi teta rim fudaental nmp :r oErtH Iii 100 kHz p7 e Tm f u T f T
, .ii IIi 1 ____ _z fto to to to

M kHz C ktlz C

( 40.9. 27 ) 30 24.45 100 3405 144 300 10073 172
102 3494 102 302 10166 160

320 10206 193
33 24.45 100 3381 95 300 10003 108

3425 85 302 10094 125
M l'34 22 102 3462 70 320 10114 115
to' trn -t r~ ) 3514 <30 304 10189 113

322 102o7 107
340 10233 140

34 22 100 3'381 116 300 1000}2 127
13425 110 302 10093 149

102 3470 98 320 10113 127
3516 90 304 10186 145

10o 3557 80 322 10206 125

340 10232 145
___34 26 100 3382 82 300 10008 98

40.9 21102 3466 45 320 10088 145
M 1x ) 02 10L102 38

( 4.9 2!) 4010)178 >145
409 1322 1)189 83

'304 10202 58
34 28.45 100 3380 94 300 10005 Ill

102 3461 29 10(73 >145
ix x i tx10097 58

Ms CMd C CQ(" -t) 10159 >145
U-) tn L) V) i) U-) 10173 98

36 24.45 100 3368 84 300 9946 84
102 3456 62 10009 [07

F i gu,' 8. Fundamontal and ')th overtone c-mode spectra 10038 1
for two ,-l-'ted oretit~at ons. 36.58 22 100 3385 103 300 10004 104

102 3472 91 10067 120
36.58 26 100 3394 80 300 10015 68

it the ftild;neintal and ')th overtone for two = 4(.9 3436 66 1(166 88
orientations, e 21

° 
and 27o . 

No spurious mode prob- 102 3478 49
l ems are encountered. This Indicates that from a 3520 <30
practical point of vIew a 5th overtone crystal is 36.58 28.45 100 3394 102 300 1()0)06 75

pre ferabl. 102 3479 <35 10055 81
10064 41

Table 2 presents a synopsis of observed 'r 38.5 26 100 3405 90 300? 10015 -16
val o,' for tht 14 orientations, both for forindamenta 102 3487 62 10078 +17
a o tar overtone modes. We also indicate possihle mode 3571 23 10148 +19

assignmen ts. The 1(0 moode T data were plotted In 40.9 21 100 3359 129 300 - -
Fig. 5, and these agree well with theoretical predtic- 3405 127
tions. '['he 1(12 mode T values are lower, and the dlf- 1(2 3451 119t o 0

tfrenti'.s ran)ge from about 70 to 6 C. We (id not com- 3497 110
put the temperature dependences of tie anharmonic 40.9 23.55 100 3357 113 300 - -

mod(es, and we are uncertain why we observe these large 341)2 110
T 0dltferetnces. For some orientations we measured the 102 3446 1(00toi
temperatrire dependence itf the two "In-between" modes 3490 87
and find regtular f(T) characteristics with reasonable 40.9 27 100 3358 109 300 - -
urove r t emlerattres. Thest vales are also lisLed In 102 3437 75

Table 2, antd they support the hypothesi s that these 3505 103 500 16556 109
modes ar' "c-type'" vibrations. 3520 <28

3534 61
Table 2 al.sit shows ' data for f1 We tio 46.1 23.55 100 3365 154 3(00 1(0003 115

not observ' any t3 tornovers for 4 " 41.9, tIne to 102 3451 148 3(2 (188 118
he s e i1 14 mw 304 10175 113

the s-v(,r(- coop H ng itl spurloum modes. For lower 0-
angles the 100 metit has a lower T than the 300, and 320 10192 K 3(
the reverto' Is trs,' for the higher -ang I sl W4- ib- 306 1264 90

serv, dlfferences as high as 40 C at 0 30" and at

(0 - 46. 1o. In contrast to 100 and 102 modes, the 302
mode 'I' can be ither above oir below the correspondig rreTable 2 shows that for (38.5, 26.1) the three

10mo( 
. 

For (40.9, 27) we al ,so measured the 500 resonances very l trnovers , 17, and
mod Shiiwing T identical with the 100 resonance. 19 C, respectively. Figure 9 shows the original f(T)

to plot for the T -16 C mode. We note a jump In fre-
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quency, or possible activity dip, at 68 
0
C. This gave

an indication that the resonance may not be the 300
mode, but may be associated with a spurious mode. We
further investigated the origin of this anomaly by mul- 5 30C

5d8

tiple mode tracking over an extended temperature range.
Figure 10 shows the results, and indeed we are ob-
serving the Interaction of two resonances, one de-
creasing and one increasing in strength with increasing
temperature. The two resonances are of equal strength 4=3e." '0

around 70 
0
C, and at this temperature we observe the 826°

frequency jump to the stronger resonance.

f(kHz) T

(3 8. 5 0,2600
10015 50

14 t-_

12 
100

I(kHz)

10005 10010 10015 10020

10010
Figure 10. Multimode frequency track between -30 and

T(°C) 140 °C for resonator shown in Fig. 9. Data indicate

-- ...... .. . ... .. that the frequency jump occurs when the two resonances
-50 0 50 100 are approximately of equal strength.

Figure 9. Frequency as a function of temperature for
(38.5, 26) orient .ttion showing a turnover at -16 0C

and a frequency jump at 68 
0
C.

References

Conclusions 1. A. Kahan, Proc. 36th Annual Frequency Control Sympo-

sium (AFCS), 170(1982).
The data shown in this paper confirm our

contention that the AK-cut offers practical turnover 2. A. Kahan and F.K. Euler, Proc. 14th Precise Time and
temperatures that are relatively insensitive to crys- Time Interval (PTTI), 577(1982).
tallographiz misorientations. The measured T 0 values
agree well with the calculated predictions. Pourteen 3. H.F. Tiersten and D.S. Stevens, Proc. 36th AFCS,
orientations have been experimentally studied and all 37(1982).
crystals show a number of inharmonic modes both in the
fundamental and 3rd overtone. The design goal of 4. A. Kahan, Proc. 36th AFCS, 159(1982).
having the main nOO mode exceed in strength all other
modes by at least 6 dB is achievable. For the 3rd 5. B. Goldfrank (private communication).
overtone the major resonances of several orientations
are seriously affected by interaction between the c-
and a-modes. This leads to exponentially decaying vib-
rations and impaired energy trapping. Preliminary
measurements show that these orientations do possess
regular c-modes in the 5th overtone. Work is currently
in progress to optimize the mode structure by judicial
choices of resonator disk size, curvature, electrode
diameter and other geometrical and operational
parameters.

Acknowledgments

The authors wish to thank Professor H.F.
Tiersten and D.S. Stevens for stimulating discussions.
They also wish to acknowledge the capable technical
assistance of Robert J. Andrews.

156



38th Annual Frequency Control Symposium. 1984

FREQUENCY SHIFTS ARISING FROM IN-PLANE TEMPERATURE GRADIENT DISTRIBUTION IN QUARTZ RESONATORS

J.P. Valentin*, G. Theobald**, J.J. Gagnepain**
*Laboratoire de Chronom~trie, Electronique et Pi~zo~lectricite

ENSMM, route de Gray - 25030 Besangon - France

**Laboratoire de Physique et M~trologie des Oscillateurs du CNRS
associ6 6 l'Universit6 de Franche Comt6 Besangon

32, avenue de l'Observatoire - 25000 Besangon - France

SUMMARY Next, theoretical results were given by Theobald (3 )

and Sinha , still based upon the infinite plate
A new model of temperature distribution model. Recently, Valentin (5 )  pointed out that

in a quartz crystal resonator is presented. The the heat transfers through the quartz itself
relative importances of thermal exchanges between and not through the electrodes. Consequently,
the crystal and the surrounding medium by heat the thermal gradients mainly are radial rather
conduction through the supports and by radiation than perpendicular to the plate. On this statement,
with the enclosure are evaluated. Thermal diffusion a new thermal model for trapped energy quartz
in the crystal itself and in the electrodes also (6)
are compared. The conclusions lead to a temperature resonator was proposed
gradient distribution which is in the main plane
of the crystal, and which does not present a In order to determine the effects of temperature
functional dependence (at least at the first perturbations on the resonance frequency, it
order) along the plate thickness as it was the needs to introduce such in plane gradient distribu-
case in previous models. tion. Therefore, in the present study, a breaf

review of the results concerning the thermal
Also is included the influence of the internal exchanges from the quartz crystal to surroundings,

heat source due to the energy dissipated by the is presented. Then, the crystal temperature distribu-
internal friction, tion is determined in the two following cases:

the temperature of the surrounding medium is
The corresponding in-plane thermal stresses either time independent or time dependent. The

are calculated in the isotropic approximation, thermal stresses are derived from the equilibrium
and anisotropy is introduced by means of the equation for a thin crystal plate, in the static
stress-strain relations. Then, by using a perturba- and dynamic cases. Finally, neglecting the mechanical
tion method, the frequency shifts are obtained, effects from the holders, frequency shifts arising
for both static and dynamic thermal behaviors. from the thermal stresses in a plate free toexpand , is calculated.

INTRODUCTION

THERMAL MODEL OF THE QUARTZ RESONATOR
The quartz resonator, under static thermal

conditions, i.e. thermal equilibrium and uniform In a quartz resonator, as shown in Fig.
temperature distribution, has been exhaustively 2, thermal exchanges with the surrounding medium
studied. When the temperature distribution is can take place by conduction inside the crystal
nonuniform, stresses and strains appear and the and the electrodes, and by radiation between
resonance frequency of the resonator is modified, the resonator surfaces and the enclosure. Inside
The first calculation of the influence of a non- the enclosure the residual pressure does not
uniform temperature distribution was made by -5

Holn(1)(2) exceed 10 millibar. Therefore, exchanges by
Holland I  ,  using the infinite plane plate gaseous conduction and convection can be neglected.
model schematized figure 1.

Z

7 7/ +h 0electrodes! radia~o cysa

00
h 17 1 2 h 0-

0 R

This model presents three difficult es
Figure 2

- the actual boundary conditions are not

taken into account, Considering a plano-convex crystal plate,
- the energy trapping does not appear, the energy trapping imposes a thermal power distri-

- only thermal gradient a T/ az can occur, bution q(r) inside the resonator central part
without any radial component. which obeys a quasi-gaussian law. Therefore q(r)
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can be written Considering enclosures made of glass or
-r2/r 2  ceramic, the E factor is of the order of 0.92

q(r) = e to 0.98. In te case of quartz crystal, the
E factor of free surfaces is 0.95 and 0.04 for
g8 1d plated surfaces. Under these conditions,
for temperatures around 350 K and Sq/Se = 1/3,When the curvature radius of the convex tepeiu qaingvsq

surface is optimized, that is the case for all the previous equation gives

metrological resonators, generally r = R/3. Y (electrodes; = 6 10-5 W/IK
Then, the crystal bulk radial conductance Yquartz r

is approximated by the following expression Yr(crystal) = 2 10-3 W/K

2 T main faces
Y =2A h
quartz o Log R/r °quart o Lo R/ oY r (crystal edge)= 5 10-4  W/K

where A is the average thermal conductivity of
the a -quartz.

These various results are summarized figure
Ecrodem can bold.heir cond le fl 4 and the proposed thermal model is schematized

of chromium and gold. Their conductance Yelect in figure 5.

is given by

Radiat. C + E >> Radiat. G

Yelect (AeAu ±Aec) Log 0/r.

where A eAu is the product of the gold thermal

conductivity by its thickness and likewise for
chromium.

Considering a quartz plate, 1.6 mm thick,
with R and 0 respectively eqyal to 7,5 mm and Edge

5 mm, and coated with 2000 A of chromium and _

gold, the conductance ratio Y quartz/Yelect is

60. This shows that radial conduction inside
the electrodes is negligible. 

Holder _Plating

The electrodes are electrically connected Conduct. N > Conduct. P
to the holders by a gold plated strip on each
surface (Fig. 3). Thermal transfers take place Figure 4
inside these strips and inside the crystal under-
neath. Comparison of thermal conductances indicates
a ratio of the order of 100 to 500. Again thermal
transfer inside the plating is negligible.

crystal

electrode

' /strip

holder C C

Figure 5

If the enclosure is made of bright metal,
Figure 3 all previous computed conductances by radiation

must be divided by 10. For this study, we consider

this last case, since quartz resonators enclosures
The thermal conductance due to radiation are usually made with gold plated copper.

between the resonator and the enclosure is expressed
by (5) Thermal conductance of holders rules the

relative importance of the transfers by conduction
a _ I ) rin comparison to the radiative transfers. For

u cholders, an average value of the thermal conductance

-- -' ' can be chosen about 2 10- 3 W/K. Then, it can
he shown that most of the thermal exchanges arewhere Fr and are the energetical emission factors due to radial heat conduction in the crystal.

of enclosure aqnd quartz materials, is the Stefan's The transfers inside the electrodes and by radiation
constant, Sq and Se  are the emissive surfaces are negligible. Therefore the induced thermal
of the quartz crystal and the enclosure. T and gradients will be located in the main plane of

q the crystal without any functional dependence
are the respective temperatures. along the thickness. A comparison between the
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regular model of the infinite plane plate and the x1x3 plane, the temperature diffusion equation

the new model is presented in figure 6. In the is given by
first case, the thermal flux transfers only through
the thickness of the crystal ; in the second case V

2  T2  1 T I
2
T -(r)

the thermal flux transfers only through the main 3r = (
plane of the crystal.

when the thermal power distribution q(r) is refered
to the unit volume and obeys a Gaussian law,
as previously pointed out. The isotropic approxima-
tion is assumed. Symmetry considerations allow
one to choose a solution with the form

infinite 2hT(2)
plate model 0T= w T (r) t U1(r,)(

where

thermal flux U (r,O) = U (r) cos 2ke (3)
k=

Uo(r) is solution of V2Uo(r) 4- ()

proposed - and
model -

U1 (r,e) is solution of V2
U1 (r,e) = o (5)

The linear thermal transfer at the boundary is
written

2h
0

X T + HT = HO for r=R (6)
Ir

Figure 6 where H is the transfer coefficient.

Let H be the value of H at the fixationTwo practical cases will be considered.1

1) The steady state of a resonator with internal points, i.e. for - -<0<E andTr-c<6<iT+E, and H2
heat dissipation and linear thermal transfer from the value for E < e < Tr - E and Tr +c < e < 27T-£. According
resonator edge to surrounding medium with constant to the fact that thermal radiation between the
external temperature. resonator edge and the gold plated enclosure
2) The transient rate of a resonator with linear is very small, then H will be made zero.
thermal transfer as previously and time dependent 2
external temperature ; this last case leadinq Using the notation h = H/X , the transfer
to the dynamic temperature behavior, coefficient can be expanded into a Fourier's

series

STEADY STATE
h ho + k1 h2k cos 2k 0 (7)

Temperature distribution with

xI  h 2
h = 2 (h -h 2 ) + h2  (8)

and

rTh _ h sin 2k E (9)
X3  2k T 1 2 2k

Considering the condition F << 7 , the previous
equations can be solved by using a method of
successive approximations. After calculation,
the following expression is obtained

Figure 7

The circular quartz plate of radius R is represen- T = -0 + - {R--71 + f(R) - f(r) + 2 1- - os 2k

ted in Fig. 7. T(r, 0 ) is the temperature of the 4X Rh I krT
crystal , which is mounted by two holders having (10)
an angular width = 2 F . The external temperature with
is called 0. Using polar coordinates (r, 0) in
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(- ) I The topography of the resonator is evolutive.
r  (11) Without energy trapping (r o = R) the top appears

as a "pass". For weak energy trapping (r = 2R/3)
0

the top becomes a "mesa", next a smoothed hill

From this last result, various families of (ro = R/3) and finally a hill for strong energy

isotherms have been obtained by computer. The trapping (rO = 5). The second series of figures0 5
first series of the following figures shows how shows how the temperature repartition depends

the temperature repartition depends on energy on holders thermal conductance. For this last

trapping for a resonator maintained by two opposite series, the trapping is normal in all cases.

holders. The curves are the isotherms. In the

perspective-wiews, the temperature of each point

of the resonator refers to the external temperature.

A A

A

Without energy trapping Weak energy trappingr = R W a n ry t a p n
o r = 2 R/3

AA

A'A

Normal energy trapping Strong energy trapping
ro = R/3 r = R/5

TEMPERATURE REPARTITION DEPENDS ON ENERGY TRAPPING
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A' As

AA

A

Large conductance h = 1000 m-  Medium conductance h 1 100 m ~I

A A
A' A'

Wtik conductance h 1  10 m-  
No conductance h1 = 1 m- 1

TEMPERATURE REPARTITION DEPENDS ON HOLDERS THERMAL CONDUCTANCE

Thermal stresses Let be ur  and u, the mechanical displacements

Refered to the rectangular coordinates, and a r' 6 and TrO the stress components in polar
the state of stress is specified by the three coordinates. Calculation of the stress distributionin-plane stress components T1 , T3 and TS, without is made in the case of the isotropic approximation.
any functional dependence along the thickness. The anisotropy of quartz crystal is introducedThe figure 8 indicates the chosen notations, later by means of the strain-stress constitutive

equations.

Introducing the thermoelastic displacement
potential T , the thermomechanical equilibrium
is written as

r
V 2 = I 1 + 2  S - s13 T+C (12)

0 3 ar r-r : 1

where a is the thermal expansion coefficient in
Figure 8 the isotropic approximation, T the temperature,
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C1  a constant to be calculated, and the s I The external temperature can be expanded into

are the elastic compliances. a Fourier's series

According to the general form of the temperature
(eq. 2 and 3), a similar form is chosen for the (e,t o(t) +k 2 k(t) cos2k 6 (16)

potential with

kO 2k(r ) cos 2 k (t) - t) (17)
k (r 2k ~ k (13) o0 iT

_4 sin 2ke lt ) (8

The U1 (r, 9) component being a solution of W2k sin 2---(18)

V2U1 (r, e = 0 does not induce any thermal stress (7) .

Then, the stress distribution depends only on The diffusion equation, the heat transfer

the r coordinate, and the displacement takes equation at the edge and the initial condition
the form are

S11 - 13 1 r
Sl - f r U (r) dr + 1 V 2  T (19)Ur, Sl r o o C --

(14) X at

(20)
+ ho7 = ho0(6,t) for r R

Using Hooke's law the stress expressions at the

center of the resonator are given by T = 0 t = 0 (21)

T R
Oa = {- -r u(r) dr}

T (15) X being the thermal diffusivity constant.
r

where T is the temperature of the center. Since Using the Duhamel's theorem and after calculation,

a = , and Tro = 0, thus T1 = T3 = = a8 and the solution of the previous equations is given
r =by the following expression

T5 = 0. As a consequence of such a stress distribu-

tion, it appears that SC-cut (8 )  will minimize B
the effect of the above mentioned static thermal T = (a - -- r) cosJ2k( 0 (t
distribution. R X0s 2 2k 2ks

Xc2 k~s

TRANSIENT RATE
B2k~s (22)

kO S 2 4 2k (2k,s r) cos 2 k e 0 W
The problem which is now examined corresponds X 2k,s

to a time dependent external temperature and
leads to the theoretical determination of the 2
phenomenological coefficient introduced by E B2k s (0, r) cos 21 e X0 k'st

Ballato ( , for characterizing dynamic behavior k 0 2 2k 2k,s e i
( °

)

of quartz resonators. X 2ks X(0 1 (O)-0-0

X C,2k
The internal energy dissipation is neglected with

and the initial temperature in the crystal is
taken equal to zero. The boundary condition will 14R X 03 J(ot R)
be simplified by imposing at the boundary a tempera- B - o's I Os (23)
ture distribution 0(e ,t), as shown in figure o R2 i2  + R2h2  P j2 (a R)
9, rather than the previous distribution of equa- (24)
tions 7, 8 and 9. Then, the thermal exchanges 8R2 Xh osin J2klE (c s

at the edge will be very small except at the 2k,s 2k,s o k 2k+1 R

fixation points. +R2 2  R2h 2 - Wk )" 2nk(2k + hR k 2k,s R )

&x1 =0where 32k are the Bessel's function of 2k order

and a 2k,s are the roots of the following set

01(t) of k transcendental equations when r = R

3hd J "d2k( r) + h J ( r)0 (25)dr 2k,s a 2k 2k,s

In the equation (22) the first term is propor-

Figure 9 tional to 01(t) and so represents the static
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thermal behavior of the resonator. The second It can be pointed out that the I coefficient does
term is proportional to the time derivative of not vary so much with the holders conductance
the external temperature and corresponds to the in the case of the AT cut, but is divided by six
dynamic temperature effect. The third term introduces when the conductance varies from medium to large
the transient rate. in the case of the SC cut. It can be also pointed

out that the N coefficient is very sensitive to
As previously, thermal stresses can be obtained a slight variation of the angles 0 or P for doubly

using the thermoelastic displacement potential rotated cuts.
T and the Hooke's law. After calculation, they
may be written at the center of the resonator
in the form
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- 5  0.40 10
-5  1.5 10-7  12 10-7  9 10-7

163



38th Annual Frequency Control Symposium- 1984

FREQUENCY-TEMPERATURE BEHAVIOR OF THICKNESS VIBRATIONS OF DOUBLY-ROTATED QUARTZ PLATES

AFFECTED BY PLATE DIMENSIONS AND ORIENTATIONS
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SUMtARY equations of thermoelasticity in Lagrangian formulation.
From the solutions of these equations for the

In a previous paper, three-dimensional linear field simple-thickness vibrations and measurements by
equations for small vibrations superposed on thermally Bechmann, Ballato and Lukaszek 2 for various
induced deformations by steady and uniform temperature (1)
changes are derived from the nonlinear field equations doubly-rotated quartz plates, values of C( I ) and
of tnermoelasticity in Lagrangian formulation. From the "(2) of quartz were calculated.

solutions of these equations for the simple-thickness pq

vibrarions and measurements by Bechmann, Ballato, and The first temperature derivatives are needed for
Lukaszek for various doubly-rotated quartz plates, predicting the changes of wave speed in a crystal as a

function of temperature, and the second temperature
values of the first temperature derivatives C(1q and derivatives are essential for calculating the turn-over-Pq

-(2) point temperature when the frequency-temperature
effective second temperature derivatives C (2 of quartz behavior exhibits a parabolic characteristic as in the
were calculated. pcases of flexural or extensional vibrations of a quartz

beam. When the frequency-temperature behavior has a
The first temperature derivatives are needed for cubic expression as in the case of thickness-shear

predicting the changes of wave speed in a crystal as a ribrations of AT- or SC-cuts, the third temperature
function of temperature, and the second temperature derivatives are needed for computation.
derivatives are essential for calculating the turn-over-
point temperature when the frequency-temperature In the present paper, the previous work1 is
behavior exhibits a parabolic characteristic as in the extended to include the th-rd order perturbations so
cases of flexural or extensional vibrations of a quartz that values of the effective third temperature
beam. When the frequency-temperature behavior has a
cubic expression as in the case of thickness-shear derivatives C p3 are obtained for quartz. By regroupingPq
vibrations of AT- or SC-cuts, the third temperature the terms in the incremental stress-strain-temperature
derivatives are needed for computation. relations, certain expressions in terms of the elastic

stiffnesses, temperature derivatives and thermal
In the present paper, the previous work is extended expansion coefficients can be identified as having

to include the third-order perturbations so that values similar significance as the temperature coefficients of

of the effective third temperature derivatives C(3) are Cpq defined by Bechmann. Therefore values of these
obtained for quartz. pq expressions are calculated and are listed with values of

the temperature coefficients of Cnq

In order to study the effect of a free edge, a obtained by Mason3 , Koga et a14 , echmann, Ballato
system of two-dimensional equations of crystal plates and Lukaszek2 , Adams, Enslow, Kusters and Ward

5 , and

subject to uniform and steady temperature changes is Kahan6  Based on the values of C(1) 2(2) and 2(3) the
derived from the three-dimensional variational stress " BPq pq Pq
equations of incremental motion by expanding the first, second and third temperature coefficients of
incremental displacement in a power series of the frequency for the thickness vibrations of various doubly
thickness coordinate according to !indlin's procedure. rotated cuts are computed and compared with the observed
Then a system of four coupled equations governing the values of Bechmann, Ballato and Lukaszek

2 . The
thickness-shear, thickness-twist, thickness-stretch, and inflection temperature, lower and upper turn-over
flexural modes are employed to study the vibrations of a temperature of the thickness-shear vibrations of various
doubly-rotated crystal strip with a pair of free edges. angles of the AT-cut are calculated and compared with

experimental values.

From the analytical solutions, dispersion relations
and frequency spectrum for an SC-cut quartz strip with a In order to study the effect of a free edge, a
pair of free edges are computed. Then changes in the system of two-dimensional equations of crystal plates
thickness-shear resonance frequencies as a function of subject to uniform and steady temperature changes is
temperature are predicted for various values of derived from the three-dimensional variational stress
length-to-thickness ratio of the plate a/b, orientation equations of incremental motion by expanding the
angles 0 and 8. incremental displacement in a power series of the

thickness coordinate according to Mindlin's procedure.
Then a system of four coupled equations governing thethickness-shear, thickness-twist, thickness stretch, and

In a previous paper
1 , three-dimensional linear flexural modes are employed to study the vibration of a

field equations for small vibrations superposed on doubly-rotated crystal strip with a pair of free edges.

thermally induced deformations by steady and uniform
temporature changes are derived from the nonlinear field From the analytical solutions, dispersion relations

and frequency spectrum for an SC-cut quartz strip with a
CH20620/84/0000-016451.00() 19841EEE 164



pair of free edges are computed. Then changes in the E - 1/2(Ui~i + Ui + -i -
thickness-shear resonance frequencies as a function of i i k,i k,j
temperature are predicted for various values of length - 0 - 0
to thickness ratio of the plate a/b, orientation angles Tij CijklEkl + 1/2 CijklmnEk1Emn
0 and 0.

+ 1/6C Cik pE EmnEq
EQUATIONS OF INCREMENTAL MOTION SUPERPOSED ijklmnpq k1. mE pq

ON HOMOGENOUS THERMAL STRAINS - - - -+/4Cijklmnpqrskl mn pq rs - ij

The variation of resonant frequencies of quartz

resonators due a steady and uniform ambient temperature - - )
change is considered. Since the small amplitude (Iii + TjkUk U in V

vibrations of the crystal resonators generate negligible
heat, the equations of motion are assumed to be Pi = n. (Ti. + TjkUi,k on S. (2)
uncoupled from the heat equation. The small amplitude
vibrations of the crystal subject to steady and uniform n. are the components of the unit outward normal to the
temperature is described by three consecutive states J t

bounding surface S of tecytlthrough which the crystal undergoes. The first state is ijkl' ijklmn'
the natural state at which the crystal body is free of C and C0

stress and strain, at rest and at a uniform reference ijklmnpq ijklmnpqrs are the temperature dependent
temperature, To . Next, the body expands or contracts elastic constants which have the following relations:
freely under the steady and uniform temperature change
of 0 - T - To . This is the initial state: the crystal O CM • + 1/2 C(2 ) • 2 C(3) . 3
is still statically at rest and free of stress and ijkl ikkll + /6 ijkl

strain. At the third and final state, small amplitude (1)
waves are superposed on the initial state. Since the C c + c 0 + 1/2 C2)
waves generate negligible heat, there is no temperature ijklmn ijklmn ijklmn ijklmn
change when the crystal body goes from the initial state 0C (1)
to the final state. The material properties, C ijklmnpq ' Cijklmnpq + Cijklmnpq
displacements, stresses and strains are all referred to 0
a common rectangular Cartesian fram of reference at the ijklmnpqrs C ijklmnpqrs (3)
natural state. Fig. 1 shows the reference frame and the
three states through which the crystal undergoes. If (n),
xi, yj and zi (i - 1,2,3) are the generic material where C (n) n ijkl

points at the natural, initial and final state, aTn  n

respectively, then the initial, final and incremental
displacements are respectively: Ui - yi - xi; (n)
Ui = zi - xi; ui - Ui - U1  = zi - yi" The incremental (n) aI
quantities, such as the incremental stress, strain and Cijklmn n n - 1,2
surface traction are defined as the difference between aT
the respective quantities in the final and initial (n)
state given in the table below: and (n) a C

iljklmnpq n n-i

Final Initial Incremental 3Tn

are the nth temperature derivatives of the second-,
Stress Tij Tij tij - Yij - Tij third- and fourth-order elastic stiffnesses,

respectively. The stress coefficients of temperature,
Strain Eij Eij ei- i j -Eij h r

j, has the relation:
- 8i

Surface Pi Pi Pi - i- Pi E (1) 0 + 1/2 )2). 02+ /X 3). (4). ) 4 (4)
Traction X ij •+ X/24jijijLEiwhr ijn  th

TABLE 1 where are the n order stress coefficients of
ij

The nonlinear governing equations in Lagrangian temperature.

formulation for the initial state are: When the difference is taken between the respective

equations of (2) and (1) and following the definitions
E, - 1/2 (U + Ui~i + U k,iUk,j) of Table I, we obtain the incremental field equations:
i . eiJ i/2(uj,i + ui,j + Uk,jUk,i + Uk,iUk,j )

Tj = ijkl kl + I/ ijklmn kl mn

T t C (C 0 C iE + 1/2 C E E
+ i /6 Cij kl Ekl mn E pq ij /jki + ij + Ukkjukpq + ku

+ 1/24 C. + 1/6 C ijklmnpqrs Em nEpq Ers )ekl
ijklmnpqrs kl mn pq rs ij

(Ti + Tjk U,k U in V (t j + tjkUi,k + TjkUik), J -u i in V

Pi - nj(Tij + T JkUi,k ) on S. (1) P, - nj(tij + tjkUi,k 
+ TjkUik) on S (5)

In the above equations, quadratic terms of
Where V and S are the volume and surface of the crystal incremental quantities are dropped, since small
body at the natural state. amplitude waves are considered.

The equations for the final state should At the initial state, the crystal expands freely,
necessarily have the same form as (1), namely: that is, the initial stress is zero. When values of the

linear thermal expansion coefficients:
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e ().e+ (2). 2 =(3) 3
a J a ( i-j)0 +a )0 (6)
ij ij ij ij homogenous thermal strains, values of C(2 )  C(3 )

lijkl' ijkl'
are measured instead of those of X i, we have by its C(M C C(2 )  C(i )  and C

definition and symmetry, ijklmn' ijklmnpq' ijkbnpq CiJklmnpqrs
def(iio U.) s= m0yneed not be known.
1/2(Uj~ Ui ) =L .i a aj (7)

Therefoe ij is ( Thickness Vibrations Subject to Homogenous Thermal
Therefore, the initial strain is Strains

00

E.. = aL. + 1/2 0kiokj (8) The incremental displacement equations of motion
1) J ii 'are obtained by substituting (lOa) into (lOb) and the

The magnitude of the quadratic term of (8), result into (lOc) and (lOd):
estimated from Bechmann's values (2) of a() ' (2 and

ij)- GijklUk,jl - pui in V (l3a)

. for quartz, are of the order of 10 smaller than

the first term and hence are neglected. Hence, to i njGiJklUk,l on S (13b)
summarize, the initial state is reduced to a simple where:
state of stress-free, homogenous thermal strain: (1) (2) 2 (3) 3

U -U .E.. Gijkl C ijkl + Gijkl" 0 + Gijkl + Gijkl
j,i i,j ij ii'

T O0 (1) (1) + (1) + (1) + (I)
ij ijkl Cijkl Cijkimnamn + ijslks+ Csjkl is

and U.=0 (9) G(2 ) 1/2 Z(2) (2) + (2) + C (2)
and U=

ijkl ijkl + Cijklmnmn + ijsl s sjkl is

When the first two equations of (9) are substituted into (1) (1) ( ()
(5), we get the incremental field equations for small + CM M+ C( a M CC a(1) a (1)

amplitude waves superposed on homogenous thermal strain,

e 1/2(u + (10a) + C a a( ) +(1) 
( )

ij j,i + ui, j + akjuk,i + ckiuk,j sjklmn mn is sjtl is Nt

+(1) (2 ) 2l3b) (3) (3)(CI) D + D() 02+ D(31. 3)ek (10b) G(3  1/62(') + C. +3 C + C s )
tij= Cijkl+ lijkl ijkl 2  k ekl ijkl /ijkl ijklmnmn ijslks jk

(tij + Cktjk) , = pu. in V (lc) + C(1) (2)+ C(1) a(2) + C (1) (2)

@ (1) (2) +1/2a(2) (1) i/2(2) =(1)
n (t +on S (ld) + sjklmn mn is ijsl ks + 1/2C aP ) (t + C + + ijslmn mn is + jl sjkl is

) = c (2) (1) c (2) (1)
ijkl ijkl ijklmn an an ks sjklmnan i

) C (c + (1) (2) C a(2) (1)
ijk /2 l(2 + Cijklmn' an sjtl is kt sjt l is N

D6 Z(3) (3) aC (1) (1) (I)
ijkl ijkl ijklmn an sJtl is Nit + sjtlmnamn nis akt (13c)

a (2) = C (2) (1) (l) + C (1) (1) Terms containing 0 4or higher powers are dropped. G(n)Cr i+erpoer aradoaed ijkl
and ijkl ijkl ijklmn mn ijklmnpq mn pq has the major symmetry,

-(3) .(3) 30(2) () (2) (n) .(n)Cjk C ik +3C kmnm a+6C. a2)

ijkl ijkl ijklmn an ijklmn mn ijkl klij

+6C(1) (1)a(1) but not the minor symmetry
ijklmnpq mn pq ijklanpq mn pq G(n) G * G(n)

+(1) (l) (I) (12 ijkl jikl ijlk

ijklmnpqrs amn pq rs For thickness vibrations of infinite plates, the

Equations (10) are similar to those of classical boundary conditions are at the traction free major

elasticity except for the extra terms associated with surfaces are:

temperature change, 0. In equation (10b), terms 04 or
higher powers are dropped. Examination of relations in Pi = njGijklUk,l = 0 at njxj - b (14)

(11) reveals that D(n) has the same symmetry as C where xj refers to the crystallographical axes of quartz
ijkl ijkl. and nj is the unit outward normal to the faces of the

Furthermore, the only temperature dervatives of elastic plate. A doubly rotated quartz plate defined by
t(1) 2(2) and (y,x,w,l) 0, 07 would have the following components for

st(ffnesses that appear explicitly are Cijkl ,  ijkl nj:

3) C is the first temperature derivative of
ijkl ijkl nI - -Cos@Sine, n2 - CosOCosO, n3 - SinO (15)

-() (3)

C , while C and C are respectively called the Fig. 2 shows the orientation of a doubly rotated plate
ijkl' ijkl ijkl and the normal, nj.

effective second and third temperature derivatives of
Cilkl. These are the temperature derivatives which thecassmed ramonso
values are to be determined from the experimental data thickness-vibrations:
on the frequency-temperature behavior of thickness
vibrations of various doubly rotated quartz crystal uk - AkSinnpXpeiwt (16)
plates. For problems of small vibrations superposed on will satisfy (13a) and (14) if and only if
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(Qik - Xaik)Ak -0 (17a) x(2) A(0) (2) (0) (0) (1) (1) (21b)

i Qik AK + Ai Qik A2

where Qik - Qki Gijklnjnl (17b) (3) (0) (3) (0) (0) (1) (1) (2)

2 = 
Ai kQ k + Ai (Qik - 'ik)Akw_ 2bw 2 ,(o)(2).(l)

2 (-) n - 1,2,3,.. (17c) + Ai Qik A (21c)

In order to obtain analytical relations from which (n)
(1) (2) -(3) In equations (21), Anare considered as measured orCijkl ,  Cijkl and Cijkl can be calculated from known known quantities, since they can be related to

Bechmann's definition of temperature coefficient of
material properties, the Raylei h-Schrodinger temperature;

perturbation method is employedl. The anplitude and X() 2(0)Tf (1)
eigenvalue are assumed to be polynomial functions of 2 (22a)
temperature change, 0: (2) 2 (0)Tf(2)+ X(O)(Tf(1))2 (22b)

(0) A1) a2 2 ( (

- + (1) () (3) _ 2X(%)Tf(3) + 2X(%)Tf(1)Tf(2) (22c)

X = (0 ) + X(i). 0 + X (2). 0 2 + X (3). 03 (18b) Tf(n ) are the temperature coefficients measured from the
By inserting (18) into (17a) and equating coefficients frequency-temperature behavior of thickness vibrations
of like powers of 0, yields: of doubly rotated quartz crystal plates.

0O: (Q -(O) )A,"(O = 0 (19a) Temperature Derivatives of Elastic Stiffnesses of Quartz
ik ik

3The quantities of Qik(n) in equations (21) can bel (0) x(0) ) (1) 4(1) (0)=_ 19)i
: (Qik - 6i)A expanded using definitions (19e) and (13c). Doing so,

equations (21) are rearranged so as to have the unknown
O2 (Q(O)- (0 (2)+(Q)- (1) )(1) temperature derivatives on the left hand side:

nM (0) (0) = 2A(O~rf(1)
+ (Q(2 )- (2) dk) 

0 ) = 0 (19c) ijkl nn 1Ai Ak
+(ik ". ik'A 0(kc

(1) (1) (0) (0)

3 (0() _ ik)A3 + (3) )- (1)ik) (2 ) -[Ci jkl
m n m n  + 2 Cij

sl k s ]njn 1 A, (23a)

i(2 ) .( 0 ).20k 4 ( 
0 )T f ( 2 ) ( 0 )) 2

+ (Q (2)_ X ik)(1+ (Q(3 ) (3) ' = 0 (19d) ijkln i n (A0 (0 + 2
ikA Qik ii(0) (1) (1) (2) (2)

where Q(0)= CAi Qik A 2 [Cijklmn mn + 2Cijslaks
ik ijklj (1) (1) (1)an (n) ^(n) + ( ) C (i) )

and Qik ikl n n n = 1, 2, 3 (19e) 2(Cijsl + Cijslmn mn )ks
can be u to (1) (1) (0) (0)

The zeroth order equation (19a) can be used to solnAe for +sjl'is akt nai k (23b)

() (0)A(O ) and )uniquely by requiring normalization -(3) (0) (0) (3)
(0 0 jkl n in IAi  A 12X(O)Tf (  

3 .(+ 0 2X( )Tf( )

(0)(0) (20a) 6(A(0) (1) (2) (0) (2) (1) (1) (0) (2)

From the dot product of (18a), - Qik Ak + A1  Qik Ak - A AK Ak
A(0) (0) (1) (0)) - 6[C a 3 2C (3) +2( (1) C (l)(2)

(k2 k k ijklmn mn ijal +s 2( C ijslmnmn aiks

(1) (1) (0) (2) 2 i(2) +(2) (1) (1) (2)+A( A1+ 2A, A )) + 2(1/2c il + C ijslmn mn )N s
a + 2C stl1i s Nkt

wher te ms onta nin %3+ (C l (s1lne ) (1) (1) . (0) (0)

where terms containing 03 or higher powers are dropped, 1(C + Csjtlncamn )ais 'kt ]njnlA1  Ak (23c)

we see that the extra conditions for normalization of Ak The left hand side of (23) can be further expanded in

are: terms of the six independent components referred to the
(1) (0) (20b) crystallographic axis, since quartz is a trigonal

crystal:

and A AK -1/2 A Ak (0)C ()X+ () + C44~ x+ CM4 X + C~3 K6 6 -1 2 2 2 4 4 -3 14 - 4 +  13 - 5

The constraint (20b) is used along with any two
(1) + C.cindependent relations of (19b) to determine 1 33 -6 (24a)

uniquely. Similarly A2) is uniquely determined from (2) (2) (2) (2) (2)

two independent relations of (19c) and constraint (20c). C6 6  1 + 2 2  2 + C4 4 x3 + C1 4 x4 + C1 3 x5(0)(2) (2)

Multiplication of (19b) to (19d) by Ai , ). (24b)

tively, and using (19a), (20a), (20b) and (20c) leads to

A (0) (1) (0) (21a) C66  + 22 1 4 + 422 12 + 4 3 +C 4 4
+  13 !5

"i ik 1



purposes of comparison, we report the values of

C3 )3 6  
4
(3) (24c) Dik CikI in Tables 4, 5, and 6. Based on our values

where Y(l) Y(2) and y (3) are the respective right hand of pq '(2) 3

pq'Cpq adpqthfisscnadtir
expressions of equations (23) and,

(0)2 2 (0) (0) (0)2 2 temperature coefficients of frequency for the thickness
3 A n2 - 2A, AO 0102 + A 2 nI vibrations of various doubly rotated cuts are predicted

and compared with observed values
2 

in Table 7. Fig. 3

-A (0)2 2 A (0) (0) + 2A0)n 2 gives the frequency-temperature curves for various
-2 1 1 1 2 1 2 2 2 angles of AT-cut. The dotted line is given by

(0)2 (
0
)_) (0 (0) Bechmann

I
O. Fig. 4 shows the presently calculated Tmax

2(A 1  2 3 3 2  + 2AI A3 12 and Tmin, and -he observed values versus the orientation

A
(0 )

2 (0)(0) 
2  

(0)(0) 2. angle 0 for the AT-cut in the range 0 - 35* to 40*.
- 2 n2n3 

+ 
A2 A3 n12 A3 n2) Also exhibited is the calculated inflection temperature

(0)2 2 (0) (0)2 2 (0) (0) Ti defined by
.(0A n 2 (On n + A n3 +2A2 A3 n~n3

-4 AI n3 
+ 

2A 3 2 3 2 3 2 3 Ti - To - Tf(
2
)/3Tf(

3
).

(0)2 2 (0)2 2
+ A3  n, 

+ 
A3  n2  It may be seen from Table 7 and figs. 3 and 4 that the

results of our present calculation are either comparable
- (0) (0) (0) (0)  or slightly better than those in Ref. 2.

5 (A A3  nIn 3 + A2  A3  n2n3)

(0)2 2 Incremental Two-Dimensional Equations of Motion for
26 A n (25) Small Amplitude Waves Superposed on Homogenous Thermal

Strain

Measured values of temperature coefficients of frequency
(n)Given in Fig. 5 is a crystal plate with its

Tf for various doubly rotated cuts by Bechmann, coordinates and dimensions which will be used in the

Ballato and Lukaszek , thermal expansion coefficients subsequent discussions. The variational incremental
(n) potential and kinetic energy of a crystal at the final

aij and second order elastic stiffnesses Cijkl of state are:

Bechmann, Ballato and Lukaszek 
2
, and third order elastic 6V - f t *6e dv (26a)

stiffnesses Cikn of Thurston, McSkimin and Andreatch
9  

SK - fv -L P (uii)dv (26b)

(1) (2) (3).
are used to compute values of yI, Y and y

2S1are calculated according to (25). where dv is the differential volume referred to the
are lclayte accoring al mto . anatural frame of reference. By Hamilton's principle:

\4e employ the following algorithm to find a reduced

dataset from which we calculate temperature derivatives: 61t t
1) (K-V) dt + ft Wdt - 0 (27)

1) Obtain the least squares estimate of C
(I ) 

and their 0 0

standard errors from a given data set. pq where SW - isPiSuidS is the variational incremental work

done. Substitution of (26b) into the kinetic energy
2) Construct a 99.9% confidence interval, term of (27) and integration by parts, yields:

t t t
3) Reject data outside the interval. 6ft Kdt - fv Pai6ui' dv - 1 dt fv QuiSuidv

0 0 0
4) Obtain a subset of data. t

5) Go back to step I. f dt fv ui
6
uidV (28)

0
since dui vanishes at t and ti . The strain-

We begin the calculation with 117 data points given in i 0 i

Table V of Ref. 2, and after five repeated calculations, displacement relation (10a) is put into (26a) and the

the number of data points is reduced to 28. These 28 result into the potential energy term of (27) which

data points are listed in Table 2. In the last column gives, after some rearrangement,

of the table, a value of 1.0 is assigned as the weight t I  t

for observations from the well know cuts like the AT, X, 6It Vdt - ft dt fv (tij + aiktkj)
6
ui~jdv

Y and IT, and a value of 0.5 for the rest of the 0 0

observations. Least squares estimated values of which is equivalent to

Cijkl
( )  

(or Cpq ) ijkl(2) (or C(pq ) and CiJkl( 3 )  
(or C(pq ) are 6f Vdt -ft dt fv([(t + aiktkj)

6
ui] ,j

are tabulated in Table 3 along with their standard 0

error. -(tij + aiktkj) Jui dv

In the incremental stress-strain-temperature
(n) ,

relations (10b), we observe that D (i kC (n-1,2,3) By applying the divergence theorem on the first term inijkl ijkl (the Integrand of the right hand side tu transform it

have similar significance to the temperature into a surface integral, we obtain the desired

coffcint o eati sifnes _, C(n) 11used in expression for the potential energy,coefficients of elastic stiffnesses, (n)kl
nijk ustl energy,

Ref. 2. These coefficients are not equivalent, for they 6ft1 Vdt - ft dt n (t + a 6u do
are defined in two different formulations, but for o o I 1k kJ I
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d + au2(n+l)+ 2kiuk n+l)] (37b)(29)+ (o+1)(2i kjk+ n1- fv(t ij + -iktkj), jSu Idv} (29)21kk 2jik

A useful variational equation is obtained when (28) and is the nth order incremental strain-displacement-
(29) are substituted into (27): temperature relation. The nth order incremental

stress-strain-temperature relation is derived by
it dt0iv[(ti+ - Pui] 6uid v  substituting (37a) into (lOb) and employing the results
o i ik j, , nto (35a) to give

0C
+ J(pi - n.(ti. + a t )]6uidS) = 0 (30) t D A e(m) (38a)

I j ik kj I 1 ijkl mn kl

For ease and clarity of writing, we introduce the where D = C + Dil) a + D(2) . 82

definition, ijkl ijkl ijk ijk

=0 +2 (31) (3) (38b)8 ik i ik +Dijkl 03
where i is a Kronecker delta. Then, (30) can be

ik The second integrand of (32) will yeild the necessary
rewritten as boundary conditions for the two dimensional equations.

t if the nth order incremental surface traction is defined

t dt (!v(6ikt k,j - i)Suidv as
0p (

n )  
,XIX t ) -b ,x1 x 3 ,t)x dx2  (39 )

o 3×' = _b Pi( ' 3 n2

+ (p i n 3 iktk) u idS} - 0 (32)
S i ji I then employing (39), (35a) and (33) in the second

ThLs is the variational incremental stress-temperature integrand of (32) will yield the necessary boundary
equation of motion, which closely resembles the conditions, namely,
variational stress equations of motion for classical specify p (n) or on C (40)

elasticity, except for expansion coefficients aik.

1i
Following Mindlin's procedure, we convert the where C is the edge of the plate. Equations (36), (37a),
incremental three-dimensional equations to an infinite (37b) and (38a) are respectively very similar to
series of two-dimensional equations by expanding the equations 3.0211, 3.036, 3.035 and 3.043 of Ref. 11.
displacement in an infinite series of powers of the The dissimilarity arises from the tem~erature.effects.
thickness coordinate of the plate and integrating
through the thickness. Thus, we let Thickness Vibration of SC-Cut Plates With One Pair of

u n (n) (3 Free Edges
ixl,x2,x3' n0 x2ui x t

The SC-cut has triclinic symmetry and as such the
Inserting (33) into the first integrand of (32) and three components of thickness vibrations, namely the
integrating through the thickness yields slow shear, fast shear and thickness stretch, are

7 t(n) - (n-1)+ B F(n) coupled. The thickness shear modes are always coupled
iA 1( ik kj,j -niktk2 ik k to flexure through the same elastic stiffness.

(0) (1)
- A. "'(m ) un)dA = (34) Consequently, four displacement components, u2  ,

m ni i () ()h n u ( and u3  , are needed to capture its frequency-
(n) rb n 3 '

where t r -b tkjxdx is the nth order (35a) temperature characteristics in a finite plate. Fig. 6
incremental stress, shows the motion of each of the four components.

(n) n b The infinite series of two-dimensional plate
k [X'tk _ is the nth order Incremental (35b) equations are truncated by retaining terms of order zero

face traction and one only, that is, setting

2 nbn n (n) . 0 for n > I2 b m n l i

and whn (m+ n is ven(n)and Amn m+n+l n) is even and t(j - 0 for n > 1

0 when (m + n) is odd (35c) The resulting equations of motion from (36) are

(0) -w (m )The differential area of the major surface of the plate aikt kj= 2bpu. (41a)

is dA. Since the coefficients of 6u(n) must vanish 3(0) 2
I (1) B t 0). b U) (41b)separately, we have the incremental stress-temperature Siktkj ik k2 3 i

equations of motion of order n given by (n)
where the incremental face tractions, Fk , are zero

t(n) n (n-1) + F(n) A (m) since the major surfaces of the plate are free. From the
Sk kj- n5ktk2 + Sik-kA u (36) definition (31) we observe that aik is a predominantly
ik kj,j lk k2 ik k m mn i

diagnal enso beausethe agniude o for quartz
Substitution of (33) into (lOa), and rearranging and diago-al tensor because the magnitude of mik
using definition (31), yields: is 10 . Therefore, the off-diagonal terms can be

Sr n(n) (3 neglected without loss of accuracy:

ij n 2eij (37a) 8ij - 0 for i * j

where e (n) 1 1/2[ (n) + (n) and 8 1 + a i - 1,2,3 (42)
ij k kI i kikj i6
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Components u1

O ) and u3O ) are neglected, and we are left a2 (1) + 1 a D (1)and u1 lul,ll+ 12 16 2,11 3 D15 u3 ,11
(0) (1) (1) (1)

with four branches u2  , U 
I 

, u2  and u 3 . The plate 3k2- k(0)+ _2 (1)+ (1226 )
is assumed to vibrate as a strip and, consequently, we b2 (81 82D6 6u2 , i D66U1  1 2 2 6u 2
set = 0. With these simplifications, the

set +aa (1) (1)

equations of motion, (41a) and (41b), becomes: 13463 1

() "(0) (1) 2 (1) (1)
a2t(2, 2bou2  1 82D16 ulll+ 82D66u 2 ,1 1 + 2 83D 56 u3 ,11

3 -(1) t (0) 2b3 (1) 3k2  2 (0) (1) 2 (1)
I ll,l - 12 33 b (82 D26 u2 1 + 61 62D26 u + 82 22u2
t(1) - t(0) 2b (1)

2 12,1 - 2  2 2  3 2 (  ))  ..u I

8 ( ) - 8 (0) 2b3 ou 
)  (43) + a2a3 24 3

3 13,1 3 23 f 3 3

(1 U) (1)aD M 2 D (1)
Only the zeroth and first order strains remain which can 81 83 D15 u I+ 82 83D56u2,11 83 D55 u3 ,1 1
be written as follows:

(0) (0) (0) 2 3k ( a (0)+ (1)+e11  e33  13 - --- (82 3 46 u2 81 3 46u1  823 24 2

(0) (1)

e2 2  = 2 u2  2 (I) 1) (6

(+ 63)44u3

e 2 3  1/2 3 u3
In order to have even shear across the surface of

e(0) 1/ 2(32u) + 31 u1  ) the plate, we let u i  be symmetric and u
12 2 2 2
(1) (1) (1) antisymmetric by setting:

e22 33 =e 23  0() A b Sin (X0 eiw t

e(l) , (1) 211

e(l) 1/2B2 (1)

()(1) 2 3 1 e

e 1 1 2 ,1 (1 ) i w t

Equations (44) are put into the zeroth and first order u3  = A4 Cos &x1 e (47)

stress-strain-temperature relations of (38) to yield the Equations (47) are employed in (46) to yield the
stress-displacement-temperature relations, dispersion matrix (48) given in Table 8.

(()) 2bk2 + 3 D4u (1)) Four wave numbers are obtained by solving the12 2 D6 6 u2 ,1+ 10 6 6u1  + 82 D26 u2  r4 6 u3

(0) 2 (0) (1) (1) (1) the polynomial from the determinant of the dispersion
t22 2 82 D26 u2 ,1 + 81 0Du 1  + 82D22 u2  + 83 D2 4 u 3  ) matrix. Fig. 7 shows the dispersion relation for an SC

cut plate. The rank of (48) is three, hence three
t(0). 2bk2 (3(Du), ( Du(1)+ (D 1uG)) amplitude ratios can be determined for each wave number,

232 D46 u2,1  81 4 6 '1  2 02 4 u 2  83 4 4 u 3  namely,

(1). 2b3  (1) (1) + 8 () lq /Ai
1 3 1 11 1,1 2 16u2,1 3 15u3,1 A/

(1) 2b ()D 1 ) + 2 0D (1) +83 1) 2q 3qAlq
12 3 1 6ul + 262,1 3 = A A/A for q - 1,2,3,4 (49)

andt(1) 2b (1) (1) ( ) 3q 4q q
13 3~1 15 1 , 2 56'2,1 3 55'3,1 (5

The boundary conditions at the free edges, according

where k2 ~r 2 /12 is the usual shear correction factor to (40), are
for thickness vibrations1 l. SubstitutP )f (45) into
(43) gives the displacement-temperature uations ofmotion, _(0) 8t(1) -_ (1) t(1) =0(0

m2 12 1 11 2 12 - 83 13

2 2 (0) + 8 D (1) 2 (1)+ (1) where the stress-displacement-temperature relations for
k2(8 2 D66u 2 ,11  1 2 6 6 U1 , 1  82D26 u2 ,+ 82 83 D4 6 u3 , 1  the above strasses are given in (45). Substitution of

..(0) (47) and (49) into (50) gives the frequency matrix:
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The algorithm given In (52) can be used to
4(2 calculate the frequency Q of a mode of vibration at any

q2 66 q~ 1 8266' q 8D26 2q 8
2 S3 D46 3q)COS qrAlq' 0 temperature. We consider the frequency-temperature of

the fundamental thickness shear mode (TS-1) of the

2Da D - + 8D a + 6 8 D a)Sln rA = 0 SC-cut plate. If the reference frequency is taken at
q 1 qIq 1 2 16q 2q 1 3 15q3q q lq 25*C, we can define the frequency-temperature curve with

4 2 - 8
2B3D 5 6 -q 3 q Sin-qrAlq reference to this frequency as:Z(a1a2D16 qal

+ 
a2D66 a 

+  
8D SnrAl'0

a 1 13 2 qq 3 Da) n r q f(T) - f(T o - 25°C) .__f (55)4( - f(°2 25-C) fo 55
Z 83 D15ql+ 2 3 D56CqE + 6 D55q )Sin&qrAlqf 

=
---

q 1 15qo'q 2 56q 2 3 5 qaq qlq=(51)
The thickness shear mode exhibits different

where r is the ratio a/b. The resonant frequency of a frequency-temperature curve when the a/b ratio is
finite free-free plate is the frequency that satisfies varied. As observed from Fig. 10, the curves for

both the frequency matrix and dispersion matrix. A increasing a/b ratios move towards the infinite plate
simple algorithm for finding the resonant frequency at a curve, though not quite approaching it. The infinite

certain temperatu.re T would be as follows: plate curve was calculated using equations (17). The
same curve would be obtained if we let 71 = 0 in the

a) Calculate the temperature dependent material dispersion relations matrix (48) and calculate the

properties, Dpq and 6i, frequency-temperature behavior of the cut-off frequency
of the thickness shear mode. This would represent the

(1). 0 + D 2 (3). 3 behavior of an infinite strip which is the same as an
Pq Pq Pq pq + D q p,q = 1,2,...6 infinite plate. For plate vibrations with a/b less than

50, the finite plate theory would give a better

3. + CEM. .+ + a (. 1,2,3 (52) prediction than the infinite plate solution.
1 1 aii 11

When the ratio a/b is fixed, the

where 0 = T - To  frequency-temperature characteristics are dependent on
the angles of cut: 0 and 0. Fig. 11 investigates the

b) Pick a frequency and find the wave numbers and changes in the frequency-temperature curves at a/b =

amplitude ratios from the dispersion matrix (48) 19.8, = 21.90 and various 0. The infinite plate
solution for ( - 21.90 and 0 = 33.90 is also shown in

c) Check if the wave numbers and amplitude ratios from the figure. Fig. 12 gives similar curves for a/b =
part (b) satisfy the frequency matrix (51) 19.8, 0 - 33.9 ° and various 0 angles. The optimum curve

from Fig. 11 is € = 21.90 and 0 = 33.80; from Fig. 12,

d) Iterate to part (b) until the frequency w satisfies P = 10.80 and 0 33.9'
.

the dispersion matrix (48) and frequency matrix (51)
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2 3
/C TC(

2
) TC(

2
) TCC TCp TC

pq pq pCI pq pq pq pCI

1955. pq at 25c at 50t at 2C at 25C t 25 at 2.1

TABLE 2

Selected Data for Least Squares Regression.

11 -117 -75.0 -407 -107 -107 -117

13 -1022 -2000 -596 -1150 -1021 -900
AMOLES orcUT Bs RmV E D V ALUE £s WEI~s 1

14 -54.4 -270 -13.0 -48.0 -19.0 -46.6
EMOOAE oMODE TE r 1. ) r

1 21

inDEGREE THETAf 1) /f (
2

) /
3

) LALST 33 -158 -187 -1412 -275 -162 -100

P131 ____ _ ______________1__ 2/,3_SQARESFIT 44 -272 -212 -225 -216 -261 -273

10.0 -38.00 A -94.70 *** *- 0.5 66 152 -5.0 201 118 164 172

30.0 0.0 A -20.50 -53.20 -36.60 1.0
0.0 -49.22 B 0.0 -40.00 -128.00 0.5 ------------------------------

0.0 -SSOo B -13.70 -71.70 -171.90 0.5
0.0 -60.00 B -24.50 -75.00 -134.80 0.5 TABLE 6
5.0 -46.00 a -1.50 -43.10 -122.60 0.5
30.0 20.00 B -9.30 -21.80 -34.40 0.5 Third Temperature Coefficients of the Elastic Stiffnesses for
30.0 40.00 B -22.20 -39.30 -46.50 0.5
30.0 50.00 B -28.00 -43.90 -33.10 O.S |ph&-Quartz 10-12/Y

0.0 35.25 c 0.0 -0.45 108.60 1.0
0.0 0.0 C 92.50 1.0 --------------------------------------------------------------------

5.0 -24.00 c 33.10 -58.50 -134. 0.5
5.0 -28.00 c -1.70 -16.40 -51.60 0.5 Present Mason Koga Bachmann Adams Kahan

10.0 -30.00 c 0.80 -11.50 -30.00 0.5
10.0 -31.00 C 0.61 -10.70 -34.20 0.5 D(3)/C TC

(3)  
TC(3) TC(3) TC(3) TC(3)

10.0 -32.00 C 0.26 -9.80 -32.40 0.5 pq Pq Pq pq pq pq pq

10.0 -38.00 C -5.50 -5.90 1.70 0.5 .
10.0 -40.00 C -8.80 -6.50 13.50 0.5 PCI at 25C a O t2C a 5~ t2C a 5

10.0 -46.00 C -27.40 -19.80 40.00 0.5
12.5 -33.50 C -0.40 -7.40 -14.00 0.5 ----------------------..-----------...................................

20.0 34.33 C -0.06 -10.10 68.40 1.0
30.0 10.00 C 13.30 -7.90 34.40 0.5 11 -61.9 -15.0 -371 -70 -74 -100

30.0 20.00 C 7.00 -16.90 -0.40 0.5
30.0 30.00 C 5.00 -20.50 -12.40 0.5 13 -43.4 600 -5559 -750 -240 45.4
30.0 32.00 C 4.30 -14.90 11.60 0.5
30.0 34.00 C 0.75 -12.96 17.40 0.5 14 -816 -630 -625 -590 -521 -612

30.0 36.00 C -4.55 -14.30 20.60 0.5
30.0 60.00 C -72.80 -101.70 ... 0.5 33 93.7 -410 -243 -250 67 254

44 -45.6 -65.0 -190 -216 -194 -247TABLE 3

66 -239 -167 -777 21 29 25.4

TEMPERATURE DERIVATIVES OF THE ELASTIC STIFFNESSES 
FOR ALPHA-QUARTZ AT 25C

-- -

First Temperature Effective Second Effective Third
Derivatives Temperature , Temporature

Derivatives I Derivatives
C(

1
) 106 N/22/1 -(3)p q a ( 2 ) , 10 3 V / .d / 2 p q3 , s/ /

pq P4 ap31

Estimate Std. Error Estimate Std. Error Eatimate Std. Error

66 5.0747 1 0.029 11.066 1.68 -55.824 19.1

22 1.5976 0.035 -12.989 1.19 -38.145 ll. I

44 -5.3780 0.045 -26.505 2.04 -20.468 24.8

14 0.91675 0.018 4.2849 0.715 85.773 8.3

13 -2.1983 0.061 -18.806 3.5 -8.9302 32.8 To
33 -6.5255 0.190 -20.835 10.2 46.255 95.3

TABLE 4

Frst Temperature Coefficients of the Elastic Stiffnesses for

Alpha-Quartz 10o
6

/ C

Present Mason
]  

Kogs
4  

Bechmann
2  

Adams
5  

Kaha
n6

D{1)/C TC(1) TC(1) T(1) TC(1) TC(1)

pq pq pq Pq Cpq pq PCI

PQ At 25C at Sc at 2& at 2Si. at 2!rC at 2k

11 -68.2 -53.5 -44.3 -$8.5 -49.6 -35.6

13 *705 -510 -492 -550 -651 -612

14 84 2 90.0 98.0 101 89.0 93.2

3 '-97 -165 -188 -160 -192 -205 Figure 1: Reference Framm of Crystal.

44 186 -171 -172 -177 -172 -184

66 158 168 180 178 167 180
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TABLE 7 X3

Measured and Calculated Tf
( n ) 

for the Thickness Modes A, B, and C

of Some Selected Quartz Plates. ' .

... .......... .......... ..................
ANGLES *0 CuI, 081R8t9 CALgLAII43 0S(RVlO CAILCULAICO OOS(41VE0 CALCULAIEO

I"l IA U 1 --0 E/oC MD'(2 )  
9/.CL T(3) -12 . 3

PHI INcA T 00
10.0 -28.00 A -76.00 -84.01
10.0 -3 8. A -9:1.10 -919.80
12.0 -311.00 A -81.00 8.11 , 129.00 -118.80 -08.90 9.311
15.0 -3.00 A -15.00 -1.90 -II0.00 113.03 82. 0 -3.82
10.0 -35.00 A .12.00 -81.20 -08.30 -110.70 90.30 .. 30
20.0 -36.00 A -20.00 -11.19 -93.20 -111.2 266.00 -26.51 l2
30.0 0.0 A -20.50 -2O.N2 -53.20 -52.81 -16.60 -35.90
311.0 10.01) A -29.30 -31.48 -61.00 -60.79 -58.30 -01.10

30.0 20.00 A -112.00 -k4.96 -06.00 -06.36 -92.10 -63.01
30.0 3n.00 A -511.80 -01.31 -1U5.00 -99.96 -119.00 -61.,18
0,0 _10.80 • 20.10 19.30 -10.20 -23.11 -112.60 -161.30
0.0 -Wo.00 10.10 8.21 -32.00 -11.36 -26 ,000 _152.71
0.0 -19.22 8 0.0 -0.98 -11.00 -801 :128.00 -151.01
0.0 -00.00 8 -1.30 -2.69 -116.10 -00.09 -130.00 -1119.10
0.0 -5.00 -I3.10 -13.,16 -11.10 -63.510 "111.90 -110.38
0.0 -60.00 • -21.50 -2,1.02 -.. 00 -70.76 -1311.80 -129.811
5.0 -43.00 • 3,.0 8.33 -9.00 -31.32 195.80 -150.56
500 -15.00 S 3.20 41.2 -11.60 -11l.6) -169.60 -152.59
5.0 -11.11 S -0.90 0.68 -111.10 -116.03 -116.00 -149. 5
5.0 -18.00 : 1.50 -1.26 -413.10 -11.26 -122.60 -11.91
5.0 -19.00 --5.10 -3.20 -03.59 -0.51 -156.00 -146.98

10.0 -211.00 8 18.20 -0.01 -311.00 -12.66 -121.00 -"51.21
10.0 -26.00 S 16.60 2.91 -13.00 12.89 -1I1.0O0 18.13
10.0 -30.00 8 10.00 15. 4 -21.uo -29.41 -103.00 -4:91.81
10.0 -32.00 8 9.60 12.91 -33.80 -12:64 -197.30 -111.99
10.0 -33.00 9 7.00 11.79 -39.90 -3.92 -168.50 -1115.91
10.0 -31,O0 a 5.11 10.61 -111.50 -35.12 -1111.7 -15.5

a0.0 " u0 • 5.10 9.l -112.90 -36.21 -00.80 -5.19
10.0 -30.00 8 a . 0 .71 -39.00 -39.11 -91.30 -112.99 |
30.0 -40.00 . -2.1O 3.19 -11,90 "11. "110,110 -1111.20 0
10.0 -42.00 8 -5.90 0.56 -11.00 -11.70 -81.20 -139.3
12.0 -30.0 8 2.22 7.16 -21.20 -31.31 -71.90 -120.97
12.0 -3I.0 8 2.00 6.09 -32.30 -36.32 -09.20 -121.83
12.5 -32.00 8 2.10 0.81 -33.00 -37.71 -8.30 -120.19
12. - 1,80 1.91 -31.90 -38.06 -90.00 -129.29
12.5 -33.50 -;.30 1153 -43.40 -39.39 -118.50 -129.42
12. -31.00 8 "-2.10 11.07 -1,. 111 -39.90 -11.60 -129,0
35.0 11.00 -111 -0.73 -21.0 39. 19 -26.110 -10,9.37
15,0 -32.00 8 -8.80 -1..1 -39. 30 -0.55 -88.8 -110.9 9
15.0 -33.00 " -1.5020-.11 . 1. "6.8 -111.911
1500 -31. -1.72 -7.10 -112.'9 :80.111 -112.61 Figure 2: Crystal Plate Normal and Orientation with respect to
15.0 -31.0 -71.10 -2.0D6 -7.10 -11.O1 -39.10 -112.06
10.0 -31.00 a 1.15 -2.12 -3,.0 "13,119 -08.00 -113.01
15.0 -35.S0 a -8.50 -219 -39.30 -43.93 -15.10 -1Crystallographic Axes.
211.0 -36.00 a -19.90 -11.61 -10,50 --11,9 2u.30 -81.59
10.0 10.00 111.90 -10.13 -11.00 -11119 -06.00 -73.30
30.0 20.00 8 -9.30 -9.22 -21.80 -211.19 -1.11 -37.00
334.0 30.00 a -19.10 -"1.87 -21.00 19.91 -28.90 -3.21
30.0 1.,0 -22.20 -21.99 -39.30 -37.11 -116.00 -32.92
30.0 50.00 -28.00 -27.70 -13.90 -6.80 -33.30 118.06
0.0 00.00 -1.00 -6.5 -82.60 -86.60
0.0 .00 C -71.50 -23.96 -16.00 -29.35
0.0 30.25 C 0.0 -0.18t -0.110 0.- 108.60 110.113
0.0 10.00 C 96.30 90.61/
0.0 0.0 C 92.0 92.80
0.0 -70.0 C 89.10 81.18
0.0 -20.00 C 65.0 63.01
5.0 -21.00 32.80 -08.0 -116 13 -3311.00
0.0 -2.00 C -0.07 2.,11 -82.20 -92.29 -60.00 96.22
5.0 -26.00 C -6.00 -0.25 -28.30 -21.09 -66.20 -18.1)
5.0 -28.00 C .1.0 -I.69 16.40 -70.03 -01.60 -60.81

'0.0 -28.00 C .30 -0.16 -00.00 -23.28 -11.00 -60.311
10.0 -3000 C 0.80 0.56 -1150 -12.30 -30.00 -113.16
10.0 -31.00 C 0.6 0.11 -30.10 :10.20 -11.2 -36.21110.0 -312.00 C 0.26 0.10 -9.80 -8.I 320 -29
10.0 -32.0 C -0.,81 0. -7.81 -1.33 -21.50 -23011 0.
10.0 -31.30-0 c 0 -71 110 -. 30 6:11 -30.0 -7:113 4
10.0 -]5.30 C -0.20 -1.95 -5.80 . -. 20 -11,110

10. -3.0 C4 -31 61 -00 2-.0 -117 c
10.0 -38.00 C -5.0 055 -5.90 -5.61 110 6 111 -
10.0 -. C -8.8 0 .16 "6.50 -6.76 13.50 18.08 .
10.0 -118U.0 C -,.0 2 190 -21.93 110.00 28.80 %0

12:0 -205.0 C 213 3. 19 -30.640 -38. -91.00 -111 2o
I1. -26.00 C 12.30 4. 38 "37.90 -%10.914 -115.00 -1291
12.5 -27.00 C 12.00 76.12 38.60 -11.66 -08.00 -198 70 *. .-
12.0 -28. CO 111.60 In80 -39.70 -2.68 -132.00 "80.98
12.5 -31.00 C 2.90 I 1.50 -10.00 -28.00 -33:22
42.0 -31.50 C 2.00 9.30 -9.16 -10.00 -2989 Z
12. -32.00 C 190 0.11 -8.60 -8.16 -3.10 -26:66 ,
12.5 -32.50 C 110 0. 3.6 8.0 1 -211.90 -2. 5011 ,
12.5 -13.00 C .0 0 3 1 .3 6 -19.60 -20.15 01 -- - S ,
12.0 -33.50 C -0.1 -0.16 -1,11 -6.91 -14.00 -17,111
12.0 -,0WI C 0-0 -0.91 71.50 -6.59 -48.00 -1.39
25.0 :20:,H1 C 3.70 .05 1 -29.70 -11.70 -1l0.79 0 //
25.44 .110 C 3.0 6 .2112,0 -211.411 -12.80 -3911 Z0 .
25.1 -31.00 C .90 126 38.00 -72.30 -5.60 1.39 WlJ.
133.31 14.00 C 3.0 1, 1- 3 -32.80 33).141 13.33 i341.0 20.00 C 1.no 16 16.90 -18.05 -0.1o -0.60 0

WILK)10. 0 C 00 1171 "23.50 -20.89 -12,10 -7.01 W
300 32.0 C .30 1 20 .14.90 -17.18 11.60 11.06 .
13.0 31.00 C 0.15 0 72 12.96 -10.00 19.1.0
13.0 36.10 C -11.55 11 0 11.30 -70.77 20.60 32.94 .
333 0 I5.O• -I4.9U - 139 1.8U -201. 27.00 011.08
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DISPERSION RELATION KATRIX

2 1266 
1 2

D
6 6  30 

2 2
J 3 +

2 3 5 A 1

3 
102 6bJ (523 C +3 6  l - o) ( 13 5 62 +3 a866 (0 0 B1 t2+30 0 b A2

-o0
30 26 d 62+1 l,226 25 2- 3 2 2o0

3f 2 2 6  (18Dl6+~li2D6J (82D66 38 222 ) (828B 56 t2
+) 283524) At3

(f6f 02
5 
16 

2
626ff) -626662 2 2- -a2 23 24 A3

1 2 3546 (a 1a33 52 1 5 346) (1
2
a
3
D

5 6
J +3a283B24) (0

3D 5 5 +3
3 4 4 3- X A4

.he,. Z 2 2 2 2 3k2C66I w / --ob-
2  DM - D/C66 and D pq /k C 66 (46)

40 
ek 

_ 
_ 

000-1

/ -
200

flir.
4  

thi.t - tljlcknsgs. tw t

a4,

° ° -- -- ,, t - "

Figure 6: Displacement components of an SC-cut Plate.

350 37a 390 41°

18 (0_ __ _
Figure 4: Observed and Calculated Temperature of Zero Temperature

Coefficient of Frequency vs Orientation Angle for the AT-

cut

-3.0 -20 -1.0 0 to 20 3.0

Figure 7: Dispersion Relation for an SC-cut Plate.

.lgure 5: Cryatl PMeite Cw~lnatee efid Dim1o74.

174



TS-5 73- 7-5 7S-S TS-S Fka,--- 11 San., SOw.

-3 _jTS -aTS -

O0Si

170 78.0 79.0 J 0 21.0 22.0 23.

Figure 8: Frequency Spectrum of an SC cut Plate: TTCThirkness TEMER0.R Tim. C) 0 0 61 9, $a, I5.ae

Twist, TS=Thickness Shear F=Flexure, and nzWI of phase Figure 11: Thickness-Shear Frequency -Temperature Curves of SC-cut

reversals. Plates for various angle theta.

L 6

bso~.Pi~Saso, -ade -

4L.

Funameta ThokmmeSea Free12quencySha reuny TnestrCuvsofS-u

- -- -Plates for various angle phi.

*6.4.2

TEMPERATURE TWOC
?lor* 10: Thickness-Shear Frequency-Tenieftlar CArvee of SC-cut

Plates for veriou% ei'b ratios.17



38th Annual Frequency Control Symposium - 1984

ON THE CHANGE IN ORIENTATION OF THE ZERO-TEMPERATURE CONTOURED
SC-CUT QUARTZ RESONATOR WITH THE RADIUS OF THE CONTOUR

D.S. Stevens and H.F. Tiersten
Department of Mechanical Engineering,

Aeronautical Engineering & Mechanics
Rensselaer Polytechnic Institute

Troy, New York 12180-3590

Abstract SC-cut quartz
7
, to obtain the change in frequency with

temperature for a given orientation ofa given contoured
In order to calculate the dependence of the actual resonator. A numerical search is then made to find

orientation of the zero-temperature electroded, con- those orientations for which the calculated change in
toured SC-cut quartz resonator on the radius of the frequency vanishes as a function of the radius of the
contour, the actual orientation of the zero-temperature contour. Results have been obtained for the funda-
unelectroded flat SC-cut quartz plate vibrating in the mental and third and fifth harmonic, which we believe
pure thickness-mode of interest must be known. How- to be quite accurate in view of the accuracy of the
ever, on account of small inaccuracies in the measured earlier work

2
.

temperature derivatives of the elastic constants of
quartz, only the nominal c and 6 angles of zero- 2. Perturbation Equations
temperature cuts of the unelectroded flat quartz plates
vibrating in pure thickness-modes can be calculated. The equation for the perturbation in eigenfre-
In recent work on contoured AT-cut quartz resonators a quency

9 
mentioned in the Introduction may be written in

6' correction to the nominal 9 angle was obtained, the form
Since the 9 angle of the SC-cut is very near the 6 angle =H /2w , =a -t , (2.1)
of the AT-cut, the 6' correction can be taken to hold . -

for the SC-cut also. In this work the corresponding
correction to the nominal o angle is obtained from where wu and w are the unperturbed and perturbed eigen-
measurements on zero-temperature electroded, contoured frequencies. respectively, and

SC-cut quartz resonators at 25
0
C. With this correction

to the nominal r angle, the dependence of the actual H = - LL dV, (2.2)
orientation of the zero-temperature electroded, con- a V
toured SC-cut quartz resonator on the radius of the

contour at 25 C is calculated for the fundamental and and V is the undeformed volume of the piezoelectric
third and fifth harmonics, plate at the reference temperature TO . In (2.2) g,

1. Introduction and & denote the normalized mechanical displacement
vector and electric potential, respectively, of the

As a result of small inaccuracies in the measured ith eigensolution, and are defined by

temperature derivatives of the elastic constants of P 2 4 U
quartz-, only the nominal w and e angles of zero- g = N

2 
= J V (2.3)

temperature cut quartz resonators can be calculated. gY v
In recent work

2 
on contoured AT-cut quartz resonators

a 6' correction to the nominal 6 angle was obtained where u and ca are the mechanical displacement and
using some old data of Bechmann

3 
and recent data of electric potential, respectively, which satisfy the

Lukaszek
4
. Furthermore, the change in angle of the equations of linear piezoelectricity

zero-temperature contoured AT-cut quartz resonator was
calculated as a function of the radius of the contour
and shown

2 
to be in exceptionally fine agreement with 'LY = cLYMdu ,M+eMLY ,M,

Tyler's known measured design curve
5 
when the 6' cor-

rection is employed. Since the e angle of the SC-cut (2.4)
is very near the 6 angle of the AT-cut, the 6' correc- L = eLMyUy, M "CLM",M(
tion can be taken to hold for the SC-cut also. KLL=I A,L 0 ' (2.5)

In this work the corresponding correction to the &,L O ', = 0

nominal o angle is obtained from measurements by
Warner on the third overtone of a contoured SC-cut subject to the appropriate boundary conditions. The
quartz resonator at 25

0
C. The correction to the m- quantities Ly', eri and CL, denote the second-orderangle turns out to be 48.3'. With these corrections elastic, piezoelectric and dielectric constants,

to the nominal oand angles, the actual orientation respectively, and p denotes the mass density. Equa-to te nminl and9 agle, te acualorintaion tions (2.4) are the linear piezoelectric constitutive
of the zero-temperature contoured SC-cut quartz reson- tions 2.4 ) are the n r eqtionstotutioe
atorrelations and (2.5) are the stress equations of motioncontour at 25C for the first, third and fifth and charge equation of electrostatics, respectively.
harmonics. The upper cycle notation for many dynamic variables

and the capital Latin and lower case Greek index nota-

The formalism used in earlier calculations of this tion is being employed for consistency with Ref.9 as
is the rema/inder othe notation in this section. The

nature:'" is, of course, used here also. The formalism vibes Ke ind o tnotation o
consists of finding the equivalent trapped energy variables L and L in (2.2) denote the portion of

mode"
'  

for the harmonics of the contoured SC-cut the Piola-Kirchhoff stress tensor and reference elec-
which is then substituted in the tric displacement vector, respectively, resulting fromequation orhe, pruthe biasing state and a change in the fundamental

equation for the perturbation in eigenfrequency due to a material constants in the presence of the g' and £ ,

bias ', along with the temperature induced biasing aneral given i

deformation field, the first temperature derivatives and are given by

of the fundamental elastic constants of quartz'0 and
the temperature derivative of the effective piezoelec-
tric constant for the thickness mode of interest in
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,iy (LyM .yMd g,,M 
+ 

(eMLy+ AeMLY) f,M 'ML c 1 '
JK' (3.4)

g+ )f , (2.6) from (2.8)1, (3.3) and (3.4), we have
LM ,M 1 (T  (3.5)

EJK = -J 0o
where cLYMa, eMLY, and 'LM are effective constants that
depend on the biasing stateg and AFLyMa, AeLMy and ACM throughout the plate.
denote small changes in the fundamental elastic, piezo-
electric and dielectric constants, respectively, due to Now, the homogeneous strain state is given by
a change in temperature. (3.5) and the static homogeneous (global) infinitesimal

When nonlinearities due to biasing deformation rigid rotation is arbitrary
11 . In fact, the change in

only are included, we have frequency due to a homogeneous infinitesimal rigid
rotation has been shown to vanish'2 . Consequently, we

i " 2€o may select the homogeneous infinitesimal rigid rotation
ZLM bLMCD ECD •OEL to take any value that is convenient and in particular

to vanish, and we have

M= - kLMBEBC +elMqWy, K 1 =)0 (3.6)

1 ' "KL =i (wL K-wKL O (36
cL =T 8 + c E +LM %v+ LYMA A AB + 2LYKMW, ,K which with (2.8)2 and (3.5) yields

+LKIo4wY K (. wj, K nJK(T - ) . (3.7)

where for a thermoelastic biasing state and relatively
small changes in temperature T from the reference The substitution of (3.5), (3.7) and (3.3) in (2.7)_

temperature To, yields aLyMa as a known linear function of (T- TO)
throughout the plate.

T = IN- (T - TLM 0 4. Eigernmodes in Contoured Resonators and the

1 = 1 (2.8) Equivalent Trapped Energy ModeEK = . (WK,+w ,(2N

KN 2 , NK) It has been showne that the eigensolutions for

cLYmkAB, bLmCD and denote the third-order contoured SC-cut quartz resonators, referred to coordi-
3 1 nate axes obtained from the eigenvector triad of the
elastic conscants, the electrostrictive constants and pure thickness solution for the SC-cut, can be written
the first-order electroelastic constants, respectively, in the form
co denotes the permeability of free-space, wx denotes nnX2  iw t
the static biasing displacement field, and VLM denotes U sin - u e , (4.1)
the thermoelastic coupling coefficients. Thus, in this lmp 2h nmp
description the present position Z is related to the
reference position X by where the X2 -axis is shown in Fig.l and ul is in the

direction of the thickness eigendisplacement of
y(X, t) =X+w(XL) +U(XL, t) . (2.9) interest and X2 2

u nmpe n 2 H(-nl e n2THGn3) 42

3. Temperature Induced Biasing State u Arnpe H(,TXe H (,/X (4.2)
nmp m n p n 3

A cross-section of the contoured plate along with
the associated coordinate system is shown in Fig.l. and along with u2 we have
Since it has been shown2r that the change in frequency e 26 nrX n2 \X iWnmp t
resulting from the thermal stresses caused by the= u (sin (-1) 2 , (4.3)
presence of the electrodes is two oT s of magnitude £22 nP 2h

smaller than the total change, the sence of the
electrodes is ignored in the determination of the bias- where for the modes of interest'

3

ing deformation state. Consequently, we have the
ordinary stress equations of equilibrium n= L,3,5, ... ; m,p=0,2,4 ..... (4.4)

M = 0, (3.1) In (4.2) H, and H are Hermite polynomials and

n2 2 (I) n2 2 (I)
along with the ronsticutive equations (2.8),. Since c2 n 22 n nrr(
the outside edges of the plate are traction free and n 8Rh 3M n 8Rh 3P
we have ignored the electrodes on the major surfaces, o n o n

we have where

MT1 = 0 (3.2) c2

NML M c 16+ r'c +Mn= 11 .(1) 
+

r2 (c12 + c6 6) +

on all surfaces, where N" denotes the unit normal to

the surfaces of the plate at T=T 0 . From (3.1) and 4(r E(2) +c2)(r( 1 -)
(3.2) we have1 2 2 cot 2  2

T =0, (3.3) n(c K2TML

throughout the plate. Since the thermoelastic coupling
constants v'L are related to the coefficients CNK by
the usual relation
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integral (2.2) and the analysis in Sec.3 shows that
Pn = c

5 8 +r 3 (c36 + c5 7 ) + the thermally induced biasing state is very accuratelya homogeneous one.

4(r3(3) + c45) (r3 EM) c 36) (4.6) Since the equivalent trapped energy mode is to be
nr(3) c 3 2 determined by matching to the known Gaussian mode shape

3 in accordance with the foregoing procedure, the disper-
sion relations are not needed and only the continuity

and of the mechanical displacement ul need be imposed at
(1) (l) c 1 2

+ c66 the line of inflection in each direction. The aolution
=- -K functions for the trapped energy eigenmodes have been

2 
-c 3) r2 EM (2) shown

13 
to be of the form

c36 + c57 (. nrrX 2
r (1) .(3) (4.7) U1 =B sin - cos Icos 3

E nrX2 2T- (X -a) 3
S S 2 11In Eqs.(4.3) - (4.9) the material constants are the U1 B sin 2h cos Vx3

transformed constants discussed in Ref.8 and the n(
FT i(i = 1, 2, 3) are the eigenvalues for the piezoelec- T T nlX2  - "vT(x 3 -a 3)
trically stiffened plane waves for the thickness direc- u =B sin TE_ cos Xle,
tion of the SC-cut8 . The eigenfrequencies for this 1 T
eigensolution are given bye C= C  

n1X - S - ) 33)
u1  sin = e e (4.11)

2 n c K2 + 12h ( MU1 - 4 1 + - R (2+ 1) + In accordance with the matching procedure outlined,nop 4h 2 we take

P ]A ,(4.12)

F (2p+) , (4.8) Amp

cp )and obtain and i from the relation

where 2 2

(1) 8k 2 6 -2j 1 Xl 1 3 X3
= 2 - n-- ' n2 1e-2 H f H -)dXdX

2 2 T e H (nl 1d e HCInX3d3
2 e26 _ apn3o3

k26 -() ' oh (4.9) a1  326 = ( - cos XldX I  cos -X3dX (4.13)

and p and o' are the mass densities of the quartz and 0 0
electrodes, respectively. from which, by separately equating the product inte-

In addition to ut,,p given in (4.1) there are grals, we obtain the transcendental equations
bothe u2nmp and Un. P, which are an order of magnitude
smaller than ul..,f, but are required in this work i -

because the SC-cut is thermally compensated for the Il 2( n1\
pure thickness mode of interest. However, since the -[ err~ ,
u2 - and u3 -displacement fields accompanying the larger n 1
u,-displacement field are known only for the electroded
and unelectroded flat plates'1 , we fit the Gaussian sin a3
mode shape given in (4.1) and (4.2) for the contoured = 2 3erf\-- 2 ) (4.14)
resonator to a trapped energy mode1 a in a flat plate in 3 n a3
accordance with the diagram shown in Fig.2. Since the
Gussian mode shape is sharply confined to the vicinity for the fundamental and harmonic overtones. The one
of the center of the contoured resonator, we replace fot fuea l andetrmi nes he o n
the circular electrode by the circumscribed square for root of each of (4.14) determines the values of and
convenience in pcrforming the perturbation integrals for the equivalent trapped mode. Equation (4.13), and,
(2.2). Furthermore, for the same reasons we take the of course, (4.14) are for the harmonic modes only, for
flat plate to have the thickness 2ho in the central which H.--H = 1.
region and the thicknesses 2h, and 2h, of the contouredre onto a t e i es ofinle ti nof the Gaussian Since the equivalent trapped energy mode is con-
resonator at the lines of inflection re sian tinuous at the junctions, the relations between themode shape in the X1 - and Y.-directions, respectively, amplitudes in the different regions are
which are given by

2h =Zh (l- a2 /4R h 2h3= 2ho(I- a 2 / Rh). (4.10) =Bcos . BT Cos a
B 1 Bcos 7a1 cos 'a3 , (4.15)

The equivalett trapped energy mode is fitted to the
Gaussian by matching the Gaussian at the center of the which with (4.12) gives all amplitudes of the equiva-
plate and requiring the volumes under the Gaussian lent trapped energy mode in terms of the amplitude of
mode shape and the equivalent trapped energy mode to be the Gaussian mode shape. By following a procedure
separately the same under the inner rectangular region similar to the one employed in the treatment of the
defined by the lines of inflection of the Gaussian mode central region, for H. =H,= 1, we obtain 14.

shape in the two directions and the outer regions.
This is a reasonable procedure for our purposes because
such a function can match the Gaussian quite well, we
integrate over the mode shape in the perturbation
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Cos a cos a3  SC-cut and QaS denotes the transformation from that
_- =1 T 3 system to the eigenvector triad

8
.

] erfcV- a,) T erfc T a3) 5. Orientation of the Zero-Temperature Cut
(4.16) The change in the resonant frequency with tempera-

ture of any electroded contoured SC-cut quartz plate
We now have the ul-displacement field for the equiva- resulting from the thermally induced biasing may now be
lent trapped energy mode. determined from (2.1) and (2.2) with (2.6) and (2.7).

However, Eq.(2.2) cannot be used for calculation as it
As noted earlier in addition to the ul(ii) dis- appears because the temperature derivatives of the

placement field there are accompanying u,(U2 ) and uI3(i5) complete piezoelectric and dielectric tensors are not
displacement fields, and to the same order in ( ) there presently known, nor are all the fundamental coeffi-
are accompanying corrections to the ul(u,) displacement cients appearing in (2.7) known. Nevertheless, since
fields, which are given by8  the piezoelectric coupling and wavenumbers along the

plate are both small, the temperature dependence of
n MIX 2  only the transformeda thickness piezoelectric and

U =  I ) 2 5C dielectric constants e28 and e22 need be retained in Hu.c Moreover, since (l/e2s)de26/dT>> (1/e22 )de2 2 /dT, we

r 22h nTTX K2 nrX ignore (l/e,,)dCe2/dT. Furthermore, (l/e 2r)de2s/dT can[ = B cos 2 +Ecos 2 2sinX cos X3  and should be excluded from wave terms in HU because
2 n2h 2h the existing temperature derivatives of the fundamental

elastic constants of quartz effectively contain the
r3v2h nTX x n72X small influence of the temperature dependence of the

T L n3 B cos 2 +E cos 3 2]cos l sinX 3 , piezoelectric and dielectric constants, which results
from the piezoelectric stiffening of the waves. In

(4.17) addition, we ignore the emLY since they are not known.
where (Then the (i/e2,)de2C/dT that we retain is not funda-n+l (r 2 (2 +c 1 2 )72hB mental but effective. In view of the foregoing, the

C= (-1) (2) general electroelastic perturbation integral in (2.2)
c K 2nT7 sin K2nTT/2 with (2.6) and (2.7) may be written in the reduced

2 2form 4

n+l (r 3E( 3 )
T -- (r3- + c 57 7) 2hB - (.8

(3) nrrsin K 3 n t/2 (4.8)l"+ -V{[(k'M M

and 2e2  Ae g0)(h)
an-e26 26 g() 1 dV1 (5.1)

Su BS(I c1 6  ms nrX2  -S(XI-a) 22 e26 1 , 2  h -J

+ .(l) X)sin 2h e Cos 22 2
3  where

S r 2
S2 h BXS nrX2  CS  s X2nX2 A - (T-T )d/dT (5.2)u "  BScos - + CScos -2- ]

2h J In (5.1) the first term under the integral sign is

- S(xl-al) decomposed in the original conventional coordinate
e Cos 3 , system for the SC-cut because the ZLYMa and ASLY-a

are known in that coordinate system, while the second
Srr 3 s2h  nrX2  S A3nTX 2  term is decomposed along the eigenvector triad of the

o3a +E cos pure thickness solution-
4
. From (5.1) for the geometry

7Sx shown in Fig.2, we obtain
z(X -a) hP

where - 0

n+l (rE(2) +c S ZhB S I
c )S= (r 2 2 + 12)+ dXl( ISdX 3 + J 6Cdx3), (5.3)

F(2) K2nTT sin K2 nTr/2 0

n+l (r3Z(3) + whereE
S 

= _)
- -  

+c 5 7 ) 2hBS

E = (-0) (3) 57 (4.20) 5P= E M A2Y '9(3 K3 n
T

s i n 
K3

n 1 2
2 Ae 2 6 g(h)

4 e e g2 (54)

with similar expressionsi for t and t4. As noted 222 e26 1,2

earlier in this section this solution is referred to
the eigenvector triad of the pure thickness solution The aLa in (5.4) are known as linear expressions in
for the SC-cut

e
. For purposes of calculation of the (T-To from the analysis in Sec.3 and the change in

temperature dependence of the resonant frequency it is the elastic constants with temperature ACLYMa are
advisable" to transform back to the original conven- given by
tional coordinate axes for the SC-cut, thus

= Qu, (4.21) "L1 (dcLy/dT) (T - To ) , (5.5)

where ;. denotes the components of the mechanical dis- where the dCLYMC/dT are obtained from the first temper-
placement in the original coordinate system for the ature derivatives of the fundamental elastic constants
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of quartzl
c
' dc.,./dT referred to the principal axes data of Bechmann

3 
and Lukaszek and made the actual

by the tensor transformation :elation angle 8 =- 35021
'
, was employed in plotting the calcu-

d d lated results in Fig.3. Thus it is clear that the 6'
HT 2 = 

aLaEaMfa - CDEFG (5.6) correction to the nominal e angle is of crucial import-2 dT 2 ance for the calculation of the actual orientation of

where the ay, are the matrix of direction cosines for zero-temperature AT-cuts.

the transformation from the principal axes to the As noted in the Introduction, since the 6 angle of
coordinate system containing the axes referred to the the SC-cut is very near the 8 angle of the AT-cut, the
electroded plate. When the conventional IEEE notation15 6' correction can be taken to hold for the SC-cut also.
for doubly-rotated plates is written in the form (Y,X, The corresponding correction to the nominal cp angle,
w,f)Q,8, where *= 0, the rotation angles o and 8 are which is required for the calculation of the actual
the first two Euler angles, and for the SC-cut the orientation of zero-temperature SC-ctuts, has been
nominal angles are e =-34.1840, o= 21.930, from which obtained from measurements by Warner

5 
on the third

the ay, can be determined 
6
. Clearly, the transforma- vertone of a contoured SC-cut quartz resonator at

tion relations for the second and third order elastic, 25
0
C. The resonator had a center thickness 2ho =

piezoelectric and dielectric constants, and coefficients .5486 mm, a radius of curvature R= 25 cm, an electrode
of linear expansion may be written in the respective diameter 22= 6.48 mm and electrode thickness 2h' = 900 A,
forms and the actual orientation given by Warner was

c = aKDaLEapaNGcDEFG, = 21.930, 0 =- 34.340
. 

Using the above-mentioned 6'
correction to the 6 angle, we find that the nominal

c a a a a a a c 6 angle is 0 =- 34.240. Applying the formalism pre-
KLM KD LE MF NC AH BI DEFGHI, sented in this work to the resonator used by Warner,

we calculate the nominal p angle to be o= 21.1250,
eKLM = aKDaLEaMfeDEF which means that the correction to the nominal a angle

is .8050 or 48.3'.
L 

= 
aKM aLNMN KL

= 
aKMaLNKN (5.7)

Figure 4 shows semilog plots of the actual rota-
where the tensor 'juantities with the upper uycle are tion angle 6 for in actual fixed angle a= 21.930 for
referred to the principal axes of the crystal, the zero-temperature cut as a function of the radius of

curvature R for the first, third and fifth harmonics
In order for the temperature dependence of the for the two center thicknesses shown in the figure.

resonant frequency of a contoured SC-cut quartz reson- The experimental point noted on the third harmonic is
ator to be calculated, the Lemperature dependence of that of Warner

6
. The figure clearly shows that the

e2 s must be known. An estimate has been made using actual angle 6 of the zero-temperature SC-cut is a
data'' on the temperature dependence of the resonant significant function of R for the third and fifth
frequencies of both the fundamental and fifth harmonic harmonic, as well, of course, as for the fundamental.
overtone trapped energy modes in SC-cut quartz plates This dependence of the third and fifth harmonic on R
with rectangular electrodes. From the data provided by constitutes a well-known significant difference between
Lukaszek'7 and the analysis we obtain the estimate

14  
the behavior of the SC- and AT-cuts. Figure 5 shows

semilog plots of the actual rotation angle o for an
(W/e26 )de26 /dT =- 4.8x 10-

4
/°K. (5.8) actual fixed angle e =- 34.600 for the zero temperature

cut as a function of R for the same harmonics and
Calculations have been performed using the known center thicknesses as Fig.4. It is clear from Figs.4

values of the second order elastic, piezoelectric and and 5 that the change in a with R for a fixed 8 is
dielectric constants of quartz 1, the third order about 10 times as great as the corresponding change in
elasticl

: 
and thermoelastic 

2  
constants of quartz and 6 for a fixed cp. Figure 6 shows log-log plots of the

the first temperature derivatives of the fundamental change in rotation angle 68 referred to an actual
elastic constants of quartz 1 along with the estimate reference angle 6 = - 34036

' 
for an actual fixed angle

in (5.8). The results of the calculations are pre- o= 21.930 as a function of 2ho/R for the same harmonics
sented in Figs.4-7. However, before we present the and center thicknesses. Figure 7 shows log-log plots
results of the calculations for the SC-cut, in Fig.3, of the change in rotation angle Acp referred to an
which is Fig.7 of Ref.2, we show a comparison of log- actual reference angle c= 22 40' for an actual fixed
log plots of the calculated shift in rotation angle angle 6 =- 34.600 as a function of 2ho/R for the same
for the zero-temperature AT-cut for the fundamental harmonics and center thicknesses. The dotted curve in
mode with Taylor's known measured design curve' for both Figs.6 and 7 is for N= 1 for the thicker resonator.
the fundamental mode of the plano-convex AT-cut reson- The equivalent curves for N = 3 and N = 5 for the thicker
ator in order to demonstrate the accuracy that can be resonator are indistinguishable from the respective
achieved with such calculations. It can be seen from ones for the thinner resonator. At this point it
the figure that the calculated results are not straight should be noted that although the calculations for N= 1
lines, but curves and, in fact, a different curve for become invalid for some large value of R, the smaller
each different center thickness and each electrode that value of R, the larger ho, as a result of (4.5),
size. Although all the calculated curves tend to the calculation for N= 3 and N= 5 remains valid over
follow the general trend of the single measured design the entire range shown in Figs.6 and 7, as a result of
line very closely for decreasing radius of curvature of the n

5 
in the numerators of (4.5). The electrode

the contour, they deviate differently with increasingR, diameter used in all calculations was 21= 6.48 us.
the greater the deviation, the greater the center
thickness. At this point it should be noted that as a Acknowledgements
result of (4,5), the calculations become invalid for
large R and h, and the larger ho, the smaller the We wish to thank A.W. Warner of Frequency Elec-
value of R at which the calculations become invalid. tronics, Inc., for providing the data that enabled us
Nevertheless, It can be seen from the figure that for to obtain the correction to the nominal p angle. We
practical cases the agreement is exceptionally fine. also wish to thank A. Ballato and T.J. Lukaszek of the
It should also be noted that the 6' correction to the U.S. Army Electronics Technology and Devices Laboratory
nominal angle e =- 35015 ' 

for the zero-temperature AT- for kindly providing the data used In the estimation
cut unelectroded flat plate, which was obtaineda using of (i/e26)de2s/dT.
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Comparison of the Calculated Change in Rotation Actual Rotation Angle cp for the Zero Temperature
Angle AO from 8 =- 3508 .5

' 
for the Zero Temperature Coefficient of Frequency SC-Cut at 250C f - an Actual

Coefficient of Frequency for the Fundamental Mode Fixed Value of 8 = - 34.600 as a Function o." the Radius
of the Contoured AT-cut Resonator uith Tyler's of Contour R for the First, Third, and Fifth Harmonics
Known Measured Design Curve. The calculated curves for Resonators with the Nominal Resonant Frequencies
are for center thicknesses 2ho of 0.8258, 1.6515 and and Center Thicknesses Shown. The electrode diameter
0.3282 m, with electrode diameters 2Y of 8, 10 and is 2= 6.48 nUn.
4 mn, respectively.

0
coA.W. Worner: 9 =21.9300, =-34,340

Nominal: V =21.1250, 8 =-34.24
°

Correction: p= 0.805, -0.1 05
U08 5n 5
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Figure 6
Figure 4 Change in Rotation Angle AG from e = - 34036

' 
for the

Actual Rotation Angle e for the Zero Temperature Zero Temperature Coefficient of Frequency SC-Cut at
Coefficient of Frequencg SC-Cut at 25°C for an Actual 25°C for an Actual Fixed Value of o= 21.93" as a
Fixed Value of c= 21.93 as a Function of the Radius Function of the Ratio of the Center Thickness-to-Radius
of Contour R for the First, Third and Fifth Harmonics of Contour for the First, Third and Fifth Harmonics
for Resonators with the Nominal Resonant Frequencies for Resonators with the Nominal Resonant Frequencies
and Center Thicknesses Shown. The electrode diameter and Center Thicknesses Shown. The electrode diameter
is 21= 6.48 mm. is 21= 6.48 nn.
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Figure 7

Change in Rotation Angle A!0 from w= 22o40 ' for the Zero
Temperature Coefficient of Frequencg SC-Cut at 25 C for
an Actual Fixed Value of e = - 34.60 as a Function of
the Ratio of the Center Thickness-to-Radius of Contour
for the First, Third and Fifth Harmonics for Resonators
with the Nominal Resonant Frequencies and Center Thick-
nesseo Shown. The electrode diameter is 2k= 6.48 mm.
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Summary fabrication begins with powders.

The manufacturing process of piezoelectric In the old days, we made wafers by the
ceramic resonators and filters, and their manufacturing process of pressing, firing,
characteristics are reviewed, placing cutting, and grinding. However, we have
special emphasis on high productivity and succeeded in recently developing a new
application to semi-conductor circuits. manufacturing process called the green sheets

method. Fig. 1 shows this new manufacturing
The advantages of ceramic resonators are a process compared to the old process. In Fig.
sh-ort start up time for clock oscillators in 1 the sheeting process is most important and
microprocessors, and a wide frequency shift we are using a rolling or extruding machine
in VCO circuits. The merits of ceramic for this.
filters are stability and a wide bandpass N OlPro

in communication use.

Finally, the unique packages for ceramic F Mixing Mixing
i I

resonators and filters, which adapts to high Calining Cni
productivity and use with automatic insertion Mixi.g Mixing I
or placing machines, are described. 96"i I iI P i II

Introduction Punching Firing

Piezoelectric ceramics have played a major Firing CuttIn
role in the development of solid state ItCr-di-g Grinding

electronics as a material of choice for l Gin

component manufacture. Polarizing

While ceramic dielectric capacitors have been 
A

widely used for more than a decade, piezo- Inspecting

electric ceramic resonators and filters have Packing
only recently become commonly used for
frequency control and selection in FIG. 1
communications and microprocessor controlled New Manufacturing Process by Green 2heet

equipment. Method Comparing to Old Process

In the future, even greater expectations are
held for this unique material in the area of
new applications and more stringent
performance criteria for current products. The old method of electroding used a printing

machine with silver paint. However, silver
In this paper we will describe the manufac- material is very expensive and is subject to
ture, operation and typical specifications the migration phenomena, especially in
which can be obtained from currently thinner wafers. So, we have developed a new
available ceramic resonators as compared to electroding process which is based on the
quartz technology. sputtering technique, using a Ni alloy. This

new process is very suitable to mass
Also, wt? will describe the unique package production and cost savings, as well as
for ceramic resonators and filters which avoiding silver migration troubles.
allows use with automatic insertion or
automatic placing machines now using ceramic There are many material requirements for
capaciLors. making quality frequency control devices likc

resonators and filters. We must consider the
Manufacturing Process and Material following:
Characteristics

(1) Good temperature and aging characteris-
The manufacturing process for ceramic tics of the resonant frequency for each
resonators differs significantly from quartz vibration mode.
resonators, especially in the formation of
the raw materials. Instead of high (2) High mechanical Q and small dielectric
temperature autoclaves forming large crystals constant for higher frequency use.
from which wafers are cut with great
precision, piezoelectric ceramic resonator
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(3) Pore free ceramic structure and a mak. fundamental frequencies using a trapped
uniform piezoelectric characteristic to mode. It is possible to make 3rd overtone
allow fine electrode patterns, because the Poisson's ratio o of PbTiO 3 is

less than 0.3. Fig. 4 shows this relation-
k4) Small package size for solid state ship, and we could improve the temperature

circuits. coefficient of the resonant rquency by
adding Lamthanum impurities. j The

We have studied many kind of impurities which mechanical Q value of this material is more
improve mechanical Q values, and combinations than 4,000, and the temperature coefficient
of Ti and Zr in PZT materials which improve of the resonant frequency is less than 0.2
temperature cha acteristics to meet todays ppm/0 C from -400 C to +120*C temperature range.
requirements.

( f)

For example, Fig. 2 shows the temperature +10
coefficient of the resonant frequency in an
expansion mode, shear mode, and thickness 0

mode related to the combination of Ti and
Zr. (2) This is quite similar to the -10

phenomena found in the cut angle of zero-
temperature coefficient quartz crystals. In 2 "
addition to the material, we can see that the 5 overone
vibration mode in ceramic resonators also -30 -lde
affects the temperature characteristic. Fig. Fundamentalmode
3 shows typical temperature characteristics -4o
of the resonant frequency in each vibration 3doveno,.mod,
mode compared to the AT cut quartz crystals. 0 0 20 30 40 so

Frequency (MHz)

- Expansion Mode FIG. 4

Show Mode Frequency Characteristic of Resonant

.100 --- Thicknem Mode Frequency for PbTiO3 Ceramics

" 52 54O, moWe are using the EMAS ( 4 ) (Electronic

-100 Material Association Standard) in Japan to
measure all piezoelectric constants of our
piezoelectric ceramic materials.

We are also using MIL-STD-202E to make the
FIG. 2 enviromental tests for our materials.

Temperature Coefficient Characteristics ofReso ant Freq enc By b~r 3  Ra io o Pb iO3 Table 1 shows all items for this test and
Resonant Frequency By PbZrO 3 Ratio to PbTiO3 each condition is decided by each requirement.

Design and Characteristics of Ceramic
Resonators

•o.0,1 Fig. 5 shows the equivalent circuit of
piezoelectric ceramic resonators, CERALOCKO,
which is quite similar to quartz crystals.

o iis registered by Murata in USA, UK,
W. Germany, Japan and etc.)

Modified PbTiO, cramics
AT ad q.u. Ci Li Ri

-40 0 40 so 120

FIG. 3 Temp. (C) Co

Temperature Characteristics of Resonant CI: Equivalent Compliance
Frequency for PbTiO 3 Ceramics and AT cut Li :Equivalent Mass
Quartz Crystals Ri Equivalent Resistance

Co: Parallel Equivalent Capacity

FIG. 5 2-Terminal Type
To make ceramic resonators higher than 10MWz, Equivalent Circuit
PbTiOj materials are better than PZT material
because the mechanical Q is larger and the
dielectric constant is smaller. Also, PbTiO3
naterials are more suitable for making 3rd
overtone rather than fundamental resonators
because it is theoretically impossible to
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In Fig. 5 we can obtain next expression:

fr= I -- fr resonant freqency V0-5V

fa= I fa anti-resonant
Co frequency

fa -fr "R"

k= f-= 2.41 fr k coupling coeffi-
fr cientD -

1Q mechanical Q IC: 1/6 CD469BEX2
Qmmechaical- X: "Ceralock"C, C2: External capacitor

FIG. 7.

We can make the piezoelectric ceramic Basic Oscillation Circuit of "Ceralock"
resonators in a wide frequency range from
100KHz to 100MHz utilizing the "expansion
mode', 'thickness shear mode" or "trapped
energy mode" of vibration, however, present This oscillating frequency is shown in next
usage is concentrated in and around 450KHz,
2MHz, 4.5MHz, and 10.7MHz.( 5 ) expression in which the value is shown in

Table 2.

Table 2 shows equivalent constants of typical
piezoelectric ceramic resonators compared to
quartz crystals. 1 1

LF C!+C2
Fig. 6 shows an example of frequency and L ! + C2
impedance characteristics, and also phase
angles for a 450KHz ceramic resonator. We
can understand from Fig. 6 that the impedance The advantage of ceramic resonator is the
of the resonator is inductive between fr and short start up time of the oscillator because
fa, and that a Colpitts circuit is most of the small mechanical Q value. This is
useful for the oscillator, suitable for switching the oscillator.

The start up time of the oscillator circuit

105- ,is proportional to the mechanical Q value of
the resonator and inversely proportional to1 the frequency. Fig. 8 shows an example of

0 fr this relation. We can understand that theo 10
3

m / f start up time of ceramic resonators is one
(D102 decade shorter than quartz crystals.

E 10 Another benefit of ceramic resonators is the

430 440 450460 470 possibility of a wide frequency shift because
Frequency (KHz) of the large frequency difference between fr

_ _ _and fa- This is suitable to VCO's (Voltage
o I i Controlled Oscillator).

0 455KHz
0ceramic

-go resonator

FIG. 6 1.00MHz
Impedance and Phase Characteristics ceramic
for Ceralock (CSB455E) resonator

4.oMHz

ceramic
Fig. 7 shows an example of an oscillation resonator
circuit using a C-MOS IC. In Fig. 7, Rf is I
a resistor for bias and Rd is a damping
resistor for higher harmonics. 4.00MHz

J- quartz
.. .. - : ... .7--- crystal

Photograph of start up time for clock oscillator
using ceramic resonator and quartz crystal
(Horizontal line is 0.2 m sec/div.)

.FIG. 8
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Fig. 9 shows an example of a synchoronized
horizontal signal generator circuit for
color TV, and Fig. 10 shows the relation of
the oscillating frequency to the control
voltage. -

21 1 1 f, fo f f-I

27 00 

FI G. 1 3 
Frequencyc.v, Frequency Caracteristi for

, Ladder Type Ceramic Filter

FIG. 9150
2 2f 2- f 

2

One example of VCO Circuit for color TV m = -f 2 fm

I= -2-f

S C= 1 o Fl+m~il510 _Y f C__- C C02= m - 2 C

f 02 f 2 C0

L10 4 1~ ? L2_ 4m2f-X2

490 A

-he selectivity and bottom level is
480- pf2 3 roportional to the number of ladder sections.

FIG. 0 Control VoltmqV) For higher than frequencies of 4MHz, we use

Oscillated Frequency by Control Voltage the thickness or thickness shear trapped

vibration mode. In this case, if we make a
split partial electrode shown in Fig. 14, we
can oLtain four terminal ceramic filters

without using a coil. This is accomplished
Design and Characteristics of Ceramic Filters by the coupling of two vibration modes which

are symmetrical and anti-symmetrical as shownThere are manyinds of ceramic filters, so in Fig. 15.( 7)

called CERAFIL.A (@ is registered by Murata "iy-rwM& s-na .in USA, UK, W. Germany, Japan and etc). IA - ,& , .

Fig. 11 snows the structure of ladder type I ' -3
ceramic filters and Fig. 12 shows the

equivalent circuits. When we adjust the --/
resonant frequency and anti-resonant
frequency of both series and parallelhc

resonators to satisfy the next expression, we t hcr i
can obtain the fretuency characteristics FIG. f4 t4

withutwsinianoiliThi isaccmplshe

sign and Chrc oM CMulticoupling Energy Trapped Mode Filter

L, C, R,

Thr r an nso cermi filtrs s i Fg.o5(

inL, UW e J a )Ca I

C., Re

Structure of Ladder Equivalent Circuit for 2 4

Type Ceramic Fil ter Ladder Type Ceramic
(one Section) Filter (One Section) Equivalent Circuit for Multicoupling

Energy Trapped Mode Filter
FIG. 11 FIG. 12 FIG. 15
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Packaging Fig. 18 shows an examaple of the package for
chip type ceramic resonators and filters. We

Piezoelectric ceramic resonators and filters can use reflow soldering process to mount
are very important frequency control devices these devices on the chassis.
for electronic circuits. However, in order
to use these devices, we must make practical
packages. Wire mounts and heremetic seals
are typical packages for quartz crystals, but
it is difficult to make small configurations
and mass production with these packages. It
is not necessary to use metal sealed cases
for ceramic resonators and filters because
they do not pick up electro-magnetic noise
because of their low impedance. Also, FIG. 18

mechanical damping of the ceramic elements
does not have much effect on the electrical Photograph of CHIP type Ceramic Resonator
performance due to the low mechanical Q value. Left is 455KHz, Right is 4.00MHz
For these reasons, we can use quite different
packaging from the ordinary for ceramic
resonators and filters. (8)

Fig. 16 shows an example of the package for Recently, we began supplying ceramic filters
lower frequency ceramic resonators. We are radially taped and reeled for automatic
using spring metal terminals and plastic insertion equipment. We are now introducing
cdses which are welded together by an chips which are suitable for automatic
automatic ultrasonic welding machine, surface mounting by standard automatic

Fig. 17 shows an example of the package for placement machines.

higher frequency ceramic filters. Here we Configurations of these ceramic resonators
are using a special wax on the partial and filters are the same as the IEC
electrodes, and a phenol resin on the whole (Internat 1Bil Electrotechnical Commission)
ceramic element. The wax is absorbed into standards which are commonly used around
the resin, making a cavity around the the world.
electrodes during the curing process.(9)

Conclusion

The new technology using the green sheets
method for making ceramic wafers is very
useful for the mass production of piezo-
electric ceramic resonators and filters.

The compensation to make zero temperature
coefficients at resonant frequency for each
vibration mode, in each frequency range is
also possible by adjusting the ratio of

FIG. 16 mole % of Ti and Zr in PZT materials. This
is very similar to adjusting the cut angle

Photograph of Structure for for quartz crystals.
Ceramic Resonator Package

It is easy to change the mechanical Q value
of ceramic resonators widely from the 500 to
5,000 range by the proner choice of
impurities for the raw materials. The

Cavity moderate mechanical Q value of ceramic
Resin resonators is advantageous for switching

clock oscillators used in microprocessors.

The high coupling coefficient of piezoelectxic
ceramic materials is suitable for resonators

Electrode 'n VCO use or wide bandwidth filters.

FIG. 17 Resonator The unique packaging using metal spring
contacts or phenol resin coatings makes small

Cross Section of Package for Ceramic Filter sizes and stable configurations including

surface mountable products.

We look forward to the rapid spread of these
piezoelectric ceramic resonators and filters

This package is very useful because of its in many semiconductor circuits.
simplicity and small configuration. It is
also very strong and resistant to shock.
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Test Test Conditions
Shock Resistance Dropped freely. 3 times, on a concrete floor from a height of 30 cm, except CSB resonators at frequencies lower than 299 KHz.

which are dropped from a height of 10 cm.
Vibration Resistance Vibrations of 1055 Hz frequency and 152 mm total amplitude are applied for t hour each along X. Y and Z directions.
Terminal Strength 0 5 kg weight is reciprocated along the terminal's axial direction, while 0 25 kg weight is reciprocated along a direction 90' to the

axial direction.
Solderability The terminal is immersed up to a point 2 mm from Its bottom, into 230 50 C soldering oven for a period of 5 sec
Soldenng The terminal is immersed up to a point 2 mm from its bottom, into 3500 W10 C soldering oven for a period of 3 sec.
Humidity Resistance Ceramic resonator is held for 100 hours inside a constant temperature and constant humidity oven held at 4

0
' 2 C and

90-95% RH.
Storage at High Held in 85 :t 20 C constant temperature oven for 1000 hours.
Temperature
Storage at Low Held in - 25 ± 20 C constant temperature oven for 100 hours
Temperature
Temp. Cycle Subject to 5 cycles of 30 min. at -25'C. 30 min. at 0 200 C, 30 min at 8500.
Thermal Shock Subject to 5 cycles of 30 min at - 55' C. 30 min at 0 850 C

Enviromental Test Conditions

TABLE 1

Ceramic Resonator
Device C CSAI000 CSM5a0 1 CSU0403 ( 00WI1 X'tal

Frequency 455KHz I 00MHz 4 50MHz 4 00MHz 20MHz 453 5KHz 2 457MHz 4 50MHz
L. (H) 6 t t0' 8 710' 170 450 470 86 ),0' 71101 14,10

C. (P) 215 31 102 37 013 0015 0006 0012

C. LpF) 2685 319 700 357 1567 515 249 3.09
R,(Q) 55 560 68 101 163 106-10 760 149

Urn 3100 100 600 1100 360 23i101 1400 23'10'
Fa-FKHz) 17 38 270 190 65 06 29 75

Equ'valent Constants of Typical Ceramic Resonators and Quartz Crystals

TABLE 2

Reference

1) T. Ogawa, H. Adachi, K. Minai, Pat. No. 6) S. Fujishima, S. Nosaka, "New Development
1028188 (1980 ) Japanese. of Ceramic Filters" The Electronics, May

1965, p. 566, Japanese
2) S. Fujishima, S. Kakei, T. Ogawa, S. Arai

K. Togawa, "High grade piezoelectric 7) S. Fujishima, "Piezoelectric Ceramics
ceramics and its applications" Proc. of and their applications" Proc. of the
Electro Mechanical Symposium (1982), Symposium in the Electrical and
p. 65 Japanese. Electronic Society, 1982, p. 4 - 57,

Japanese
3) T. Ogawa, T. Kittaka, Pat. No. 129869

(1982) Japanese 8) S. Fujishima, "Research and Development

of Piezoelectric Devices in Japan"
4) EMAS 6001-6005 (1982) Japanese Ultrasonics Symposium Proc. p. 128, Sept.

1979

5) K. Togawa, T. Ishiguro, "New Application

Techniques for Electronic Components" 9) I. Toyoshima, Pat. No. 595152 (1971)
The Transistor Techniques, June 1983, Japanese

p. 358, Japanese.

10) IEC Pub. 642
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SUMARY

BVA design has been extensively described in the past overtone.

few years. Most of the results were given at 5 MHz.

Results obtained with these resonators and measured

Last year, we have introduced a QA5 design 10 MHz SC either with passive reference system or with oscilla-

cut 3rd OT, which gives, in HC 40 can, very low G sen- tors ( Q > 1.4.10 6 , 1Yy (6) < 4.10
- 13 

from 1 to

sitivity : 16 % of crystals manufactured in a batch 100 s, typical ageing < 1.10
- 11 

/ day ... ) are des-

were founded better than 2.10
- 10 

/ G. cribed and discussed.

We have followed up our work on highly stable 10 MHz

crystal resonators 3nd this paper describes recent INTROODCTION

results obtained with

The actual specifications of oscillators requested by

- 10 MHz SC Cut 3rd 01F HC 40 can QAS design modern system in numerous fields ( positionning, com-

- 10 MHz SC Cut 5Th OT ( 3 3516 can ) QAS design munications, aerospace applications ... ) do require

- 10 MHz SC Cut 5Th OF ( 1 3516 can ) BVA design improvements of crystal resonators parameters.

compared to 5 MHz SC Cut 3rd O BVA design resonators. Long term ageing is now requested in terms of 10
- 1 1

per day, short term stability in 10
-1 3 

and G sensiti-

In the smaller can ( HC 40 ), we have developped a new vity in 10
- 10 

/ G.

mounting configuration for the 10 MHz 3rd OT QAS reso-

nator. The ratio of resonators with a G sensitivity Among the studies devoted to quartz crystal resonators

better than 2.10
- 10 

/ G is now observed up to 80 % per a large number of papers deal with G sensitivity.

batches.

Various contributions to this effect were investigated

Others improvements are also observed ( short term and some models have been proposed to reach low 0

stability < 5.10
- 1 3

, retrace < 2.10
- 10 

... ) which sensitivity resonators. However, there are not yet

make these resonators very usefull regarding recent many crystals which have been shown, till recently,

high level oscillator specifications, to have a low G sensitivity in all directions of

space ( 10 ).

On the other hand, we have developped 10 MHz 5Th OT SC

Cut resonators, with BVA or QAS design mounted in aThe 5 MHz BVA design was an interesting solution to

larger can, called T 3516 ( diameter 35 mm, height solve this problem. Nevertheless, for specifications

16 rm . in which the G sensitivity is the single difficult

parameter, BVA is a good but luxurious solution.

These resonators do have the improvements due to the
Last year we have presented a QAS design which makesquartz bridge mounting technique in addition to the
use of the quartz bridge mounting of the BVA design.

classical advantages of the SC Cut and of the fifth
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In this paper, we present the actual performances on forces, static, dynamic or initial stresses,

low G sensitivity distribution obtained with an im- torques ... ) applied by the mounting support or ac-

proved QAS design. The improvement observed is due to celeration induced.

some change in the configuration of the mounting rib-

bons. The conclusions of this work are that most of the G

sensitivity is due to

To meet low aqeing requirements, we have developped

new oscillators working with 5 MHz ( SC Cut 3rd over- . torques or mechanical couples at the crystal

tone ' and 10 MHz S SC Cut 5th overtone BVA reso- boundary ( iritials or induced )

nators. The main goal of these studies is an ageing . induced compressive forces.

rate around 5.10
- 12 

per day and around 1.10
"'10 

per

month. That means that one has to find a mounting design

which keeps as good as possible the initial symmetry

The further objective is 1.10
- 9 

per year. We describe of mounting Free fn-m indujed strosses or torques.

the low ageing results we have obtained with these

10 MHz BVA design resonators. An experimental verification was given by Goldfiank

and Warner ( 12 ) who correlates thermocompression.

RECENT DEVELOPMENIS ON RESONATORS AND OSCILLATORS bounding mis - alignment, mechanical couples and G

sensitivity of 5 MHz SC 5Th overtone resonators.

In recent years, the C sensitivity was one of the

most intensivily studied parameter, both theoretically An experimental demonstration of the main influence

and experimentally, by many workers ( 3 - 12 ). of mounting symmetry on C sensitivity was given by

Professor Besson and its BVA design ( 13 ).

It is now well established that C sensitivity is

caused by stresses, of various origin, which can The QAS design, which allows a G sensitivity better

apply on the vibrating area. than 2.10
- 10 

/ G, involves the quartz bridge tech-

nique of the BVA and confirrrithe influence of the

The first theoretical approach dealing with force- symmetry of mechanical configuration on G sensitivity.

frequency effect and in plane acceleration frequency

effect was given by Professor PCY Lee and co-workers Long term ageing has been also intensively studied.

3 - 4 :. The most influent parameters are the mechanical

( initial ) stress release from plated metallization

These studies lead to the definition of ' angles for or mounting springs, the chemistry of the surface

which one of these effects becomes negligible and the residual contamination after encapsulation.

Kf 0

Additional cleaving using U.V. ozone reactions with

The force-frequency model was applied to doubly rota- surface contamination was recently introduced ( 14 ).

ted cuts, including anisotropy of quartz, by Ballato

5 }. Many technological parameters including ultra vacuum

gold plating, ultra clean processing, high vacuum

fhes;e models do not give a full explanation of G sen- sealing, are involved in long term ageing. Others

sitivity of crystal resonators, and all the attempts main requirements such as frequency retrace, warm up

to correlate deviations from " ideal " geometry of time, short term stability ... which involve both

mounting and poor experimental results were in failure. the resonator and the oscillator, are mostly experi-

mental parameters.

A more detailed explanation on G sensitivity, not yet

completed, was given by Janiaud and others ( 6 - 8 ). The actual knowledge leads to the conclusion that

these performances are strongly affected by the cut

This model involves all forces ( surface and body and the applied technology ( mounting, processing
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ovi, mechanical assembly ... ). or 10 ..ibetween the vibrating area surface and the

disk.

The actual needs expressed for modern oscillators

have lead C E P E to use all the theoretical and Gold metallization is plated in the bottom of these

technological resonator improvements and all the pos- 5 or 10 mm depth " holes

sibilities of low noise design electronic in highly

miniaturized ovens, to reach new crystals and new The only surfaces in contact between the three pieces

oscillator performances i 2 ). are then on the rings.

The three parts are maintained by clips ( 2, 3 or 4

BVA AND UAS RESONATORS of given rigidity and shape. This assembly is sup-

ported by springs ( Figure 2 ).

- I OVA and QAS design

The design parameters usable to adjust electrical

OVA design resonators, working with AT Cut fifth coefficients are the radius of curvature, gap thick-

overtone or SC Cut third overtone at 5 MHz, have al- ness and diameter of metallization.

ready been described ( 13 ), and the experimental

results have confirmed the interest of this design. In the course of this study one have fabricated

both 5 MHz 3rd 01 and 10 MHz 5Th 0 SC cut resonators

OVA crystal resonator involves non-sticky electrodes

and monolithic mounting. The vibrating area is 15 mm in diameter and the over-

all one 24 mm.

The vibrating area is supported by small quartz

bridges which are attached to a quartz ring. This Radius of curvature from 100 mm up to 3000 mm have

ring can be taken as a stress-free mounting support. been tried.

It work; as a mechanical filter between the base and

the ibrating area.( Figure 1 ). Classical lapping, contouring and surface finishing

are used. The final frequency adjustment is obtained

In addition, t:.e quartz bridges give a good symmetry by light and successive polishing of the surface.

of stresses along the thickness of the resonator. The

thickness of the bridges can be reduced to apply the The parameters which are used to improve mechanical

induced stresses cloce to the nodal plane of vibra- properties ( endurance or performance ) are

tions.

- dimensions ( length, width, thickness ) of

The artz bridges are manufactured by ]trnson> n- bridges

chining, which removes quartz material between cen- - location, number and orientation of bridges

tral part and ring in order to leave only the quartz - clips supporting the three quartz pieces

bridges. - springs supporting the overall assembly

Two disks made of quartz ( same cut and same orienta- The vibrating plate Of a BVA resonator can also be

tion than the rebonator ) are put on both sides of directly plated. This leads to the QAS design

the resonator. One is flat and parallel, the other ( 5 Mhz 3rd OT or 10 MHz 5Th OT ) SC cut resonators.

one is piano-concave. Quartz bridges and rings are These four types of resonators are encapsulated in

also manufactured by ultrasonic machining on these a special metal can. called T 3516 ( 35 mm in dia-

two disks. meter, 16 mm height ) ( Figure 3 ).

In front of the vibrating area of the resonator, a After a high temperature and low pressure baking out,

" gap " is done in the disks, by mechanical means or crystals are sealed by 
" 

cold-weld " Linder high

chemical etching, in order to leave a distance of 5 vacuum.
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An other QAS design is shown on figure 2 and 3. This Figure 5 gives the response of a classical 5 MHz BVA

is the 10 MHz SC Cut 3rd O resonator, encapsulated resonator. Resonances appear at frequencies around

in HC 40 can, introduced last year ( 1 ). 1200 Hz making this resonator not suitable for space

applications.

The vibrating area is 10 mm in diameter and the ring

is 15 mm in diameter. Metallization is plated on the Figure 6 gives the response of a 10 MHz BVA resonator,

vibrating area. specially designed by C E P E for space application.

Up to 2000 Hz ( which is the upper limit of applied

The dimensions, number and location of the quartz vibrations during the launching for this mission ),

bridges are the adjustable mechanical parameters of the frequency spectrum is free for any resonances.

this design.

The difference between both responses is only due to

The way the ring is supported by the mounting ribbons a modification of the springs supporting the three

is also of great importance in electrical performances quartz pieces. It shows the flexibility of the BVA

under vibrations, even if the ring is not a part of design.

the vibrating area.

Figure 7 gives the frequency response under vibrations

- 2 ) ENVIRONMENTAL ENDURANCE of a QAS 10 MHz SC 3rd Of ( HC 40 ) resonator.

Most of the oscillators for which these resonators Figure 8 gives the response of a QAS 10 MHz SC 5Th O

are desiqned must be able to operate safely after en- ( T 3516 ) resonator.

vironmental shocks and vibrations ( generally up to

2000 or 3000 Hz ). With these two resonators, one can observe that the

worst ( lowest ) mechanical resonance appears at fre-

The elasticity of the mounting spring and the mass quencies far higher than 2000 Hz. Out of plane and in

supported by this spring lead to mechanical resonances plane acceleration give different resonant frequencies

under vibrations, at given frequencies. but we are concerned by the lowest one.

When these mechanical resonant frequencies fall into Some of these resonators have been submitted to

the vibration spectrum applied, the induced deforma- 30 G eff, between 10 and 2000 Hz. Neither frequency

tion can wear and even brake the resonator, drift nor failure were observed.

One of the goal of a crystal designer is to raise the In conclusion of this study about environmental endu-

mechanical resonances of crystal resonators at fre- rance, we can say that, by an accurate choice of the

quencies higher than 2000 or 3000 Hz. mounting design, BVA and QAS resonators can be

strongly vibration resistant and suitable for space

A classical equipment used to locate the resonant fre- application.

quencies of the mounting support is shown on figure 4.

(he resonator itself is used as a sensor, because its

own deformations induce, through the piezoelectric ELECTRICAL PERFORMANCES

effect, electrical charges on the electrodes which

can be measured. - 1 ) MOTIONAL PARAMETERS

low frequency spectral density analysis of the eiec- Among the designs we have just described, Table I

trical signal recorded tinder vibrations gives the fre- gives typical motional parameters measured on T" net-
quency response spectrum of the device. Main peaks of work.

amplitude are interpreted as mechanical resonances of

the overall assembly of the resonator.
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- cut angles

F requiry / Overtone/ Type R (1) L ( H Q ( 10 ) - bridges location and shape

- mounting configuration

5 MHz SC 3rd 01 BVA 95 7,5 2,5 This work performed on 10 MHz 3rd OT resonators in

QAS 80 6 2,4 HC 40, leads to the following exclusions : low G sen-

sitivity resonators, althought achievable with AT cut

10 MHz SC 51h Of BVA 80 1,8 1,4 is more easily obtained with SC cut.

QAS 75 1,6 1,3

The relation between G sensitivity and exact crystal

10 MHz SC 3rd O QAS 60 1,2 1,3 cut ( 1 angle around SC )is largely smaller than

the influence of resonator design. Low G sensitivity

resonators have been manufactured with plates from

TABLE 1 21,95 up to 22,750, at frequencies 10 or 10,230 MHz.

The turn over temperature dispersion is not much Figure 9a gives the G sensitivity distribution of the

larger with a BVA or QAS design than with classical previous QAS design.

resonators.

Figure 9b gives the G sensitivity distribution of the

Fir each type, motional parameters can he largely new QAS design.

adjusted ( for example BVA 5 MHz : L can range from

4 H to 10 H ) by manufacturing parameters ( radius of One can see that the mean value has been lightly re-

curvature, gap thickness .. . duced, but the sigma of the distribution has been

largely reduced.

- 2 G sensitivity

This low sigma value means that this design is quite

Although BVA design allows G sensitivity down to free from light deviations of mounting configuration

3.10 - 10 / G, this parameter was not the main one taken and is very interesting for industrial purpose.

into account to choose the actual PVA design described

in this work. - 3 ) SHORT TERM STABILITY

We do prefer to improve G sensitivity performances of The passive reference system which has been used to

small size crystals IHC 40 ) to meet actual require- follow small frequency drift during G sensitivity

ments ( ageing < 5.10 -1 0 / day, G sensitivity tests, allows to measure short term stability of the

< 5.10
- 10 

/ G '. ovenised resonator.

The mechanical equipment used to perform a 2 G tip Short term stability characterization of a resonator

over test and the system used to follow the frequency can then be done either with the passive reference

drift of the resonator alone ( Passive Reference Sys- system or in classical oscillators. Classical methods

tem ) are described elsewhere ( 1 ). ( LF beating frequency counting, frequency difference

multiplication ... ) are used ( 15, 16 ).

By turning around two axis of rotation of the ovenized

resonator, one comes to find experimentally the direc- Table 2 gives typical short term stabilities ( 2 sam-

tion of the worst frequency deviation. This gives the ples Allan variance ) measured at 5 and 10 MHz with

amplitude and orientation versus resonator coordinates BVA or QAS resonators on the passive reference system

of the G sensitivity vector r . ( T 10 S).

The parameters we have been able to study are
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One can see that between 10 and 100 s the oscillator

F requerry 'Cut /Overtone / Design 'y ( :10 s ) offers better performance than the passive system.

We do believe that we have not yet reached the proper

5 MHz SC 3rd Of BVA 4,2.10
-
13 limits of the crystal resonators.

Figure 10

In order to overcome the problem of the stability of

the reference used, we have performed a measurement

1O 1Hz SC 5th 01 8VA 4,5.10
- 13  

of three oscillators, in the same time, by the cross

UAS 5,8.10
-
13 variance method ( 15 ). The three oscillators under

Figures 11 - 12 test were measured through their LF beating frequen-

cies. For "C = 10 s, the experimental datas were :

10 ,1Hz SC 3rd O QAS 3,1.10
-
13 : 3,6.1013 ='BCr 2,5.1013 ,C: 4.1013

Figure 13

In the conditions of simultaneous measurements,

J. Groslambert have shown that we can solve directly

TABLE 2 this system by the relations.

Table 3 gives the short term stability of some typical TI A 2 + B2  dbL R 2 +C 2  3'F i( r42_C2

resonators, measured either with passive reference

system or with oscillators. This simple calculation leads to

341- 13 1.0- 13 2,.0 1
To perform the measurements shown on tables 2 and 3, 3,4.10 B 1,1.10C

the same short term reference was used ( BVA 5 MHz ).

indicating that values close to 1.10
-1 3 

are achievable

by these oscillators. The resonators were hAS 3rd O

Passive reference Oscillator in oscillators A and B and BVA in oscillator C.

On alternative method usable to identify the short

BVA 5 MHz 3rd O 4,2.10
-
13 3,1.10

-
13 term stability is to use a 3 samples method instead

BVA 10 MHz 5Th 01 4,5.10
- 13  

3,7.10
- 1 3  

of 2 samples in the Allan variance.

OAS 10 MHz 3rd OF 3,1.10
- 13  2,5.10

-
13

The stability calculated by this method is given by

TABLE 3 01 = ____

fable 3 shows clearly that the values observed with an

oscillator are lower than those observed with the pas- This way of calculation forgets the mean slope of fre-

sive reference system. quency drift and gives the frequency distribution

around this mean slope.

The oscillators used in these measurements were qpe-

cially designed for short term performance. iiry in- With this method, the 3 previous oscillators were

volve low noise electronic design, highly miniaturised founded , for C= 10 s
ovens with PID control ( 2 ). A

Figure 13 gives, for example, the short term stability

measured with the passive reference system ( solid The same calculation leads to

line ) and the complete oscillator ( dashed line ).
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CA 2B 
=  , 3 Figure 15 gives the frequency drift during the pre-

ageing period ( 1 month ) of an oscillator using a

These results show that, disregarding the initial BVA resonator. After a step of 1.10 -9 during the

slope of frequency drift, short term stability in first 2 days, the frequency of the oscillator decrea-

terms of parts in 10-14 are achievable with QAS reso- ses with a mcan slope of 2.10 - 10 / month.

nators.

Figure 16 gives the frequency drift observed during

An other mean to overcome the limitation due to the the 10 following days. Mean slope is approximately

short term stability of the reference oscillator is 4.10 -11 in 10 days ( 1,2.10 -10 / month or 4.10 - 12 per

to compare the oscillator to an H2 Maser which has a day ).

lowest contribution than 1.10 - 13 for i = 10 s.

On figures 15 and 16, the dashed lines indicate a

Such experiments are actually on course at the " La- slope of 2.10 -9 / month. The C E P E experiments on
boratoire de l'Horloge Atomique " of Professor Audoin ageing indicate that

in the Facult6 des Sciences of Orsay.

10 MHz QAS 3rd O resonators exhibit typical ageing

- 4 ) FREQUENCY RETRACE AND WARM-UP TIME around 5.10 -9 / month

10 MHz QAS 5Th OT resonators ( or 5 MHz QAS 3rd OT
In equipment submitted to intermittent operation, for can provide intermediate slopes less than 1.10

-9

mobile communications for example, frequency retrace per month.

and warm-up time are required as small as possible. . 10 MHz BVA 5Th OT resonators ( or 5 Mhz BVA 3rd O1

offer the best ageing rate available today : one or
For definition of performances, we generally perform two p-:rts in 10-10 per month can be achieved.

a frequency retrace measurement 24 H after the power

supply turned off. In these conditions, up to date We are still on work to find the mean slope and the

requirements can be a frequency error less than total frequency drift of oscillators after a longer

+ 1.10 -9 after 10 minutes. period of time ( 6 months - 1 year ) of continuous

operation.

Such specification is difficult to meet with classical

resonators.

CONCLUSION
Figure 14 gives a typical example of frequency retrace

of a new oscillator using both a PID oven and a QAS The introduction of BVA and QAS design resonators

3rd O SC Cut resonator. Frequency error as low as have opened new ways to meet the requirements of

2.10 -10 after 100 min. is observed and the 1.10 -9  oscillators for use in modern equipments ( communica-

window is reached within 10 minutes after turn-on tions, local positionning ).

power consumption less than 5 W ).

To reach the full benefit of these resonators, we
- 5 ' AGEING have built up new oscillators which use miniaturised

ovens with PID control and appropriate electronic

If most of the low G sensitivity, low retrace speci- design.

fications are related to classical ageing requirements

one observe actually a strong interest for very low Typical values on ageing, short term stability or G

ageing rate resonators for continuous operation, sensitivity are now achievable with an improvement of

11 10 compared to today's best commercial oscillators.
Ageing less than + 1.10 -! 

/ day is now requested

and this is an area for which well designed BVA reso- The ageing drift shown by a BVA type oscillator can

nators could be the key-word of the solution, range around 5.10 - 12 per day after a short pre-ageing
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period of time. - 6 ) D. JANIAUD, L. NISSIUR and JJ. GAGNEPAIN

Analytical calculation of initial stress effects

If proper r-sonator processing is applied, short term on anisotropic crystals : application to quartz

stability , Allan variance ) can be measured less resonators

than 5. 0
- 13 

from 1 to 100 s ( typical 2.10
- 13 

at Proc. 32nd AFCS 1978

10 s

- 7 ) D. JANIAUD

G sensitivity of resonators ( 10 MHz or 10,230 MHz in Influence du support sur la sensibilit6 aux

HC 40, 5 MHz or 5,115 MHz in T 3516 ) can be as low as acc6lrations d'un r~sonateur quartz

2.10
- 10 

,' G on industrial basis if appropriate moun- C.R. Acad. SC Paris t 285 B 1977

ting configuration is used.

- 8 ) M. VALDOIS, R. BESSON and JJ. GAGNEPAIN

Frequency retrace and warm-up time can be very low and Influence of support configuration on the acce-

these resonators were shown to be strongly shock and leration sensitivity of quartz resonator plates

vibration resistant which allows their use in military Proc. 31st AFCS 1977

or space applications.

- 9 ) R.L. FILLER and J.R. VIG

Future developments will deal with long term ageing The acceleration and warm-up characteristics of

less than 1.10
-9 
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quencies ! 20 MHz .... Proc. 35Th AFCS 1981
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FREQUENCY STABILITY OF QUARTZ CRYSTAL AT VERY LOW TEMPERATURES

PRELIMINARY RESULTS

G. Robirhon*, J. Groslambert, 3.1. Gagnepain

Laboratoire de Physique et MHtroloqie des Oscillateurs du C.N.R.S.
associd A l'Universitd de Franche-Comtd - Besangon

32 avenue de l'Observatoire - 25000 Besangon - France

Summary The application to frequency standards would be of
course limited to a laboratory environment on account

Improvements of both short and long term stabilities of of the heavy cryogenic technology. However these expe-
quartz crystal resonators can be obtained by cooling to riments lead to some evaluation of the ultimate stabi-
very low temperatures. According to larger Q-factors lity of quartz crystal and understanding of its funda-
and to the reduction of the noise levels of the crystal mental properties.
and the electronics, the short term stability must be
increased. The diffusion mechanisms of the impurities
being frozen, lower ageing is expected. Measurements Quartz crystal properties at low temperatures
are performed with the only crystal resonator in liquid
helium ; the electronics composed of a frequency source Acoustic attenuation and Q-factor
and a phase lock loop is at room temperature. The sta-
tic and dynamic temperature coefficients are first eva- The acoustic attenuation is mainly due to phonon inter-
luated. As expected from the theory the a coefficient actions which involve one sound wave phonon and two
is found to be much smaller than at room temperature. A thermal phonons in three-phonon processes

1
. The rmodeli-

medium quality AT-cut, 5 MHz, 5th overtone crystal A s zation of the processes can be made in the approxima-
studied. Over 10 sec its stability at 1.5 K is 2x1O- , tions of high or low temperatures.
and the ageing over a day is of the order of 10

- 1 1
.

These results correspond to an improvement by a factor At high temperature the Q-factor (or the acoustic atte-
10 of the stabilities of this crystal from room tempe- nuation a, both being related by 2Qsoa = Q d is given
rature to low temperature, by

1 - CT<y2> o (1)
Introduction Q to (+Q2 )

0 0

The frequency stability of quartz crystal oscillators where I is the absolute temperature, C the specific
is limited at short term by the noise of the electro- heat, y an effective Grnelsen constant, Eo the low
nics of the sustaining and the output amplifiers and frequency Young modulus, Q. the sound wave angular fre-
the noise of the crystal itself. In addition perturba- quency and r the mean thermal phonon relaxation time.
tions can be due to the influence of temperature fluc- so is the mean sound wave velocity.
tuations and dLift. At long term, the frequency ageing
comes from impurity diffusion, stress relaxation, etc. At low temperature it can be considered that the ther-
The improvements, which have been achieved during the mal phonons always are in thermal equilibrium. A sim-
past years, are due to a better quality of the resona- pler calculation leads to
tors, the utilization of electronic components with 1 2 kBT 4 1
lower noise, the choice of crystals with better purity. - = <y > hQ (

T
) - (2)

More precise temperature compensation was made by using Q oh QoX
new crystal cuts, and/or more stable temperature con-
trolled ovens. Such improvements are obtained step by which indicates a T4 dependance law versus temperature
step and take a long while. (h and It are the Planck's and Boltzmann's constants).

The junction between the two models is not easy to do.
One possibility of reducing the instabilities consists Experimentally it corresponds to a peak of maximum
in cooling the quartz resonator, and eventually the interaction for T = 20K, as shown in Fig. 1. Eventually
electronics, down to liquid helium temperature. At very a large absorption can appear around T = 50K. It cor-
low temperature higher Q-factors are obtained according responds to the relaxation of Na+ interstitial impuri-
to the decrease of the acoustic attenuation. The white ties. This curve shows that to obtain a net gain in
noise is reduced as the square root of temperature Q-factor it is necessary to cool the crystal below 10K.
(Nyquist's law). The 1/f frequency fluctuations of the In principle lower the temperature higher the 0-factor.
resonator are also reduced following the increase in Therefore the crystals were operated between 1K and
Q-factor. As it bepzomes more difficult for impurities 1.5K. These temperatures correspond to superfluid
to escape from their potential wheels and therefore to helium, which has the advantage to be more stable.
diffuse, better lnng term stability can be expected.
Finally the temperature of the liquid helium bath can On table I are given the values of the unloaded
be controlled with accuracy and this enables to mini- Q-factor of different resonators at 1.5K or 4.2K. The
mize the influence of thermal perturbation. All these dispersion of these velues can be interpreted by the
parameters change in such a way that improvement of the presence of a floor due to the influence of the moun-
frequency stabilities seems feasible. ting or of the wave scattering by point defects.

G. Robichon is from the Compagnie d'Electronique at Pid4zodlectricitg (CEPE), Argenteuil, France,
and presently detached at LPMO where the study was performed.
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Temperature (K)

Fig. 2 Static frequency-temnperature characteristics

I8 ' The total frequency excursion on the all temperature

50 10o 20)G 300 scale is important. Measurements performed on a large

'er perature (K) number of units gave in average : F(3OOK) - F(4.2K) =
5 700 Hz.

I. 1 Acoustic attenuat ion vcrsus temperature The dynamic temperature coefficient was evaluated at
of a z; ,li7 5th overtone Al cut crystal 1.5K by modulating at .1 Hz the temperature of the oven

(Thc dotted peak corresponds eventually within the helium bath and recording the corresponding
to Na+ iirpurity relaxat ion) frequency change. The a coefficient can be deduced from

the phase difference between frequency and temperatu-
re. As shown in Fig. 3 this phase difference is small.

Resonators QexlO6 at 4.2K QoxlO6 at 1.5K Thus a cannot be measured precizely, but 01 s upper
limit can be evaluated. This yields a I 6x10 s/K.

AT * F6 29

AT [1 34

AT T 1102 12

AT BC 81 28 Frequency

AT G4 91 150 T

AT B4 18 10 1 1

AT 80 87 25 I

AT 11 5 9 Z Temperature

FC 246 6 1
FC 247 4.4 4.4 2.10 K

SC 206 11

10 200 300
Table I Time (sec)

Q-factors at low temperature of different 5 MHz
crystals Fig. 3 Frequency variation induced

by a teirperature modulation

Thermal behavior
The a coefficient is inversely proportional to the

The static frequency-temperature characteristics are thermal diffusivity constant K , aS

represented in Fig. 2 for AT and FC cut crystals. As X (3)
expected from the theory the temperature coefficient of PC
the frequency of tie AT crystal decreases and is of the p
order of a few 10- K near T = 1.5K. More surprising is a depends on the thermal conductivity ) ant the speci-

the behavior of the FC crystal, which exhibits a turn- fic heat C (p is the specific mass which slightly va-
over point. This is not interpreted yet, but remembers ries with temperature). Their dependance versus tempe-
some similar behaviors observed in amorphous solids rature is given in Fig. 4. X is almost the same at 1.5K
with the relaxation of two-level systems. and at room temperature, even if it experiences a
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strong variation around 10K. But the specific heat C F/2
tremendously decreases and at low temperature can be proportional to [e

2] 1/2 therefore to T1 . This will
several orders of magnitude lower ; this explains the correspond at low temperature to a reduction by appro-
very small value of a which has been observed. ximately one order of magnitude.

1 1/f noise is present in quartz crystals, and it has1!  _ !I been shown that its level is related to the unloaded
-t- -Q-factor of the resonator. The power spectral densityII of the 1/f frequency fluctuations S y(f) of an AT-cut

crystal was measured at room temperature and then at
1(1- 1  4.2K and at 1K 3. The results (Table I) indicate a

large decrease of the noise level with temperature,
which follows the increase of the 0-factor.

.. .. 10 -Temperature 300 K 4.2 K 1 K
Q. 0, 2.4 106 5 106 9 106

Sy (1 Hz) 1.6 10 1.4 5 3.5 1

4 .~ Table 11

I . Power spectral density of the 1/f frequency
1 -: fluctuations of a 5 MHz quartz crystal versus

temperature

Low temperature dual crystal passive system

7 ---- -The concept of dual crystal passive system 4 seemed to
be well adapted for operating a crystal in liquid

1W ,I 0 helium . The schematic diagram of the system, which
S10 100 has been used, is shown in Fig. 5. It consists in
'1erperature IK) locking a room temperature crystal oscillator to the

passive resonator, which is at low temperature. The

Fii2 . 4 :hermal conductivity and specific heat driving signal is phase modulated and interrogates the
of quartz as a function of temperature crystal in reflection by means of a directional cou-

pler. Therefore the link between the passive resonator
in the dewar and the electronics outside the dewar is

Noise made by a single coaxial cable which carries the inci-
dent or reference signal and the reflected one. This

Thermal white noise is represented by Nyquist's law, allows one a maximum of cable-effect compensation and

i.e. e 2= 4kTRAf where R is the equivalent noise is compatible with the cable length (1 m to 1.5 m) due
resistance and Af the bandwidth of the system. The cor- to the size of the cryogenic equipment. After interro-

responding phase and frequency fluctuation will be gation and detection by a lock-in amplifier the signal

Ol FIII IF r SN-it hes i ze r

OsilaorBufferPhase modulator Directional

Dividerr

elect ronic tuning [ lock--i n P C

Fig. S : Pual crystal passive system
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is applied to the frequency tuning input of the oscil-
lator. This system is equivalent to a phase-lock-loop,
which acts as a frequency discriminator. The main pro-
blem is in the adaptation of the coaxial cable impedan-
ce to the crystal impedance ; at low temperature the
motional resistance of the resonator can become as
small as a few ohms, therefore a transformer is neces-
sary to realize this impedance matching and this has to
be adapted to each individual resonator, because of the
dispersion of the values of the motional resistances. 0 4.2 K

In case of mismatching and a too important standing
wave ratio the response of the system, i.e. the control
voltage as a function of the driving source frequency

is perturbed by spurious effects. The response is shown <o- 4
in Fiq. 6. The slope of this characteristic is propor-
tional to Q/P, where Q is the loaded Q-factor of the
resonator and P the power it receives. Increasing the 1.S K
power will improve the accuracy of the loop, but this N
has a limitation due to the nonlinearities of the crys- 10

-5
-

tal and particularly to the amplitude-frequency effect. -1 1 100
On account of the high value of 0 the applied power
cannot exceed a few iW. Time internal T (sec)

t-ig. 7 Temperature stability at 1.5K and 4.2K

The frequency stability was measured on a 5 MHz 5th
overtone, AT-cut, resonator of regular type. This reso-

nator can be considered to be of medium quality since
at room temperature its stability (over a few sec) is
of the order of 10- 1 2. In Fig. 8 comparison is made
with the stability obtained when operating the same
crystal at low temperature. An improvement by at least
one order of magnitude is obtained. These residual
fluctuations come rather from the dual crystal passive
system than from the crystal itself ; the driving power
being low on account of the strong nonlinearities of
the resonator. Therefore a compromise must be chosen.

-011

- 1 0 1

}requenc)' di fference (11tz)

Fip. 6 :(Open Phase Lock loop Response i- 1 2

Experimental results

Before proceeding to frequency measurements the stabi- 11 -1

lity of the temperature of the crystal was tested. This 100 101 102 10
3

was achieved by using an SC-cut crystal, the temperatu- Time internal (sec)
re fluctuations being measured by means of the B-mode.
The resonator during the operations was placed in a
copper can, under vacuum and in contact with a copper Fig. 8 : Short term stability of a S Miz,
cylinder, inside the can, regulated in temperature. The 5th overtone, AT-cut quartz resonator at room
temperature regulation is made with an AC wheatstone temperature and at 1.5 K
bridge, at 1 kHz, using a germanium resistor as tempe-
rature sensor and a lock-in amplifier for detection.
The heater was made with a heating resistor in contact On Fig. 9 is given the frequency ageing of the same
with the copper cylinder. The temperature stability of resonator again at room temperature and at 1.5K. It is
the crystal is given, in Fig. 7, for operating tempera- important to notice that the frequency ageing at low
tures at 4.2K and 1.5K. The stability at 1.5K is equal temperature was recorded immediately after the crystal
to 2xlO- K over 10 sec. Considering the frequency- was cooled down and the power turned on. No ageing
temperature ch1V acteristic of Fig. 2, which presents a appears, at the opposite of what is always observed at
slope of 6x10- /K at that temperature, the correspon- room temperature, and the residual ageing which is
ding fequency fluctuations would be of the order of lower than 10- /day is rather due to long term insta-
1X1O I . At this level, temperature fluctuations still bilities of the phase lock loop which was not control-
can be a limitation in the performances. led in temperature.
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300 K

1.5 K

1 2 3 4 5 6 7

Time (days)

Fig. 9 Frequency areing at 300 K and at 1 .5 K

Conclusion

These results show that operating a crystal at very low
temperature can improve its stabilities by at least one
order of magnitude. The dual crystal passive system was
the easiest way to perform these preliminary experi-
ments. However some limitations come from the signal
over-noise ratio and from the crystal nonlinearities.
It would be most interesting now to repeat this measu-
rement by using a conventional oscillator and cooling
at the same time cyrstal and electronics. The actual
res lts let expect for the future perf mances in the
10

- 1 4 
range at short term and the 10- /day range at

long term.
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ABSTRACT

Simple thickness modes in crystal plates work; this was followed by experimental work by
are considered. The formalism for obtaining Bechmann /6,7,9,10/, Ianouchevsky /8,11-13/, and
the piezoelectric coupling coefficients for Warner /14/. One of Bechmann's 1 MHz units is
thickness- and lateral-directed exciting electric shown in Fig. 1. It is a standard biconvex Bliley
fields is applied to berlinite (AZP04 ). The design with the new LE electrode pattern. Figure
laterally excited plate resonator is represented 2 shows a design of Ianouchevsky at 2 MHz with
by transmission line equivalent networks. Thickness the top portion of the glass envelope removed.
excitation is used to explore experimentally the The combination of lens shape and special mounting
coupling strength with harmonic. Lateral excitation jaws yielded an exceedingly high Q. A patent,
experiments are used to confirm the coupling versus awarded to Bechmann /15/, is seen in Fig. 3. This
azimuth dependence of the modes. Calculations shows some possible electroding arrangements for
of temperature coefficient, thickness and lateral LE, including removal of some of the central electrode
coupling coefficients are extended to doubly rotated material from the plate to reduce its damping and
orientations, and network applications to SAW aging effects on the resonator active region. Compos-
excitation are given. ite excitation, a mixture of TE and LE, is also featur-

ed. In this patent, crystal contour is not mentioned,
Key Words: aluminum phosphate, berlinite, crystals, and the drawings show flat plates. If the plates

piezoelectricity, plate vibrations, are not contoured, as shown in Figs. I and 2, the
equivalent networks, acoustic loss, electrode configuration tends to "untrap" the vibratory
bulk acoustic waves, surface acoustic energy and produce degraded performance. Methods
waves, temperature coefficient. of obtaining "energy trapping" and efficient use

of the applied lateral field by the use of special

INTRODUCTION geometries has recently been proposed /71/.

Some of the reasons advanced for the study and
Excitation of piezoelectric plates in thickness use of LE are:

modes is usually accomplished by directing the
driving electric field in the plate thickness . lessened thermal transients /14/.
direction; this is known as thickness excitation * reduced aging, since the electrode is absent
(TE). Much less common is excitation by a field from the region of greatest motion.
in the plane of the plate; this has received some * higher Q values, since electrode damping
attention over the years /1-34/, and is referred is reduced.
to as lateral excitation (LE). The older phrase, 0 ability to eliminate undesired modes, e.g.,
"parallel-field excitation" is ambiguous, and the b mode in SC-cut quartz /30/.
is now deprecated. Lateral excitation has a number * increased stability at a given harmonic,
of potential advantages over TE for certain applica- since motional inductances are larger.
tions. We call attention to some of these in * means of experimentally driving certain
our use of LE in conjunction with calculations plate modes for measurement.
of, and experiments on, plates of alpha aluminum availability of certain filter configura-
phosphate (berlinite). tions /29/.

* similarity to the predominant excitationBerlinite is a more highly piezoelectric analog arising from SAW IDTs /70/.
of quartz, possessing numerous surface and bulk
wave cuts with quite good frequency - temperature EQUIVALENT NETWORKS
behavior. Although the substance has been known
for more than thirty years, it is only in the Input immittances for TE and LE of the three
past eight years that serious interest has focused thickness modes of traction-free, laterally unbounded,
on it, particularly for SAW applications /32-59/. piezoelectric plates are given in Fig. 4. One rFeoC-
Work on this promising crystal has been hindered nizes a duality between the two canonical forms of
until recently by lack of adequate specimens for excitation. The modes (including harmonics) are
research purposes and by uncertainty regarding driven via the piezoelectric coupling coefficients
the ultimate availability of material of quality k and k, the calculation of which will be outlined
and size sufficient for commercial application subsequently. Static capacitance values CO and C
at reasonable cost. These crystal synthesis obstacles are determined by the electrode systems: C0 , for
have now largely been surmounted, and assessment the TE case, is usually adequately approximated by
of berlinite's technological viability can now the formula for a parallel plate capacitor; the CD
proceed on the straightforward basis of its material value (LE) requires a more difficult calculation,
properties. and depends upon gap width and length, as well as

LATERAL EXCITATION thickness of plate, etc.

The LE admittance in Fig. 4 is exactly realized
Lateral excitation was applied to quartz by the network of Fig. 5. The negative CO , appearing

plates by Atanasoff and Hart /I/ to measure the in the TE version, is absent. Bisection of Fig. 5
elastic constants; their work was reviewed by yields Fig. 6. Figure 5 is redrawn in Fig. 7 for
Cady /2/. Bechmann /3,4/ did some early theoretical
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the case of a single mode excited; the position of COUPLING FACTORS
Cois also reoriented to correspond to the direction
of the applied field which is obtained from voltage We consider plane wave propagation to take
between terminals A and B. Inductances L1 and L2 place along the thickness (X2 ) axis of an arbitrarily
model the presence of electrode mass; they appear oriented quartz plate, and the impressed electric
in the formulas to be given below for the vibrator field to be along the Y, axis. The plate orientation
critical frequencies for the important case of LI  /28/ is specified with respect to the crystallographic
= L2 = L. These should not be confused with motional axes by the rotations (YXrl) /9, and the XI xis
inductance appearing in the traditional Butterworth- of the electric field is further specified by a
Van Dyke equivalent circuit consisting of C., C1 , ccw rotation about the plate thickness (X2 ) by
L1 , and R1 , to which the more comprehensive transmission angle 1 as seen in Fig. 13.
line networks of Figs. 5, 6, and 7 may be reduced
in the immediate vicinity of resonance for materials The formalism for determining the coupling
such as quartz where the piezoelectric effect is factors km and k, driving mode m is given in Figure
not large. For substances where the piezo coupling 14 in schematic form. The quantities c, e, and
is substantial, and/or where a broadband network r are the material elastic stiffnesses, piezo-
representation is required, the transmission line electric constants, and dielectric permittivities,
network must be used. In Figs. 5, 6, and 7, the respectively. These calculations will be carried
transformer turns ratios n are related to the piezo- out for berlinite in the sequel, as they have been
electric coupling factors k by for quartz /63-66/.

n = C k2 Z A/(2h) Ck fo2 (40a) BERLINITE

= o i7 fo (2Z), (1) Alpha aluminum phosphate, AeP04, also known

where Co is the lateral static capacitance; Z is as berlinite, is of crystal class 32, and is an

the effective elastic stiffness; A is a patch of isomorph of quartz. Quartz, shown in Fig. 15 in
area, normcthe aticktiness; direcion, epresideal form, has the enantiomorphic molecular forms
area, normal to the thickness direction, represent- given in Figs. 16a and b. The transition to berlin-
ed by the transmission lines;%k is the total mass ite may be thought of by considering two molecules
of that portion of the plate (pA2h); Z is the acoustic of quartz
impedance of the transmission line (A p v); p is
the mass density; v is the acoustic velocity (v

2

= Z/p); 2h is the plate thickness; fo is the nominal (Si 02)2 = Si2 04, and then replacing the

plate fundamental frequency for that mode (v/4h); c two silicon atoms (Column IV of the Periodic Table):
is the acoustic wavenumber W/vO. one by aluminum (Column III), and one by phosphorous

Electrode mass loading is represented by the (Column V). The result is berlinite, having twice

normaleized quantity the unit cell of quartz. The chemical bonding
in quartz is nearly all covalent; with berlinite,

(2) the bonding has a greater ionic component. The
m/(h), 2) piezoelectric coupling is greater than in quartz.

where m is the mass-loading per unit area. The The above-mentioned replacement of Si2 by At P

inductance L in the equivalent network that represents is also shown in Fig. 16ab.

mass loading is equal to Growth of cultured quartz has been commercially

viable for more than thirty years; Fig. 17 containsL =mA = IAAph. (3) a number of samples. Berlinite presents a number

of challenges to growth, one of which being its
Frequency variables, used below, are defined as retrograde solubility. However, recent advances
follows: in its growth /72/ have permitted this material

to be synthesized in sizes that are suitable for
X = ;eh, and (4) commerce. Figure 18 gives representative samples

of early berlinite growth, along with an early
1= 2X/) = f/fo. (5) piece of cultured quartz. It also shows some plate

specimens used for LE. Figure 19 shows more recent
Input reactances, obtained from Fig. 4, are bars of berlinite grown by Allied Corporation.

plotted for LE and TE in Fig. 8. The differences The sample plates were fashioned from bars of these
between the excitation types are most apparent in types whose lengths well exceed 100 mm, yielding
the vicinity of the resonances. For TE, the reactance plates upwards of 25 mm on a side. The size and
poles are harmonic, and the zeros are anharmonic; quality of the growth specimens ought to be consider-
for LE the situation is reversed. The LE critical ed with the corresponding quartz growth history
frequency equations are found as described in Figs. in mind. The growth of berlinite has, by comparison,
9 and 10; transverse-resonance is a procedure very come very far in a very short time.
like the negative impedance concept /73/. When

= 0, the resonance frequencies of the various Figure 20 compares frequency constants (v/2)
harmonics are integer multiples. For this case, for the TE mode of rotated-Y-cuts of quartz and
the graphical construction for obtaining the anti- berlinite as function of angle theta. Bechmann's
resonances is given in Fig. 11. Here it is seen constants /62/ for quartz and the berlinite constants
that the pole-zero separation diminishes rapidly of Chang and Barsch /34/ have been used. It is
with harmonic. Figure 12 plots the frequency displace- seen that A,1P0 4 is slightly slower than quartz,
ment SA versus k for various harmonic numbers M but that the curve shapes are very similar. The
- 1,3,5,... The displacement is defined as angles marked as AT' and BT' are the points of

ot) (M) (M) zero first-order temperature coefficient in analogy

= A - 4 - fA /fo; (6) with the quartz case. For the values of /34/ these
occur at +28.60 and -37.3*; using the newer values

from the figur le pole-zero separations may be of Bailey, et al. /59/, the angles are +310 and
found for any value of k and M. -46".
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An alternative scheme to that in Fig. 14 for measurements on berlinite as function of harmonic
obtaining *he excitation coefficients for TE and is that the mode strength decreases much less rapidly
LE of the thickness modes of plates was given by than is to be expected, even taking into account
Bechmann /3,4/. One can use this procedure to obtain, the mode shape for overtones of finite plates. Thus
in a rapid, though approximate manner, information the effective Q value at a given harmonic is better
about which modes are driven for plates of various than one would infer from measurements made at the
generic orientations and electric field directions. fundamental. This may be related to a limiting
Tables I and 2 list, respectively, the excitation Q value occurring at low frequencies rather than
coefficients for TE and LE of crystals in class (Q-f) being a constant for all frequencies. For
32, i.e., berlinite and quartz. The mi and fi are quartz, (Q-f) equals a constant, at room temperature,
direction cosines of the plate and field, respectively, excluding losses other than due to bul4 viscosity,
and the j are the coefficients driving the modes had been inferred from measurements on BAW plates
/23/. /60,61a/. As seen in Fig. 23 /61b/, a more probable

internal friction curve for quartz calls for Q to
Table 3 is a brief comparison of piezocoupling approach a constant at low frequencies. The same

and temperature coefficient for five materials; may be true for AtPO4, and this may explain both
it is seen that berlinite falls in the gap between the results in Table 4 and the generally observed
lithium tantalate and quartz, and has a zero tempera- fact that, on a prorated basis, berlinite appears to
ture coefficient as do the other two. It is unknown have better loss behavior in higher frequency SAW
at present, and of considerable interest, whether devices than in lower frequency BAW configurations.
or not At P04 possesses a locus of stress compensation
as does quartz; nor is it known the sizes of the UNROTATED CUTS
temperature coefficients of the coupling factors.
These temperature coefficients can drastically affect Figure 24 is a picture of the LE apparatus. A
the temperature behavior of a resonator when operated crystal sample is placed on the plastic turntable
in the region between resonance and antiresonance, that is mounted on the 12:1 reduction gearbox housing.
as is the case with certain cuts of lithium tantalate Thin paper shims support the specimen on the turntable
/36/. at its edge regions. Translation tables are used

to position the slightly canted razor blades over
PLATE SAMPLES the sample. The height of the blade edges from

the crystal are adjustable, as is the blade gap.
Plates used for these investigations were grown In general, the crystal-toblade height was kept

and prepared by Allied Corporation, and are of five as small as possible, so that the blade edges nearly
orientations: X, Y, AND Z cuts, and (YX! ) ± 450 touched the sample; the gap was adjusted for maximum
plates. All are roughly rectangular in outline and response. This arrangement does not produce optimum
between 15 and 20 mm on a side; final thicknesses excitation /71/, but is adequate for exploring the
are approximately 0.560 to 0.570 mm. These had been azimuthal dependence of coupling (k).
first lapped with 3 micrometer alumina powder from
0.69 to 0.57 mm, and then polished with Nalco 1060 In Fig. 25 is indicated the expected output
amorphous silica solution. Parallelism of the major of a hybrid bridge or Wayne-Kerr bridge with C
surfaces is about one wavelength. All crystals are balanced out; the output is proportional to k4,
left-nanded; they were measured optically, with con- and the dependence cn azimuth psi goes approximately
firmation from squeeze tests and surface morphology, as the cosine squared.

MEASUREMENT EQUIPMENT Computations made in this paper are from Bailey,
et al., /59/, with some comparisons with the data

The measurements reported here are of two kinds: of Chang and Barsch /34/. Table 5 lists values of
(1) LE measurements of the three thickness modes a, frequency constant Nm, TE coupling factor km , and
b, and c, versus azimuth angle psi, for the purpose LE coupling factors k (Y =0° ) and km (t4

= 900)
of verifying the calculated azimuthal dependence of for X-, Y-, and Z-cut berlinite; m is the mode index:
km and the relative mode strengths and maxima with m = a, b, or c. It is seen that the modes not driven
respect to the crystallographic axes; (2) TE measure- by TE in X and Y cuts are driven by LE, and vice
ments on various harmonics, for the purpose of explor- versa. The Z cut can be LE- driven /2, page 442/;
ing the coupling factor dependence on harmonic. The the b and c modes are degenerate, and the psi angle
apparatus is shown in Figure 21. It consists of a is of no consequence. The coupling factors and
Generator/Sweeper HP 8601A, Network Analyzer HP associated capacitance ratios for X-cut berlinite
8407A, Phase-Magnitude Display HP 8412A, Frequency are given in Figs 26 and 27, respectively. Figure
Counter HP 5245L, Wayne-Kerr B801 Bridge, Anzac 28 is an example of the results obtained. With
H-i hybrid, variable air capacitor GR 874-VC, and the field applied on-axis, the response was maximum,
special air gap fixtures for TE excitation /74/, as expected; as psi was continuously varied by rotating
and LE excitation (Fig. 24). With these items swept- the turntable, via the gear reduction box, the coupling
frequency /67-69/, balanced and unbalanced bridge strength diminished continuously, closely following
/68,69/ measurements could br made. the cos2tp law. The figure shows the spectrograph

at psi equals 450 where the strength is reduced
TE HARMONICS to one-half.

Table 4 lists measured and calculated approxi- Coupling factor and capacitance ratio plots
mate frequencies at maximum admittance; in some are given in Figs. 29 and 30 for the Y cut, and
cases the admittance-frequency curve had two adjacent in Fig. 31 is shown the shear mode coupling for
peaks leading to a loss of accuracy. The plate the Z cut.
in this instance is a 45*-rotated-Y-cut on the AT'
side. Similar results were obtained with other
samples. Harmonics from I to 41 were observed,
along with resonance amplitude in dB. Figure 22
shows four of the spectrographs for harmonics M = 1,
3, 5, and 21. The unusual feature of the data for
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SINGLY ROTATED CUTS

Table 6 lists Nm, km , and km values for three rotated-
Y-cut orientations. Here, again, an X-directed
field drives those modes that can't be driven by
TE, and vice versa, whereas the LE field at psi
equals 90* drives the TE modes. Coupling values
for LE are generally comparable to those for TE.
Figure 32 plots the TE coupling versus theta angle;
corresponding plots for LE at psi equals 0' and
90* are given in Figs. 33 and 34. Coupling and
capacitance ratio versus azimuth are plotted in
Figs. 35 and 36 for a (YXt)-45* plate (BT' side).
The spectrographs corresponding to Fig. 28 are given
in Fig. 37 for this cut. Coupling factors and capac-
itance ratios versus psi for (YXL )+30' and +450
plates are shown in Figs. 38-41.

TEMPERATURE COEFFICIENTS

The first-order temperature coefficients (TCs)
of rotated-Y-cut berlinite are graphed in Figs.
42-44 for the a, b, and c modes, respectively.
The complete loci of zeros of the first-order TCs
for modes b and c are shown in Fig. 45; the correspond-
ing values according to /34/ are given in Fig. 46.

First-order TCs for doubly rotated cuts (YXwZ)
12'/8 are given, for modes a, b, and c, in Figs.
47-49; the corresponding values from /34/ are seen
in Fig. 50, and do not show much difference.

DOUBLY ROTATED CUTS

The TE and LE coupling factors are plotted
versus theta for doubly rotated plates having phi
equals 12' in Figs. 51-53. In Table 7 are listed
several cuts having zero TC for mode b, including
the BT' cut. Figure 54 gives the LE coupling squared
values versus psi for the BT cut, and Fig. 55 plots
the LE coupling squared values for the plate having

12' and = -29°.

Table 8 contains values for cuts on the c mode,
zero TC locus, including the AT' cut. The AT' plot
is given in Fig. 56 as coupling factor squared.
Figure 57 gives the same information for the cut
with = 120 and e = +580.

SAW EXCITATION

Surface acoustic wave excitation may be modeled
by the network schematic shown in Fig. 58. The
quasi-Rayleigh wave motion may be considered as
an appropriate superposition of plane waves, driven
by LE via the transmission line transformers in
analogy with the figures for networks describing
plate thickness modes. The "crossed-field," i.e.,
LE, model is the more accurate for representing
SAW excitation /70/.
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Figure 17. Cultured quartz bars. Lengths
typically are 200 mm.

Figure 19. Allied Corporation berlinite. The

Figure 18. 1940s vintage cultured quartz larger samples are well in excess

(bottom); 1980s vintage berlinite of 100 mm in length.

(center); 1970s vintage berlinite
(8, 10, & 1 o'clock); sample ber-
finite plates for measurements
reported in this paper, cut from
larger crystals of the type shown
in Figure 19.
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Figure 21. Measurement apparatus for TE and
\ ',* LE of thin plates.

, . ]A

Figure 20. Rotated-y-cut frequency constants
of quartz and berlinite compared.
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TABLE 4.

PIEZOEECTrIC D-ELEC -I TOTAL J , t J 1 211 t 11 }

P A Z ON D-SO ACIEMENT E LE'T"2C

C R " ,Cdtl.EN T u.RZNT

Figure 58. LE network applied to SAW IDTcharacterization. TABLE 5.

UNROTATED BERLINITE CUTS

(YXw 1) Ole
TABLE 1. THICKNESS EXCITATION COEFFICIENTS

FOR GENERIC PLATES IN CLASS 23.I ' '

\ X Y Z (YXlIe (XYb 9 (YXwI4, xwkoa 30.580 8. Xct
b N 03 -- 3.8 -41.434 13.7

0 0 a 2 669 -- 6.9 -- Y cut

C 1.688 12.6 - -
'90 a 2.908 - - - Z cut

0 0 0 0 0 1-0 1 TABLE 6.

SINGLY ROTATED BERLINITE CUTS (YXI) 9

TABLE 2. LATERAL EXCITATION COEFFICIENTS 0 t) N, k k

FOR GENERIC PLATES IN CLASS 23. % ' 0 4 =

0 -45 1a 2.746 1 - 3.9 - -
CUT b .69 4. - 4.2

X Y Z (YX)Le XYI)8 (Yx) XI 30 C 1.691 - 8.0 -
0 30 a 3.086 - 3.8

b I 6531.3 - 7. 4 -
0,0 1. 11.9 - 6.

00-' 00 0/ 1 11 1/' 1/ 1/I

0 45 A 3. 124 - 2.5 -b 1.766 - 5.9 -2-- V/o ,o/1 C 1.3 8.1 - 8.2

W -

30 0 0 / 0 10 0 TABLE 7.
SSILDOUBLY RO TC (MODE b) BERLINITE CUTS

TABL,2E 1 23,% 2.LEA EC TI CO EFF I IEN T (Yl wf/{

ml ml m2 m I m2,m3l m3,ml Im,m2 mkm m3 de rees L km _ 'rw 9-0

0 .46 -. 75074 3.8 .BT4 cut
U .1644 - 4.2

8 Z01.69 - 8.0

6 -43 10 I 3. 1 l0 l8 4 . :- 4.

C 1.707 1 0 7.9 1. 6TABLE 3. PIEZOELECTRIC COUPLING AND --9 2.6o 3.7 3.9 2.1

TEMPERATURE COEFFICIENTS. b g : .1. 1 .3 '
1 900 0 6 0/0
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TABLE 8.

DOUBLY ROTATED. ZERO 7C (MODE c) BERL1INHE CUTS

derees Ml4z- 90

0 31 3.09? - 3.8 - T4 utO 3 1.656 - .3 -

1 444 11,7 - 7.1

6 30 3.078 .0 3.7 0.6
1.661 2.3 6.9 .3
1.452 11.3 3.9 6.6

12 24 3.038 2.0 3 5 1.1
S 1.687 4. 5.1 2.6

1.473 9.7 7.1 .2

18 16 1 2.546 6.9 4.6 0.7
2.172 2.9 2.6 0.3
1.549 6.0 11.1 0.6

14 -6 2.864 4.0 3.7 1.
b 1.865 7.3 0.4 2.1
c 1.457 6.4 11.7 1.8
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Summary
Today, although aging rates of parts -I

Progress on improving the aging of high 1012 per day are occasionally observed, no

precision quartz crystal oscillators has been sparse manufacturer will guarantee parts in 1012 per day

over the past 25 years. In this paper, the causes aging. The lack of progress in the attainable

of aging are reviewed and a progress report is aging is particularly puzzling because during the

presented on a program aimed at determining the past 25 years many advancements have taken place

mechanisms that limit the attainable aging. Aging which should have contributed to progress in making

rates have been measured as functions of aging low aging resonators. These advancements include

temperature, blank frequency, and DC voltage on the availability of better ultrahigh vacuum systems,

the resonator. When the aging of the same resonators better cleaning techniques, better understanding
were measured at different temperatures, no drastic of stress effects, the discovery of the SC-cut,

or systematic variations of aging rates were etc.

observed. The aging rates of similarly fabricated
resonators were found to vary inversely with blank Another puzzling fact is that there are

thickness, independent of overtone. A DC voltage at least ten organizations, worldwide, which can

on the resonator can be a significant contributor make resonators that are capable of aging rates

to aging. of parts in 1011 per day after 30 days of continuous
operation. Although the processes used to make

Key words: Quartz oscillator, crystal oscillator, these resonators vary widely, the end results with

aging, quartz, quartz crystal, quartz resonator, respect to aging do not. The range of processes

SC-cut, AT-cut, frequency stability, used to make parts in 1011 per day resonators is
shown in Table I. Parts in 1011 per day aging
has been achieved with AT, BT, and SC-cut resonators.

SC-cut and AT-cut resonators processed the same
way have been found to age at about the same rate.

Introduction

Progress on improving the aging attainable
with high precision quartz crystal oscillators PROCESS RNE oF PAcrCES

has been sparse over the past 25 years. Warner
1  

QUARTZ NT., CULTURED. SWEPT CULTRES
had achieved IpplO

I0 per month (3 ppl0 1 2 
per day) CLEA ROO CLASS 100 TO NO CLEARO

in 1958 with 2.5 MHz 5th overtone AT-cut resonators, CLEAIG PROCES IT CLEANING OI, MT LEARIN 0-FIRIO, NET CEARI
after several months of continuous operation. N/oz, PLsea.SMEAj
Subsequent reports 2 "7  

"onfirmed that the aging ETCHING LIGT ETCHTO DEP ETCH

of this type of resonator was typically parts in MOU NT l. 1ntuSvO N pi-s. N FfAITZ
1o1 per day after the first 30 days and parts MUNTIN POINTS 2-POmT. 3-POIT. -POINT
in 1012 per day after a few months. Figure 1 shows Bo. AM-. AS-FILLED POLmYIIK. AU-AU TNE ,WCtSSO., AS FILLED

the aging of two of these resonators measured at PWROCEaM, smote
Ft. Monmouth 7 , between 1961 and 1965. ELECTRODES AM. SOON (IA, PMMLEL.FIELD)

uposiTiau T ROOM TERATURE TO 250 C
WmucsT 2 290°C TO 350' C (FOR UP TO 1 1411)
200LN T 160' C To 0" C

2o 5 x 10-11  
PER DA , s x -12 PER m y RACKFIL U GAS I m . , N 2

5,0
1
suPXO

1 ~ ACKIL AGE "S , META WTGLSTOMTAL FIESTIC.UGHS, METAL WITHCEAI

Is TO MTA. FIEIrT sIs, CIRIUIC FLATPACK

VACUUM SYSTEMS ViTaI SEA.ED, OCTAL AL 10) 0 PUMPED, CRVOPU ED

Table I Range of processes for low aging resonators.

o2.5 Otz SYR owniu, AT-€ m/ seVI., MAN.- o .-¢ x 3 POINT (120')
Iq~~~ownI~S, prS. myt IS i[II ELECTRIIC

00C. The mechanisms that can cause aging are

as follows
8
:

1. Mass transfer due to contamination
JAN JAN J A inside the resonator enclosure,

G0 58 4 .n
I SM1T-CUT CRSTA 2. Stress relief in the resonator's:
AGNOS CHA ACTERISTICS a. mounts, b. bonds, c. electrodes, and d. quartz,

and
3. Other effects: a. oscillator circuit

Figure 1. Aging of a precision resonator aging (load reactance and drive level changes),

b. oven control circuitry aging, c. radiation,

d. Quartz outgassing, e. diffusion effects (thermal
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and DC voltage driven),f. pressure changes in the of such crystals are on the order of 100 ppm per

resonator enclosure due to leaks and outgassing, deg C, any significant frequency changes can be

g. electric field change (doubly rotated resonators attributed to the aging of the thermistor. The

only). thermistors did age when new, as shown in Figure
4, however, after about the first 60 hours, the

Aging can be positive or negative, thermistors were stable, and remained stable upon

Occasionally, a reversal of aging direction is subsequent warmups of the test ovens.

observed. Figure 2 illustrates the three types

of aging behavior (computer generated). The curve At the beginning of each aging test in

showing the reversal is the sum of the other two the test oscillators, the oven temperatures were

curves, carefully adjusted to the resonators' turnover
temperatures. At the conclusion of the aging tests,
the ovens were readjusted to the resonators' turnover

temperatures in order to determine the contribution

Y1(t) - 5 Ln(.5t+l) of the ovens' temperature drifts to the total aging.
Typical results are shown in Table 11. In general,
the contributions of the ovens' temperature drifts

were negligible

L
STIME

Y1 + Y2 U

IEEE-488 INTERFRICE BUS

PLOTTER CSTIROL. CLOCX COUN4TER SWITCH OM MTR

Y2(t) -35 Ln(.006t+l)

C. STDth.lt

Figure 2. Typical aging behaviors. 
FREEZER

TT TET CO09*L cOML TEST TEST
os. 0s os. oC. 05c osc

No mechanism is known that would inherently
limit the attainable aging to parts in 1012 per

day. This paper is a progress report on a research DIVE TEMP.

program aimed at identifying the dominant cu Nr

mechanism(s) that limit the aging attainable in
currently available resonators. It is hoped that Figure 3. Aging test configuration

once the mechanisms are identified, it will be

possible to produce resonators that age less than

parts in 10 per day. The initial experiments

were aimed at defining the dependence of aging

on temperature, overtone and DC-voltage on the .

resonator.

I

Experimental Methods . 6

The aging experiments were performed on I

three types of oven controlled oscillators: 1)

comercially available high precision oscillators, *

2) test oscillators designed specifically for 0

measuring the aging of precision resonators
9
, w 4

and 3) test oscillators designed for operation
below room temperature. A schematic representation

of the experimental setup is shown in Figure 3.

The measurements were controlled by an HP9825 U

computer, the frequencies were measured by an HP5345

counter that was locked to an HP5601 cesium standard W

and the switch was a Racal Series 1200 rf switch.

The test oscillators
9  

have external adjustments OVEN OFF
of drive level and oven temperatures. The low , . •

temperature oscillators were contained in a 2 0 6 0 0 4
Kelvinator Series 100 freezer. The oscillator 6U 100 140
drive level and oven temperature controls were HOURS AFTER START

outside the freezer.

Since oven temperature drift due to Figure 4. Thermistor drift

thermistor aging
10  

is one the the many possible
aging mechanisms, the test ovens were tested by

comparing the stabilities of the thermistors with

the stabilities of Y-cut crystals. Since the slopes

of the frequency vs. temperature characteristics
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The aging of a group of six ceramic flatpack
enclosed SC-cut resonators was measured at both

the lower and upper turnover temperatures. Three
TEST TOTAL F/F 0/ ouE To Acm RATE AMPATE WE M WE TO of the resonators were 5 MHz fundamental mode and
OSC. 10 20 OATS TOWP DffrT Ar OAT 30 TO IE' DORF IDP. WYF' three were 10 MHz 3rd overtone. The aging was
1 3.3X0 

-9  
5.8X10

-
'
3 

8.7XI0/-/AY 2.X10-14/DAY .03% measured for four 30 day periods alternating between

2 1.1 X o-9 2. X 1o-1 5.8 s10 
1 2 /DY 7.0X10' 5 /OAY .12X the two turnover temperatures. At the end of each

3 7.0 X 10 -1O 7.0 X 10 -12 s X 10 -1 /OAY 2.6 X sO -
13 /DAY 1.4% 30 day period, the aging rate at day 30 was

determined from the best fit to the data. The

results are shown in Figures 5 and 6, in which

the aging rates are the rates at day 30 of each
period, LTP and UTP indicate the lower and upper

turnover points, respectively, and the two numbers

in parentheses to the right of each curve are the

values of the two turnover temperatures for the
resonator represented by each curve. As can be

Table II. Effect of temperature drift in test seen, the temperature differences between the UTP
oscillators. and LTP ranged from 19

0
C to 40

0
C.

Temperature Dependence of Aging , 2. 10 MHz 3rd 0.T. SC

If there were a dominant aging mechanism

that was thermally activated, e.g., the adsorption N

or desorption of a single contaminant, then the O
aging rate would vary drastically with aging

temperature. To illustrate,
11 

the average residence 1
time on a surface of an adsorbing/desorbing molecule 0(84/1O3)
is given by T , where ED

/
RT X

1 0 .-' 10-13 sec, ED is the desorption energy, T (77/1I1 )
is temperature and R is the gas constant. Table M 0, (81/1O5)*
III shows the variation of T with ED and T. At M

an oven temperature of 100°C, molecules with ED
between 30 Kcal/mol and 40 Kcal/mol can have a ,

significant contribution to aging. (For molecules . .

with ED < 30 Kcal/mol, the adsorption/desorption .. ..

process reaches completion in a short time so that

at 100
0
C these molecules do not contribute to aging; - 1 I I

for molecules with ED > 40 Kcal/mol, the LTP UTP LTP UTP
adsorption/desorption process is so slow that these

molecules do not contribute significantly to the

aging either.) When the resonator is cooled from * " (LTP(OC)/UTP(OC))
100

0
C to below 01C, the lifetime of the molecules Figure 5. Aging rate vs. temperature for third

that contributed significantly to the aging at overtone SC-cut resonators.

100
0
C increases by several orders of magnitude

so that these molecules no longer contribute

significantly to the aging. 5 5 MHz FUND SC

0' % % ' (75/ 115),CU~ -t (77/1l16)"

20 X0S i 1 Sc 5,10
" e

c 6 . 10* uc Ic0
"  

s c

_____]-- ,g-,. xo,,. , ' ,
20 5 &.1 50 EC 5 101' SIC 0. 4 , X,0 W" me 1- SICf

033 . 0 C0~ , 3,0 , 3 0 ,, 3, . SI C %

1 V/

Table 1Ave.ge -o- (74/114)*

Table 111. Average residence time of a molecule

on a surface vs. temperature and desorption -1 I I
energy. LTP UTP LTP UTP

* - (LTP(OC)/UTP(OC))

Figure 6. Aging rate vs. temperature for fundamental
SC-cut resonators.
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In all six cases, the aging became more oscillator was then turned off, stored at -40
0
C

positive at the UTP; i.e., the aging of the four for three days, and at the end of the three days

resonators that exhibited positive aging at the was warmed up to room temperature and turned on.

end of the initial aging period at the LTP became As can be seen from Figure 9, the aging rate reversed

more positive, and the aging of the two that direction and increased significantly subsequent

exhibited negative aging rates at the end of the to the low temperature storage. After about 20
initial period at the UTP changed to positive aging days of continuous operation, the aging levelled

rates at the UTP. The patterns repeated for the off to a rate of about 1X 10
1 1 

per day.

third and fourth periods.

In order to investigate the effects of 2
a larger aging temperature difference, a group

of "low temperature" ceramic flatpack enclosed
resonators, with LTP's between -10

0
C and 0°C, were 2 0

fabricated. The fabrication of these resonators I
was identical to that of the "normal" ceramic 0 (
flatpack resonators, except that the electrode -

depositions were performed in one step, at the -2

upper turnover temperatures (about 190
0
C). V

The aging rates at day 30 of the "low - 4 (-24/76)*

temperature" resonators are compared in Figure

7 with the aging of a group of "normal" ceramic-

flatpack SC-cut resonators which had turnover M -6 I I
temperatures between 80

0
C and 100

0
C. Figure 7 UTP LTP UTP

shows a histogram of number of units vs. the absolute - (LTP(OC)/UTP(*C))
values of the aging rates at day 30. Although

the average aging temperature of the "low Figure 8. Aging rate vs. operating temperature

temperature" units was nearly 100
0
C lower, no drastic for 5 MHz 5th overtone AT-cut

differences or obvious trends in aging rates can resonators.

be observed.

5
4

Number 3 BOOC<T<IO0OC .16ppb/dy

Of 2 O. . OO72ppb/dgy

Units _
I U QAYS

4

Number O-10C<T<OOC 5 - 40-C F-- 3 d-ya

Of -. 06pb/dy

UnIts

0___.... ...__... ..__ Figure 9. The effect of cold storage on aging

-,-10 - - rate.

10 10 10 10

Rging Rate at Day 30 (per day)

Blank Thickness Dependence of Aging
The average aging rates of ceramic flatpack

Figure 7. Aging rates of 5 az third overtone enclosed SC-cut 5 MHz fundamental, lOMHz 3rd overtone
SC-cut resonators at -5°C and at 90°C. and 5 MHz 3rd overtone resonators are compared

in Table IV. The blanks were 14 m in diameter
and the mounting structures, electrodes, and
fabrication steps were the same for all three groups.

The aging rates of two Bliley BG61AH-5S The average aging rates vary approximately inversely

AT-cut glass enclosed 5 MHz 5th overtone resonators with blank thickness, independent of overtone.
were also measured at both the UTP (76

0
C and 79

0
C)

and the LTP (-24
0
C and -27

0
C). The aging was DC Bias Dependence of Aging

measured for 30 days at the UTP, then for 30 days

at the LTP, then again for 30 days at the UTP. That a DC voltage across a quartz crystal produces
The results, shown in Figure 8, are inconclusive, changes in the crystal has been known for nearly
The aging at the UTP of one of the resonators was 100 years.

12  
Jacques Curie measured the direct

significantly degraded subsequent to operation current resistivity of quartz as a function of

for 30 days at the LTP. temperature, electric field intensity and direction,
and time as part of a thesis on the electrical

Low temperature storage can significantly properties of crystals. The results were reported

affect the aging of oscillators. Figure 9 shows in 1886, 1888, and 1889. Curie, as well as numerous
the aging of a comercial 10 MHz 3rd overtone SC-cut later workers

1 2
, recognized the dependence of

oscillator. After 45 days of continuous operation, resistivity on the length of time the field is

the aiing rate reached -6 X 10-
1 1 

per day. The applied.
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In order to answer the question of whether

or not a DC voltage across a quartz resonator affects 60 SARP PREM 0
the long term aging rate, a group of high precision A 50 sc-cuT

SC-cut oscillators was tested with and without 5 40

externally applied DC-voltage across the resonators. 0 30

The results varied greatly from resonator to 0
resonator. The results for one of the resonators i-

that showed a dramatic response to the DC voltage oAYS

is shown in Figure 10. The blank of this resonator 0 8 a
was made of Sawyer Premium Q unswept quartz. The -1 0 0

lower two curves show enlargements of the two regions 10

enclosed in rectangles, which are the periods just s2-I.5
before and just after the applications of the -S 1 12 50

DC-voltages. 4

01 40

30

RESONATOR AGING RATE BLANK THICKNESS -To I 25

TYPES RATIO RATIO F* -It. 0-26 .ot.

N 5In 0 1 5 . I

IUMHz 3Rs 1 1.5 Figure 10. DC voltage-induced aging of a 10 MHz

5MHz FUND 1.7 third overtone SC-cut resonator at 85
0
C.

5MHz 3RD1

5MHz FUND 2. 3.0 DC BIAS-INDUCED AGING
.z FN,2aV RESONATOR + OSCILLATOR

_ _ _ _ _ _ _(850 C, PREMIUM Q QUARTZ,

S -t --10 MHZ ., 3 rd 6'RTCZ) OA'S
I -TO v

Table IV. Comparison of aging rate to blank thickness M q In

for SC-cut resonators. .oo
The initial aging rate was positive. After

three weeks of continuous operation with no
externally applied voltage, 12V was applied to SWEEPING" CURRENT
the resonator. As expected, the frequency shifted
by +5 X 10-8 due to the polarization effect. (This .i -v
instantaneous frequency change is not shown in ( 190C, NATURAL ARTZ)

Figure 10.) The instantaneous shift was followed 18
by a rapid, approximately exponential decrease 0 HOURS

in frequency. After 24 hours, the rapid negative I | in
aging had completely offset the +5 X 10-8 shift M - M R

due to the polarization effect and the rapid negative
aging was continuing. After about an additional
two weeks, the aging rate levelled off to a rate Figure 11. Similarity between the frequency change

of 3 X 10-11 per day. The total DC-voltage induced of an oscillator with a DC voltage on the

frequency change during the two weeks subsequent resonator, and the "sweeping" current in

to the application of the voltage, after the a different resonator.

polarization effect, was -6.3 X 10-8.

Thirty days after the voltage was applied,

the voltage was removed. After an up and down
frequency excursion, the aging resumed at about The lower part of Figure 11 shows the DC
the pre-DC-voltage rate. current measured through a resonator upon the

application of a DC voltage. After 18 hours, the
The aging rate continued at a nearly constant voltage was reversed. Although the resonator in

3 X 10-
1 1 

per day for the next year. At day 412, the oscillator of the upper curve was made of Premium
a 20 V DC voltage of sign opposite to the originally Q quartz whereas the resonator of the lower curve
applied 12V DC voltage was applied. After a down was made of natural quartz, and the other parameters
and up frequency excursion, the aging rate increased and scales were also different, the similarity
significantly. A month after the application of between the frequency vs. time and current vs.
the 20 V voltage, the aging rate (2 X 10-10 per time subsequent to a reversal in voltage across
day) was still several times higher than the rate the resonator is remarkable.
prior to the application of the 20V. It took about
seven weeks for the aging to decrease to the rate The current through the resonator was
prior to the application of the 20V. measured by means of a Keithley 619 electrometer

while the blanks were mounted and bonded in an
The aging of a second oscillator, with HC-6 type base. An HP6llA high stability DC power

and without DC voltage on the resonator, is shown supply was used for applying the DC voltages. The
in the top half of Figure 11. The up/down and down/up current varied greatly depending on the type of
frequency excursions are more visible in Figure quartz material used. Typical currents at 100

0
C

11. and 100V were 1 X 10
9
A for natural quarts, 4 X
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10-Il A for Premium Q quartz, and less than 2 X voltages ranging from a fraction of a volt to
10-12 A for Premium Q swept quartz. The current about 4 V were found. (The circuit of the highest
between the pins of the base (after the blanks quality TXCO in the evaluation applied a DC voltage
were removed) was 4 X 10 -Il A at the same temperature in excess of 2 V to the resonator and only one
and voltage. This current was subtracted from oscillator in the group applied less than 0.5V.).
the total current to give the values quoted above. In principle, one can minimize the DC voltage

without significantly lowering the effective Q
The effect of 12V DC voltage on the aging of the resonator by placing a capacitor in series

of a 5 MHz 3rd overtone SC-cut resonator made of and a few megohm resistor in parallel with the
Premium Q swept quartz was also measured, resonator, or by coupling to the resonator
Surprisingly, the results were nearly as dL-,ati, inductively.
as for the unswept quartz. The aging rate at the
end of the initial 30 day period, with no externally
applied DC voltage, was +2 X 10

-
10 per day. The Acknowledgements

DC voltage reversed the aging rate so that even
two weeks following the application of the DC The authors thank Donald Boyce for his
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FORCE SENSING

USING

QUARTZ CRYSTAL FLEXURE RESONATORS

William C. Albert

The Singer Company - Kearfott Division
Fairfield, NJ 07006

SUMMARY Like a taut string, the frequency of a vibrating
flexure beam will increase with increasing tension

The application of force sensitive quartz crystal (Figure 1). Unlike a string, a beam will also
resonators in the instrumentation field is gaining respond to compression by decreasing its frequency.
more acceptance year by year. Examples of such In addition, a beam does not require a bias tension,
applications presently include accelerometers, the instability of which is a major error source of
pressure sensors and load cells. The advantages to vibrating string instruments. There are two
be gained using this technology in instrumentation fundamental approaches to force sensing flexure
include: an inherent high resolution digital crystals: the double ended tuning fork (double
output, high dynamic range, low thermal sensitivity beam) approach, and the single beam approach. The
and low power. The unique properties of quartz advantages and disadvantages of each approach are
crystal such as high Q, excellent mechanical and discussed next.
chemical stability, low thermal sensitivity and
piezoelectric behavior are characteristics that have TUNING FORK (DOUBLE BEAM APPROACH)
long been recognized and utilized by the frequency
control industry. It is these very same unique
properties that also make quartz crystal such an
attractive material for instrumentation MOUNT DUAL VIBRATINGBEAMS
applications. It has been demonstrated that
vibrating quartz crystal flexure beams exhibit a
usable + or - 10 percent full-scale frequency change
in response to tension and compression forces, FORCE
respectively, due to "string-like" behavior.

The Appendix of this paper presents a modified /AB
Rayleigh method derivation of a vibrating beam
resonant frequency along with the frequency/force FIGURE 2
coefficients. This derivation is then used in the DOUBLE BEAM APPROACH
paper to explain the force sensitive effect and how
it is strongly influenced by length-to-thickness
ratio of the beam geometry. The derivation is also
used to demonstrate that the vibrating beam force An early double beam tuning fork configuration is
sensing approach is about twenty-five times more illustrated in Figure 2.(l)(2) The tuning fork
sensitive than an edge-loaded shear mode force depends on the two beams vibrating 1800 out of phase
sensing crystal. The thermal sensitivities of both so that the moment and shear reactions at the beam
the bias frequency and the frequency/force scale roots cancel each other to maintain high Q. The
factor are also presented along with a discussion of advantage of this approach is that it is very simple
how these characteristics are related to the and producible. The disadvantages are as follows:
temperature coefficient of the quartz crystal
elastic modulus. As an example, an accelerometer . The two beams vibrate in a lock-in mode.
application is used to demonstrate how a dual beam Lock-in of two vibrating systems is a rather
push-pull mechanization can greatly reduce bias complicated non-linear behavior and to achieve
frequency thermal sensitivity as well as non-linear proper operation the two beam geometries must be
effects. The analysis also demonstrates that the well matched.
frequency/force effect varies the motional
capacitance of the classical crystal resonator * Another problem is uneven loading.(3 ) In
equivalent circuit by up to + or - 20 percent. order to maintain proper operation over the

full-scale force measuring range, the force
application mechanism is called upon to keep the

INTROOUCTION two forces equal. Unequal loading or bending
moments can cause irregularities in the force/fre-

quency relationship. As data presented in a later
FREQUENCY section will illustrate, force sensing flexure

crystals are capable of force sensing

BEAM measurement thresholds on the order of 10
- 7 to

10- 8 of full scale. Maintaining geometry
STRING matches and force application matches to this

order is extremely difficult if not impossible.
(-F) COMPRESSION TENSION (+F)

BIASTENSION 9 Because the applied force is shared by two
beams, the frequency/force sensitivity is half

FIGURE 1 that of the single beam approach for a given
FREQUENCY/FORCE EFFECTS beam geometry.
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SINGLE BEAM APPROACH Equation (2) indicates how this sensitivity is

strongly influenced by the square of the
ISOLATOR STRUCTURE length-to-thickness ratio and also indicates that

MOUNT highest sensitivity is obtained with a ribbon-like
SINGLE VIBRATING BEAM beam geometry where the plane of the ribbon is

normal to the plane of the vibration. (Note that
some current force sensitive flexure resonators that
are fabricated using photo-etch techniques have

FORCE ribbon-like beams but the ribbon plane is parallel
to the plane of vibration. This results in a less

VIA favorable length-to-thickness ratio.) Typical t, L
and b dimensions are 0.013, 0.44 and 0.10 cm,
respectively, for a (L/t)2 of approximately 1100.

FIGURE 3 It is this large magnification effect that results
SINGLE BEAM APPROACH in the high frequency/stress sensitivity. A typical

bias frequency of the example beam is 40 kHz and a
full-scale frequency change is + or - 4 kHz in

The problems associated with the dual beam tuning response to a + or - 9N axial force. Full-scale
fork approach were overcome with the invention of non-linearity is on the order of 6 percent.
the isolator structure illustrated in Figure
3.(4) (5 ) This single beam approach depends on the
isolator structure to isolate the moment and shear
reactions from tk mount and, therefore, maintain
high Q. Typical mounted Q's on the order of 50,000 FREQUENCY-STRES SENSITIVITY
are regularly obtained. The obvious advantages of FORCESENSING
this approach are the elimination of geometry CRYSTAL APPROACH Af/fc,

matching and uneven loading problems. The As

disadvantages are that it is somewhat less
producible than the dual beam approach and also
requires a higher degree of design capability to
achieve a structural design which is free of " A-
spurious resonances in the portion of the frequency )
spectrum which contains the beam resonant 0 , TYPICALLY 6 (10"7)/pi

frequency. This paper is directed at the single // \
beam approach. EDGE LOADED AT CUT

FREQUENCY/STRESS EFFECTS (af/f)/As a 1)

L _ - - TYPICALLY 150 (10"
7

)/psi

VIBRATING BEAM

FIGURE 5

FREQUENCY/STRESS SENSITIVITY COMPARISON

In Figure 5 the vibrating beam approach is compared
-/to a similar sensitivity of the edge-loaded AT cut

---- I approach(
6
)(7) and indicates that the beam

-,/ z approach is the more sensitive by a factor of up to

twenty-five.

FIGURE 4
FREQUENCY/STRESS EFFECT

TEMPERATURE SENSITIVITY

Equation (I) is a rearrangement of just the first An instrument user is always concerned with the
order frequency/force sensitivity term of Equation temperature sensitivity of bias and scale factor
(17A) of the Appendix. (Figure 6). For example purposes, a bias frequency

of 40 kHz and a full-scale (FS) frequency change of
+ or - 4 kHz will be used. The bias frequency

Af L 1 L 2 temperature sensitivity follows the classical
f - AF - -E b (1) flexure beam parabola where the temperature
03 E sensitivity is essentially zero at turnover and

increa to about + or - 0.004 percent of FS/°C at
STRESSa, 506C away from turnover. The scale factor

temperature sensitivity is an upward facing parabola
Equation (1) can be further reduced to obtain the where the temperature sensitivity is essentially
first order frequency/stress sensitivity, zero at turnover and increases to about 4 ppm/OC at

500C off turnover. These are very low temperature

Af/fo. l (L 2 coefficients compared to other force sensing
E - (2) approaches based on strain sensing or magnetic

principles.
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f FORCE EFFECTS ON EQUIVALENT CIRCUIT

The derivation of the beam resonant frequency
fo equations which include the force-frequency effects

f + kF (3) appears in the Appendix. The derivation presented
in the Appendix is based on the vibrating beams
acting as an exchange of kinetic and potential

_F _____ F energy.

AKINETIC ENERY = APOTENTIAL ENERGY

After a rearrangement and evaluation of the
BA /integrals of Equation (12A) of the Appendix, it canBIAS fo= foT I + kTf (T-Tof)2 (4) be shown that Equation (9) will result.

fof 0--(5) 2 u2 2 EI 2 F
a0 t (5) 0.254 C4  2C 4 7C2(9)2

.t- - -fOT = 2w 2 p b - 127 C4  + 3.C ()

To The C terms cancel to indicate that the effects
: - - T-Tof being discussed are independent of vibration

TEMP, amplitude. The only variables remaining in Equation
Tof (8) are the resonant frequency (w) and the axial

force (F). The left is the inertial side of the
equation, which is associated with the inductor of

the classical crystal equivalent circuit and, after
/ Textracting w, is constant and, therefore, implies a

k, = klo T I + kTk(T-Tok )2 (6) constant inductor Ll. To the right are the two
SCALE FACTOR potential energy terms, one of which is variable and

acan even change sign because of compressive forces.

k 0 1 1 Potential energy or energy storage effects are
10Tr 21r 2 v/-- (7 associated with the motional capacitance of thebt classical circuit; therefore, C1 varies with force

(Figure 7). As previously stated, a force sensitive
I flexure crystal is capable of changing its frequency

by a usable + or - 10 percent. Using the expression
.T.Tok  w =7/(LC ) fndicates that the motional

capacitance changes approximately + or - 20 percent.
TEMP

Tok T

FIGURE 6
TEMPERATURE SENSITIVITY

Typical turnover temperatures are anywhere from zero
to 20*C depending on crystal cut, beam geometry and Li
linear thermal sensitivity effects of material

expansion and mounting and force application
mechanisms. However, the shape of both the bias and

scale factor temperature sensitivity curves is
largely due to the second order temperature C1  C 0
sensitivity of the elastic modulus. Equations (5) F
and (7) show that the elastic modulus is in the F
numerator of the bias (fOT) term and the denomina-
tor of the scale factor (kloT) term, both to
the one-half power. This is the reason one curve
faces down and the other faces up. The elastic
modulus (E) is taken as the reciprocal of the
compliance term (1/S1 1 ), and therefore, the
temperature sensitivities, kTf and kTk
(Equations (4) and (6)], of bias and scale factor
are approximately equal to - or + 1/2 the
second-order temperature sensitivity of the all
coefficient (8 ) (Equation (8)] which agrees fairly
well with observed results.

FIGURE 7

-kTf Mc k z 1/2 Ts (2 1/2 85.3 (l-9)(C,(8) FORCE EFFECT ON CLASSICALCRYSTAL EQUIVALENT CIRCUIT
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VIBRATING BEAM ACCELEROMETER (VBA) APPLICATION laboratory temperature. Notice how nicely the two
frequencies track with time. The bottom plot is the

difference frequency over the same period of time.

RESOATO PROOF SEAL Notice that the amplitude has been reduced by a
factor of about five. This factor of five, combined

with the doubling of the scale factor, gives us an
overall bias stability improvement of ten. In

effect, doubling the size and complexity of the

complete assembly has resulted in an order of

FLEXURE magnitude performance improvement. One major

f division of Figure 9B is 0.2 mHz. Using this as a
OSCILLATOR measuring threshold along with the 8 kHz (two beam)

full-scale signal indicates a dynamic measuring

range on the order of 101 to 10. This is an
Oexample of the force measuring capability of the

OCT single beam approach.

INPUT
AXIS

FIGURE 8 08.

VIBRATING BEAM ACCELEROMETER (VBA) SCHEMATIC 2

Z

Figure 8 is an example of an accelerometer applica-

tion(9) (10) which uses two back-to-back identical

assemblies arranged so that an input'acceleration
places one beam in tension and one beam in I
compression (push-pull). The output signal is then

taken as the difference frequency. Using an

equation of the form of Equation (18A) of the

Appendix, in which mg is substituted for F, the 1,2 s ....... 20

frequencies of the beam in tension, the beam in 
TIME IN HOURS

compression and the difference frequency are

expressed as follows. FIGURE 9A

2 3 .FREQUENCY 
DRIFT OF

fl ( f00 1 + k1 1 m1 g + k2 1 m + k 3 1 (m ) ( INDIVIDUAL BEAMS

f= f02- k12 m2g + k22 (m2g)
2 

- k31 (m2g)
3 . .

f f f -f02 + k m + k m)g
1 2 .0 0 11 1 12 2 )g4

2 2 )g2
+ (k21  k 2 2  2 . . .2.

As Equation (12) indicates, working with the

difference frequency achieves the following. 
0.4

The bias becomes nominally zero (actually, the 0 4 is I2 "0

fon mismatch), and because of frequency 
TIME IN HOURS

differencing, the very important feature of

common mode rejection of bias thermal effects, FIGURE 9B

aging effects, and certain dynamic error sources FREQUENCY DRITT OF

is obtained. DIFFERENCE FREQUENCY

* The scale factor becomes double since one

frequency is increasing and the other is
decreasing because of acceleration.

CONCLUSIONS

0 Because of the squaring of a -1, we get a

cancelling of the most troublesome non-linear The characteristics and capabilities of force

g2 term. sensing flexure crystals have been described. It is
maturing technology which will have a performance-to-

DIFFERENCE FREQUENCY EXAMPLE price ratio more favorable than most, if not all,
other force sensing technologies. In addition,

The advantage of the dual beam approach is nicely there is the advantage of an inherent high

illustrated in Figure 9, which is a 20-hour bias resolution digital output. Current applications of

drift run where the upper curve shows the drifting force flexure crystals include accelerometers

of the two individual resonator frequencies from (1)(9)(10), pressure transducers(
3A)(5) and

their nominal 40 kHz caused by cycling of the force sensors (load cells).(
3 )(11)(12)
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APPENDIX TABLE IA
DISPLACEMENT, SLOPE

DERIVATION OF BEAM EQUATIONS 
DI ANT SLO

AND MOMENT DISTRIBUTIONS

Figure LA is an illustration of a fiL.ed-fixed
vibrating beam experiencing an axial force. Also

illustrated ate the linear displacement effect, the
bending moment effect and the axial force effect on

a typical x beam element. To determine the
frequency-force effect a modified Rayleigh method r 1
will be used which follows these basic steps. y=C 4 [-chqx+cosqx] (2A)

1 - Select a beam deflection shape. DISPLACEMENT
2 - Assume harmonic motion.
3 - Determine the kinetic and potential energy

changes. C2
4 - Assume conservation of energy and solve for th y'= C4 q sh qx %in qx (3A)

vibration frequency. y = fix) C

The following is an abbreviation of a more complete SLOPE

treatment(lA)I

BEAM DEFLECTION SHAPE

The deflection shape is determined from Equation C4" ,,-C4 q2  
chqz coqx (4A)

(1A) and is the classical vibrating beam MOMENTDISTRIBUTION
displacement equation found in the literature( 2A). M=Ely"

y = C 1 sh qx + C2 c h qx + C 3 sin qx + C 4 cos qx (IA) q4.73/L C2/C4 =O.133

From the conditions of even symmetry
(C1 = C3 = 0) and the deflection and slope
boundary conditions at the root (y - y' = 0),
Equation (IA) can be solved. The equations for the
displacement, the slope and the curvature (also the
bending moment distribution) along with the
coefficients of the fundamental flexure vibration
mode are presented in Table IA for later use. LINEARAm

DISPLACEMENT
EFFECT

YL
t-0- A~x -8-

Axx

FN F

N. -- I

M F

AXIALFORCE -
EFFECT

I M F- t  F
r- Ax -aJ BENDING MOMENT

I EFFECT " -

I FIGURE IA Ax
FIXED-FIXED VIBRATING BEAM UNDER AXIAL FORCE I
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LINEAR KINETIC ENERGY (JKL) Making the indicated substitutions results in
Equation (12A).

The linear kinetic energy 
is determined using the

1/2 mass x velocity
2 

relationship assuming the )2, 1/
linear displacement of the ax beam element EI ' dx + F J(')2dx
experiences harmonic motion. t. d 2 (12A)pbtfy dx

aJ 1/2 m(y) (5A) When the integrals are evaluated
(IA )

, the
KL following basic £requency-force relationship is

obtained where w. is the bias frequency determined
From Figure IA, Am = pbt Ax and for harmonic motion for F = 0 and S is a sensitivity term described by

y = yw. Making these substitutions into Equation Equations (14A) and (15A).
(SA) results in the following equation for the total

maximum linear kinetic energy of the beam. W = 0 (1 + SF)
/ 2  

(13A)

L/2

= wbtp f y dx ()A) S 0 = L (14A)

x=0

FLEXURE POTENTIAL ENERGY (JPM) S as(--) (1 bA)

The flexure potential energy is determined using the

one-half the angular spring rate times the angular For the fundamental flexure mode, aO  6.45 and

deflection
2 
expression, a, 0.29-1A)

2 Equation (13A) indicates that to the extent of the
AjPM =/2(AM ) () (7A) assumptions made, w 2 is linear with applied force.

From flexure theory, -- (M/EI) Ax and M -Ely".

Making these substitutions into Equation (7A)

results in the following equation for the total Using the binomial expansion, Equation (13A) can

flexure potential energy of the beam. also be expressed in the following convenient form.

i lL/2 2 dx (8A) W I 0 + ( 1/2 SF - 1/8 S2 F 4- 1/16 SYF . )(16A)

PM = E ( y" )(
x=0 After some substitution and rearrangement, Equation

(16A) can also be expressed in another convenient
AXIAL FORCE POTENTIAL ENERGY (JPF) form for direct comparison with alternate published

solutions.(3A)
Including the axial force effects is a second source
of potential energy which modifies the standard 2

Rayligh method. The axial force potential energy w =a 0 + a 1(Eb--Fis accounted for, using the force through distance 0 L P L1 t 2 Eb
relationship. The force is the axial tension (4F)
or compression (-F) , and the distance is the stretch / 2 \1
of the beam element as it displaces. (It is assumed + a 3 )i . . . (17A)
that the beam roots terminate in relatively massive Eb

structures that do not move.)
For comparison purposes, coefficients ao through

AJpF ' F(As - Ax) (,)A) a3 were evaluated for the fundamental mode (IA)
and found to be 6.45, 0.147, -1.1(10-2) and
1.6(lo3), respectively. These values compare

Using some geometry and the bino)mial expansion, it well with differi.itial equation solution (3A)
.-irl t l -hvwn that 's = Ax I 4 +/2(y')...]. Makinq coefficients of 6.44, 0.148, -1.3(l0-2) and
this substitution into Equation (')A) results in the 1.9(10-3).

following expression for the total axial force

potential energy change in the beam caused by axial Equation (14A) can also be expressed in terms of

force effectg. Note that this energy can be plus or frequency (f) and a power series of force (F).
minus.

-2 3
L/2 f - f0 + k1F + k2 3+ k3F (1HA)

'F ( J ( 2 x (1OA) The behavior of higher flexure modes as well as the
x-0 influences of rotational inertia and shear effects

are considered in Reference (IA).

BEAM RESONANT FRfEI UENCY (',)

The beam resonant frequency as a function of axial
forc, can now h- solved for assuming conservation of
Pnerqy•

IKL , 'JPM 
+ 

'IPF I3A)
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TABLE 2A (5) Paros, Jerome M., "Precision Digital
Pressure Transducer," ISA

NOMENCLATURE Transactions, Vol. 12, No. 2, 1973,

aala2and a 3 -Beam Power Series Coefficients pp. 173-179.

(1011) dyne/cm2 (6) Karrer, H. E. and Leach, J., "A

E Elastic Modulus 7.8 (Quartz Resonator Pressure

for quartz Transducer", IEEE Transactions on

F = Beam Axial Force (dynes) Industrial Electronics and Control
f Beam Vibrational Frequency in Hz(w/27T) Instrumentation. Vol. IECI-16,

= BNo. 1, July 1969, pp. 44-50.

= Acceleration in Earth Gravity
multiples x 980cm/s (7) Michels and Perez, Physica, Vol. 17,

1 = Beaw Cross Section Moment of Inertia May 1951, pp. 563-564.

(cm ) (8) Bechmann, R., Ballato, A. D., and

= Kinetic Energy (dyne cm) Lukaszek, T. J., "Higher-Order
Temperature Coefficients of the

J Potential Energy (dyne cm) Elastic Stiffnesses and Compliances
P of the a-Quartz," Proc. IRE, Vol. 50,

(L,t,b) = Length, thickness, and width of beam 1962, 1812.

(cm) (9) Albert, William C., "Vibrating Quartz

M = Bending Moment (dyne cm) Crystal Beam Accelerometer," ISA 28th

M = Mass (gm) International Instrumentation
Symposium, Vol. 28, No. 1, 1982, pp.

Q = Ratio of Maximum Energy to Energy 33-44.
Lost per Cycle x 2Tr

sh, ch = Hyperbolic Sine and Cosine (10) Albert, William C., and Weber,
Raymond E., "Vibrating Beam

T = Temperature CC) Accelerometer for Strapdown

x = Location along Beam Length (cm) Applications," IEEE 1982 Position
Location and Navigation Symposium,

yBeam Displacement (cm) pp. 319-322.

y = dy/dx (beam slope)
2 2 (11) Hamilton, BrianJ., "Magnetic

" d y/dx (beam curvature) Suspension: The Next Generation in

= Time Derivative of y Precision Pointing," Annual Rock

gm/cm 3for quartz) 
mountain Guidance and Control

Density (2.65 m/Conference, American Astronautij..,l

= Beam Circular Frequency in rad/sec Society, January 30 to Febrve.cy 3,

(271f) 1982.

Other symbols as defined in various illustrations (12) Chuang, S. S., "Force Oensor Using
and text. Double-Ended Tuning Fork Quartz

Crystals," 37th Annual Fresuency
Control Symposium, Philadelphia, June
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STRESS-COMPENSATED QUARTZ RESONATORS HAVING ULTRA-LINEAR FREQUENCY-TEMPERATURE RESPONSES
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Abstract

The authors have conducted theoretical and where o, (,and I/ are first-, second- and third-
experimental research on new quartz temperature order temperature coefficients of frequency, respec-
sensors characterized by ultra-linear frequency- tively, and AT=T-T0 .
temperature responses and insensitivity to stresses.
On the basis of the results of this research we
can design stress-compensated quartz resonators In the thin quartz crystal plate, the frequency
with frequency-temperature responses superior to equation for the thickness-vibration mode is solved
those of resonators employing older type quartz as
crystal cuts.

Key Words: quartz, resonators, frequency control, 12.
metrology, frequency vs. temperature, - = . ( / )12 (q=1,3 ......
NLSC quartz cut, thermal transients, 2 Y
doubly rotated quartz cuts. where p and y0 are the mass density and the thickness

of the crystal plate, respectively, and Z represents
Introduction eigenvalues and solutions of the following equation:

Precise and accurate temperature sensing is an C ij m j m k- = (3)
important part of modern metrology. When tempera-
ture sensing was linked to frequency counting by and
Hammond, et a]., in the mid-1960s, this aspect of
metrology was advanced considerably. Within a decade C i j k = cEi j k 1 + (, S q
came the introduction of stress- and temperature-
transient-compensated quartz resonators. The virtues ( e h ij h ) (I h e h k L ), ( )
of each advance are considerable, but hithertofore
have not been consolidated. By searching for quartz
orientations where stress compensation occurs simulta- CE i j k 1 = the elastic stiffness constants
neously with linear temperature behavior, one is in a constant electric field,
led to a family of cuts with enhanced temperature
metrology potential. e h i j = the piezoelectric constants,

The purpose of our research is to improve tem- q j = the dielectric constants at
perature sensitive quartz resonators which provide constant strain,
a frequency output extremely linear with respect
to changes in temperature, and a further aim is to =S : Kronecker's delta,
provide a temperature sensitive resonator compensated
against the effects of stresses as well as against VO = the jth or qth component of
thermal transients and thermal hysteresis effects. J) unit normal vector perpendic-
We shall denote this sensor as the NLSC (NL stress ular to the plate plane.
compensated) cut. The NLSC cut makes the manufacture
nf sensors considerably easier, and has greater Y0 , y and C of the quartz crystal plate are
frequency-stability under stresses than the LC cut. in general functions of temperature T, and these

temperature coefficients for Y0 and E depend on
In this paper the NLSC cut sensor is discussed the azimuth 1 and colatitude e in Fig. 1.

with reference to theoretical and experimental results,
[1-8], and the optimum cut will be predicted. With a suitable choice of the angles 0 and 0

in equations (1) to (4), it is found that the follow-
Theory ing relationships may be obtained:

Suppose a thin quartz crystal plate whose electri- 0 /3 S 7" a
cal, mechanical and optical axes are defined in the
directions of the X1 , X2 and X3 axes, respectively, From equations (1) and (5) it can easily be seen
as shown in Fig. 1. We denote the direction normal that the frequency-temperature characteristics
to the main plane by polar coordinates (0,0). show a linear relationship. We solve the simulta-
Eigenfrequencies f of the quartz crystal plate neous equations given above by substituting the
are, in general, functions of temperature T. A elastic stiffness constants, piezoelectric constants,
Taylor expansion around reference temperature To  dielectric constants, mass density and their tempera-
is as follows: ture coefficients etc., into equations (4), (3)

and (2) sequentially [9,10]. Fig. 2 shows the
(-') ( (TJ) +  AT . a T4+ 116 L T 3 loci ofo(= 0, 03=0, and also the zero frequency-stress

L) coefficients for the thickness c mode of the quartz
crystal plates as functions of the polar angles 0
and e in Fig. 1. In this figure it is seen that
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the AT, FC, IT and SC cut resonators invented in are of silver evaporation applied to a chrome adhesion
the past as having zero frequency-temperature coeffi- film in the ordinary way. The resonator is kept
cients fall on the locus curve of c( = 0, and that in N2 gas in the 8U- type holder. In this resonator
the LC cut, which has been developed as a thermo- the resonance frequency responses for the a, b
metric quartz resonator, falls in the vicinity of and c modes are measured as shown in Fig. 4. As
the locus curve of ( = 0 [11]. can be seen in the figure, the piezoelectric coupling

coefficient of the c mode is smaller than that
As is well known, the LC cut comprises a cut of the b mode. Values of piezoelectric coupling

located at an orientation where the second- and for thickness excitation (TE) and lateral excitation
the third- order frequency-temperature coefficients (LE) for the three thickness modes of the nominal
are substantially equal to zero or at least negli- NLSC cut at 0o/0. are given in Table 2. The NLSC
gibly small, while the first-order frequency- cut resonator is at first kept for about 4 hours
temperature coefficient is not zero. The doubly in an oven filled with liquid N2 . After confirming
rotated LC cut, however, is difficult to manufacture the steady state, we begin to measure the resonance
because the two orientation angles I and 0 are such frequency vs. temperature characteristics by control-
that the cut is not located near X-ray planes of ling heater temperature using a copper-constantin
any reasonable strength, and is uncompensated either thermocouple in the oven. Fig. 5 shows the calculated
against any in-plane stresses, such as electrode resonance frequency vs. temperature characteristics
stresses, leading to a component of aging, or against for the NLSC cut, while Fig. 6 shows the measured
thermal transients and thermal hysteresis, etc. [12]. resonance frequency vs. temperature characteristics

for the same cut operating on the fundamental c
Accordingly, it is highly desirable to develop mode in the -190°C to 290°C temperature range.

a new quartz temperature sensor with the following The resonance frequency is about 10.447578 MHz
features: (1) Improved temperature sensitivity, at 250C. These characteristics in Figs. 5 and
providing a frequency output extremely linear with 6 coincide well with each other. From Fig. 6 it
respect to changes in temperature, and (b) Compensa- is seen that the first-order frequency-temperature
tion against the effects of stresses as well as coefficient o( is found to be about 13.7 ppm/°C
against thermal transients and thermal hysteresis by using the least-squares method. The theoretical
effects. value is about 14.4 ppm/*C, as given in Table 1

for bi-plano plates.
In order to satisfy these requirements, the

following cuts in the NLSC family have been developed: 2) Oscillation frequency vs. temperature
Doubly rotated cuts whose orientations are defined characteristics.
in terms of the polar angles 0 and 9 , which angles
lie on the locus where the second-order frequency- Fig. 7 shows the oscillation circuits used.
temperature coefficients are zero between the angles The NLSC crystal used in this oscillator experiment

= 100 ± 2' and e = 110' ± 50. These cuts fall is cut at the same angles described before, to
close to, Jr on, the locus of zero coefficients 0.28 mm thickness and 7.40 mm diameter. This partic-
of stress, as shown in Fig. 3. In Fig. 3 it can ular NLSC cut is made into a bi-convex-lens shape
be seen that Sinha's locus [3] of zero stress coeffi- of 120 mm radii of curvature. Fig. 8 shows the
cient of frequency and our locus of zero tempera- oscillation frequency vs. temperature characteristics
ture coefficient of frequency, i.e., 5 = 0, are for this NLSC cut. The oscillation frequency is
expressed, in the range of the angles # = 10' ± 6.195098 MHz at 25°C. From the figure the first-
2' and order frequency-temperature coefficient 0( is found

9= 1100 ± 50, as to be about 15.10 ppm/°C by using the least-squares
= ae + b, (6) method. There is a small difference between the

resonance and oscillation frequency responses vs.
where a = -1.5200 and b = 1.8126 x 102 degrees, temperature with respect to G . It is felt that
and 4 = ce + d, (7 this difference comes from the difference in shapes

of the NLSC cuts used in the experiments, and pos-
where c = -5.7140 x 10-2 and d = 1.6395 x 10 degrees. sibly at least partially from the differences between

the conditions between the experiments; the resonance
These equations are solved as experiment is open-loop, at, or near the zero reac-

tance point fR, whereas the oscillation frequency

0 = (a d - b c )/( a - c ) 9.960, (8) is closed-loop at a load reactance point fL. The
temperature coefficient difference between the

and e0  ( d - b )/( a - c)z 112.700. two points involves the temperature coefficient
of the piezoelectric constant km for the mode.

Table 1 shows the calculated physical features of
the NLSC family cuts operating on the thickness- 3) Thermal time constants.
shear c mode in the vicinity of the angles 0 and

6b. In Fig. 3 the region enclosed by two curves shows It is of interest to know the thermal time
the cut angles exhibiting the linear frequency-tempera- constant of the NLSC cut sensor [13]. Fig. 9 shows
ture responses. From these results we can predict an experimental circuit arrangement with respect
the stress-compensated quartz cuts with ultra-linear to measurements of thermal transients. Fig. 10
frequency-temperature responses in the vicinity shows the thermal shock responses for an NLSC cut
of the angles 00 and 80. sensor operating on the fundamental c mode. The

oscillation frequency is about 6.195 MHz at 25°C.
Experiments The responses are observed for 0OC 300 C rapid

temperature changes. The NLSC cut sensor is at
1) Resonance frequency vs. temperature character- first immersed in ice water, then in 300C water,

istics. and vice versa. In the figure we see that the
thermal time constant of the NLSC cut in the 00

The circular NLSC cut resonator plate used 300C thermal shock tests is given as 'c=11 s.
in these experiments is cut at the angles 0= 9.20 Similarly, Fig. 11 shows other thermal shock respons-
and 0= 113.20, as defined in Fig. I and to 0.165 es for the same NLSC cut temperature sensor. It
mm thickness and 7.40 mm diameter. The electrodes Is seen that the thermal time constant measurements

241



are given as tc = 7.5 s and 8 s for the 700C ; 4) M. Nakazawa, H. Ito, A. Usui, A. Ballato,
1000C and 100°Cz70C thermal shock tests, respec- and T. Lukaszek: New quartz resonators with
tively, as shown in Fig. 11. precision frequency linearity over a wide

temperature range, Proc. 36th Annual Freq.
In general, the thermal time constant is found Control Symp., 1982, pp 290-296.

to be
5) M. Nakazawa, N. Izuka, A. Ballato, and T.

= C yo2 / K, (q) Lukaszek: A study of quartz crystal temperature
sensors, 12th Special Committee on the Applica-

where p, C, K and yo are the mass density, specific tion Technology Investigation for the Precision
heat, thermal conductivity and thickness for the Frequency, IEEEJ, No. 12-3, 1983, pp. 1-6.
crystal, respectively. Hence, from equation (9)
we see that the thermal time constants of the NLSC 6) A. Ballato and M. Mizan: Simplified expressions
cut temperature sensors can be further improved for the stress-frequency coefficients of
by changes in dimensioning and packaging. quartz plates, IEEE Trans. Sonics Ultrason.,

Vol. SU-31, No. 1, 1984, pp. 11-18.
Conclusions

7) W. L. Smith and W. J. Spencer: Quartz crystal
It is found that from our theoretical and experi- thermometer for measuring temperature deviations

mental research that materialization of the stress- in the 10-3 to 10-6 'C range, Rev. Sci. Instrum.,
compensated quartz temperature sensors with ultra- Vol. 34, 1963, pp. 268-270.
linear frequency-temperature responses can be precise-
ly predicted, thus helping to pave the way for the 8) D. C. Hammond, C. A. Adams, and P. Schmidt:
design of temperature sensing systems. A linear, quartz-crystal, temperature-sensing

element, ISA Trans., Vol. 4, 1965, pp. 349-354.
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TABLE 1
CALCULATED PHYSICAL FEATURES OF THE NLSC FAMILY CUTS

OPERATING ON THE THICKNESS-SHEAR c MODE.

No. 0/0 f.yO v 012 1/6

(deg.) (MHz-mm) (103 m/s) (10- 5/C) (10-10/(.C)
2) (10- 11/(Co) 3)

1 10/110 1.6932 3.3864 1.7453 -2.8086 4.4257
2 10/111 1.6993 3.3986 1.6869 -1.4006 4.2048
3 10/112 1.7058 3.4116 1.6274 -0.1776 3.9473
4 10/113 1.7127 3.4253 1.5672 0.9203 3.6514
5 9.2/113.2 1.7198 3.4396 1.4397 -11.0074 3.3085
6 9.96/112.7 1.7108 3.4217 1.5794 0.0142 3.7309
7 10/112.5 1.7092 3.4184 1.5974 0.3835 3.8041
8 10.25/112.5 1.7076 3.4153 1.6350 3.9972 3.8859
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Fig.l A thin quartz crystal plate. NLSC cut operating on the thickness vibration
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Fig.2 Loci of c=0 and 1=0 for the thickness Fig.5 Calculated resonance frequency vs. temperature
c mode of quartz crystal plates as functions characteristics for the NLSC cut operating on the fun-
of the polar angles and e in Fig.l. Sinha's damental c mode.

locus of zero stress coefficient is also shown.
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Fig.3 Our temperature compensated orientations Flg.6 Measured resonance frequency vs. temperature
(O=cB + d for B=O) and Sinha's stress compen- characteristics for the NLSC cut operating on the
sated orientations (O=a8 * b) in the vicinity fundamental c mode.
of the angles 0=10 * 2* and 0=110 ° + 50.
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I.ig.9 An experimental circuit arrangement for the

measurements of the thermal time constants. Table T

THERMOMETRIC QUARTZ CUTS
_3 * 0 0$= ~ ~ o- ,; = e -1o'.

95 ~N. km j,(0

20. 20. a 6.264 4.4 6.0 1.6
b 2.090 7.5 2.0 2,8 NLSC

1 1.695 4.2 10.5 1 .6

11.17 9.39 a , 3.165 3.2 7.7 0.5
b 2.140 7.6 0,1 1.3 LC

4c 1.427 9.2 7,8 1.6
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EXTENDED PRESSURE AND TEMPERATURE OPERATION
OF BT-CUT PRESSURE TRANSDUCERS

Gwen Kaitz

Hewlett Packard Co.
5301 Stevens Creek Blvd.

Santa Clara, California 95050

ABSTRACT since they typically don't bond to the other
ions, but instead provide a charge balanceImproved performance of the BT cut for alumina centers within the quartz. Above4uartz pressure transducerlat extend-d pres- 150C, these ions, given thermal energy, are

sures and temperatures has been achieved mobilized in the lattice. As a result of this
through sweeping. Previously, high impurity ionic mobility, the series resistance of the
concentrations within the quartz resonator unit increases dramatically, thus rendering
resulted in exponential resistance increases the unit inoperable at temperatures greater
at temperatures beyond 150'C, thus rendering than 1501C.
it inoperable above this temperature. By
sweepinq natural quartz, the impurity ionsare riv n o t a d r pla ed y h dro en onsBy sweep ing the quartz b e fore p rocess-
are driven out and replaced by hydrogen ions ing it, the impurity ions are driven from thewbic bondroidh he mo een rsis t formlattice along channels paralll to the z-axis(figure 2) . In turn, the series resistanceVs. te mperature slope of the transducer isvsa ey!p:ratue slp ofda s thsell serw i0 of the unit is lowered significantly at thearkel~ )e ]creased and stays well below 200

cU t:. and1 i ncluding 225
0
C. The resist- higher temperatures.

- y e re<sure slope is also flatter as
t'.r- _.ratre is increased, staying below

-] t .ritures and pressures. SWEEPING PROCESS

Natural quartz crystals are first cut. t r lt' have shown that into rectanqular sections whose faces are at
h ;< : :r t of the,- unit iF- important fromi. level n Diffrom 45 degrees relative to the z-axis. These

units are inspected for inclusions, fract-
! tC di1f-- t iresq, and defects which may inhibit the tran-1 t n 1,_: i1i.I sport of ions alonq the channels in the z

direction.

Units are then irradiated with gamma
radiation. This radiation of the quartz

i5.5 MHZ BT leaves it in varying shades of darkness. The
;tr farmiartytel degree of darkness depends upon the concen-

,- 1 )72 prn.ducorv; from quartz crystal tration and type of impurity ions within each
sic 7.The pressure vs. frequency section. There appear to be two distinguish-

characteristic which this crystal exhibits aecolr Ter irrto be ing
able colors after irradiation, one beingwhen a hydrostatic pressure is applied radi- yellow in nature, similar to citrine quartz,

ally to the resonator body makes it a very and the other deep grey, similar to a smokey
useful and accurate pressure measuring device. quartz.
These transducers are built into pressure
probes (figure 1) which are widely used in Three unswept units which were rela-
the petroleum industry for the logging of oil tively light in color compared to the other
wells and to evaluate reservoir performance, units after irradiation were chosen for dir-
They also have application in making pressure ect processing without sweeping in an attempt
measurements in gas wells. Presently this to establish a correlation between the degree
probe has a maximum operating range of 150fCand 11K psi. of darkening and the resistance of the com-pleted unit. After processing, resistances

were found to be greater than 500 ohms atn lightur profe market dsea thned fr 200*C for all three units. This is typicalapressure probe which is operational at
higher temperatures and pressures has become of the unawept units; hence, it appears that
increasingly important. The current probe is no such correlation exists, and any darkeninginceaingy mpotat. hecuren prbeis of the resonator results in high resistance
inoperable at extended temperatures because units. refore no fur h sectnpr
the quartz pressure transducer exhibits ex-
ponential increases in resistance above 150

0
C cess was used after the initial inspection
" for defects and all the irradiated units were

We have developed an extended range pressure suitable for sweeping. The saw cut surfaces

transducer which is operational to 200
0
C and

15K psi. This transducer utilizes the same were plated with chrome/gold electrodes in a15Kpsi Ths tansuce utlizs te sme right angle configuration in order to esta-design and configuration as the present trans- bish anlectifield in the z eto
ducer but it is processed from swept natural (figure 3).
quartz, whereas, the current units are fab-
ricated from unswept natural quartz. Unswept Electrical contact with the electrodes
natural quartz contains high levels of im- was then made through spring loaded steel
purities, mostly alkali ions, which are plates on two of the surfaces (figure 3).
abundant in the environment. Such ions are The chrome beneath the plating prohibited
found interstitially in the lattice structure
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diffusion into the quartz; whereas, gold plat- HYSTERESIS TESTING

ing alone diffused badly.

Results from calibration testing of the

The sweeping was done in air in a forced assembled probe indicate that the hysteresis

convection furnace (figure 4). The tempera- increases considerably with extended temper-

ture was increased over an eight hour period ature and pressure range (figure 11). Hyster-

to 450'C, where it was maintained for approx- esis above 150°C and 11K psi is much larger

imately five days. Heating too rapidly re- than below these limits. This hysteresis

sulted in thermal shock and fracturing of the manifests itself as a frequency offset as

anits. An electric field of 1000 V/cm was pressure is increased and then decreased at

established along the z axis. The current constant temperatures.
was continuously monitored as a function of

time. The current decreased rapidly over the Figure 10 illustrates a typical hyster-

first day or so, then reached a near steady esis curve for a processed swept transducer

state condition. The voltage was then in- at temperatures up to and including 200*C.
creased another 1000 V to determine if sweep- The maximum hysteresis was approximately 4

ing was indeed complete. If the current again psi, four times greater than at 11K psi and
reached a steady state, sweeping was assumed 150

0
C.

to be complete (figure 7). The temperature
was then decreased over another eight hour Improvements in hysteresis have been made

period while the electric field remained to by extensively cycling the finished transducer

insure that no diffusion of the removed im- before calibration. In almost all instances,

purities back into the quartz occurred. nysteresis improved up to 50%. The cycling
relaxes the residual stresses incurred during

Upon completion of sweeping, the units processing of the unit. It is also important

were re-irradiated with gamma radiation to that the units be completely swept to insure

determine the degree to which they had been homogeneity throughout the unit. Impurities

swept. If thoroughly swept, the units appear- in the lattice structure can cause stresses

ed completely clear. If not, darkening re- and strains, both shear and direct. They

mained in part of the unit (figure 6). also result in different temperature expansion
properties within the unit.

The units were then processed into trans-

ducers for testing.

CONCLUSION

RESISTANCE vs. TEMPERATURE TESTS Sweeping of natural quartz has succeeded

in lowering the resistance of BT cut crystals

Resistance vs. temperature tests were run at extended pressures and temperatures. Fab-

on several fabricated swept transducers and ricated pressure transducers are now opera-

unswept transducers up to and including 2001C. tional up to and including 2001C and 15K psi.

For the swept transducers, results showed that 7esistance of these units stays well below

resistances stay well below 200 ohms over the 200 ohms and is relatively constant throughout

entire temperature range. the entire temperature range. No activity

dips exist over the pressure range up to and
In fig.8,the dashed line represents a including 22.5K psi. Hysteresis, however,

typical swept extended range unit's resistance increases considerably as temperature and

vs. temperature curve. The solid line is re- pressure are increased. Work to improve the

presentative of the resistance vs. temperature hysteresis further is presently underway.

characteristics of the present unswept trans-
ducer. It is readily apparent that the re-

sistance of the unswept unit is well above REFERENCES
200 ohms before reaching 200*C; whereas, the

resistance of the swept unit remains well be- 1. Leach, J., "5 MHZ BT CUT RESONATORS,"

low 200 ohms and is relatively flat over the Proc. 24th AFCS, pp. 117-125, 1970.
entire temperature range. 100% of the com-

pletely swept units tested exhibited low re-
sistance at the higher temperatures.

RESISTANCE vs. PRESSURE TESTS

Resistance vs. pressure tests were also
conducted on several transducers to determine

if pressure induced activity dips existed at

the higher pressures. Pressures were varied
from atmospheric to 22.5K psi at constant
temperatures ranging from room temperature to
200*C. Resistances stayed well below 200 ohms
over the entire pressure range at all temper-
atures (figure 9). The resistance vs. pres-
sure slope decreases as the temperature in-
creases. This behavior is consistent with the
fact that an activity dip has been found
around 0C.
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Filter Applications of High Frequency Chemically Polished
Fundamental Mode Bulk Wave Quartz Crystal Resonators

Perkunas J. Kavolis and William P. Hanson

Piezo Crystal Company, Carlisle, PA 17013

Summary from the data, AT-cut crystals have a lower Q then the doubly-

A number of resonator techniques have been used to manu- rotated SC and IT-cut crystals, as well as a lower CO/Cl ratio.
facture high frequency narrowband filters. Presented here are Even the SC-cut crystals, however, have a lower Co/C1 ratio
results of several filter designs manufactured using deep than ion milled resonators as reported earlier by Bidart and
etched chemically polished quartz crystals. Crystal filters us- Chauvin [4].
ing chemically polished resonators between 40 and 150 MHz Filter Design and Performance
compare favorably with filters using SAW and ion milling
technology. Furthermore, quartz resonators at these frequen- Several filters were constructed to demonstrate the perfor-
cies can be produced in quantity, with acceptable yield and mance of the chemically polished resonators. The designs
cost using chemical etching techniques. The resulting filters were chosen as a demonstration only, and not to meet any spe-
have classical crystal filter characteristics, with few spurious cific requirement. Classical 2, 4 and 6 pole Butterworth and
responses, moderate insertion loss, and bandwidths from Chebyshev designs were used and were synthesized using ef-
.07% to .6%. fective parameter theory. Ordinary crystal filter assembly tech-

niques and components were used. All filters had 50 ohm in-
Introduction put and output impedances and were in a sealed enclosure

with SMA connectors or solder-terminals. A number of differ-
At prenthed t ul ofreec l oli g Sy posim ens ent resonator designs were used; the effects are clearly visibleI1] presented results of some chemical polishing experiments, in the filter performance table.

These experiments were based, in part, on two papers by Vig

[21 [31. The resonators resulting from these experiments were
promising, but very expensive. In the year since that report
considerable progress has been made in both design and man- Filter 1
ufacturing techniques of chemically polished quartz resona- This filter is a 70 MHz 6-pole filter with a design bandwidth
tors. The practical frequency limit for AT-cut crystals has been of 50 KHz. Filter test data and typical crystal parameters were:
extended to about 80 MHz on the fundamental mode, the fre-
quency and electrical parameters can be well controlled, and Filter Crystals
spurious-free regions have been extended. Center Frequency : 70.00 MHz CO: 1.8 pF

To demonstrate the usefulness of this new technology, we 3 dB Bandwidth 51.23 KHz Cl: 3.0 fF
chose to design and build several crystal filters between 40 and 60 dB Bandwidth : 140.0 KHz ratio Co/Cl: 600
100 MHz. Designs up to .3% bandwidth were made. The nar- Insertion Loss 4.3 dB R: 40 ohms
rowestleasible bandwidth was about .07% because of the lim- ise L dB r: 40 ohm
ited crystal Q. Several crystal designs with differing electrodes Spurious Suppression: 17 dB
and cuts were tried. We limited ourselves to below 150 MHz
because of difficulties measuring and fabricating components
above that frequency. Note the relatively small spur-free region of the crystals, and

the poor spur suppression of the filter. This was due to the
Chemical Polishing large C1, which did, however, yield a filter design of only 350

Chemical polishing is based on the use of an acid solution, ohms characteristic impedance.
such as Hydrofluoric Acid or Ammonium Fluoride, to etch
mechanically polished quartz blanks. It is a complicated pro-
cess, requiring the correct solution, high quality quartz, and
great care and cleanliness for good results. Once an acceptable Filter 2
technique is developed, however, it becomes a straightforward This is a 64 MHz, 4-pole filter with a design bandwidth of
task to repeat it to fabricate many chemically polished resona- 100 KHz. The crystals used were SC-cut. The measured filter
tors. Such a technique has been developed for resonators be- and crystal parameters were:
low 200 MHz on the fundamental mode. Most of the resonators
fabricated to date have been SC-cut quartz, but recently AT-cut Filter Crystals
resonators have been used up to 75 MHz. Center Frequency : 64.005 MHz CO: 0.5 pF

Two of the primary advantages of the fundamental mode 3 dB Bandwidth 102 KHz Cl: 0.33 fF
chemically polished resonators are the relatively low Co/Cl ra- 60 dB Bandwidth 950 KHz ratio CO/Cl: 1500
tio, typically 500 to 1000, and the large spur-free region, gener- Insertion Loss 7.2 dB R: 400 ohms
ally over 500 KHz. Major shortcomings of this process are Ripple 0.8 dB Spur-free : 800 KHz
moderate to low Q, typically less than 40,000 and less accurate Spurious Suppression: 50 dB
frequency setting than with overtone crystals. These character- Group Delay Ripple : 1.6 ILS
istics make chemically polished crystals unattractive for very
narrow bandwidth crystal filters and for some oscillators, but The response of this filter is illustrated in Figures 1 and 2.
do not impair their usefulness in intermediate and wideband The reduced C1 gave a substantial improvement in both the
crystal filters. spur-free region and spurious suppression. The B-mode crystal

Measured parameters of several recently manufactured crys- response was suppressed by 26 dB. The characteristic impe-
tals are shown in TABLE I. These crystals are typical of the dance of this filter was about 3000 ohms. As with most crystal
results which can be obtained with chemical polishing, filters, the crystals were not all alike. There was one crystal

All crystals were operated on the fundamental mode, and which had a spur at approximately 300 KHz above the center
were packaged in coldweld TO-5 type holders. As can be seen frequency. This spur can be seen in Figure 1.
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Filter 3 Filters up to nearly 200 MHz can be manufactured using

This is a 100 MHz, 4-pole filter with a design bandwidth of conventional crystal filter design procedures. For filters be-

300 KHz. Because the bandwidth is .3%, an intermediate band yond 200 MHz, special design techniques are necessary. We
design was used. The crystals used were SC-cut. The following have not determined the useful limit of the resonators them-
parameters were measured: selves, but other filter components, especially coils, require

careful attention. At higher frequencies, stripline techniques

Filter Crystals must be used.

Center Frequency 100.005 MHz CO: 0.6pF Some advantages offered by chemically polished quartz res-

3 dB Bandwidth 300 KHz Cl: 0.48 fF onators are:

60 dB Bandwidth 750 KHz ratio Co/Cl: 1250 * large spur-free region

Insertion Loss 7.0 dB R: 150 ohms * low Co/Cl ratio

Ripple : 0.8 dB Spur-free: 700 KHz e aceple t

Spurious Suppression: 30 dB e acceptable cost
Group Delay Ripple : 3.5 1S high volume production is possible

The response of this filter is illustrated in Figures 3 and 4. Major drawbacks are:

Again, the low C1 resulted in a large spur-free region and good * low to moderate resonator Q makes them unsuitable for

spurious suppression. The B-mode response of the SC-cut very narrow band applications

crystals was also suppressed by about 30 dB. extremely tight tolerances on electrical parameters are

In order to reduce the characteristic impedance we paral- not currently practical

lelled two crystals at all locations where a crystal was called Filters using this crystal technology offer several benefits:
for, This allowed us to reduce the characteristic impedance of 0 low loss
this filter to a realizable value, but also raised the spur level. * wide bandwidths

* high stopband attenuation
e good selectivity

Filter 4 * classical crystal filter designs are possible
F reduced tooling costs

Filter 4 was fairly low in frequency, only 38 MHz, with a Piezo Crystal Company is currently producing commercial
bandwidth of 29 KHz. It was a two pole design. The crystals filters using AT-cut chemically polished resonators. As the
used were AT-cut, unlike the other three filters discussed here, manufacturing process is refined and new equipment is devel-
which all used SC-cut crystals. oped, we expect the performance of these crystals and the cir-

Filter Crystals cuits using them to improve considerably beyond the results

Center Frequency :38.436 MHz CO: 0.75 pF presented here.

3 dB Bandwidth 29.1 KHz Cl: 2.0 fF
30 dB Bandwidth 192 KHz ratio Co/Cl: 375
Insertion Loss : 2.5 dB R: 170 ohms
Ripple : 0.0 dB Spur-free: 300 KHz Table I
Spurious Suppression: 29 dB SERIAL NO. 525 515-1 577 510 605

Figure 5 shows the passband and stopband of filter 4. The Fs (MHz) 70.005 63.953 99.998 38.445 73.189

spurious performance of the AT-cut crystals was comparable to CO (pF) 1.75 0.05 0.6 0.7 0.6
that of the SC cut crystals, especially when the relatively large C1 (fF) 3.0 0.33 0.55 2.1 1.0

C1 is taken into account. The large C1 of the crystals lowered CO/C1 583 1500 1090 340 600

the characteristic impedance of the filter to about 500 ohms, R (ohms) 20 330 100 255 120

making it quite easy to build. Q 38,000 23,000 29,000 7,700 18.000

At the time this filter was constructed, AT-cut crystals could SPUR-FREE 87 KHz 800 KHz 500 KHz 300 KHz 700 KHz

not be successfully chemically polished above about 50 MHz. CUT TYPE SC SC IT AT AT

Since that time, we have improved our techniques to the point
where we can now reliably fabricate AT-cut crystals up to 80
MHz.
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Conclusion

Chemically polished fundamental mode resonators provide
a viable alternative for filter design above 40 MHz. SC-cut reso-
nators can currently be manufactured up to 200 MHz, AT-cut
resonators up to 80 MHz, and experimental overtone designs
to 1.2 GHz.
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Figure 1: Filter 2 passhand and~ stophand characteristics. Figure 4: Filter 3 passband and group delay characteristics.

Trace I V \ert: 1tt dB dliv.. lloriz: 2001 liz div. Trace I - Vert: 1 dB~div.. Horiz: 30 Kl'zdiv.

Trc2 Vert: 1 (113 div. 11riz 1 Kli div Trace 2- Vert: 1 mS'div., Horiz: :30 Kflz div.

Figure 2: ilter 2 pass I and group da characteristis Figure 5: Filter 4 passhand and stopband characteristics.

Trict, I- Verl: I (M~ div.. I ioriz: 10 IKl i div. Trace I Vert: I dBdiv.. lioriz: 4 Kl~z div.

Trac(e 2 - V'ert: 0.5 kiS dliv.. Floriz: 10 ti lz (liv. Trace 2 -Veil: 1 t0 t113. (liv.. l-oriz: 100 Kliz div
(:enter: -38.436 MIlz

Figure 3: I- ilte-r .3 passband and stophand characteristics.
Trac:e 1- Vert: 1 d It/div., Hforiz: 30 KI-Iz/div.
Traci! 2 - Vert: 10 d It/Div.. I tori-i: 100 KtHz/div.
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SLMARY STATE OF THE ART

C E P E has succeeded in designing filters at fre- It has been known for a long time that dielectrical

quencies much higher than those concerned by means of samples exhibit electromagnetic resonances as soon as

piezoelectric resonators. the wave-length gets shorter than the sample size. If

the resonance frequency is stable, depending on the

By the use of dielectric ceramic resonators, metal- time, temperature .... etc, such devices, known as die-

lized and positionned correctly, C E P E has designed lectrical resonators, are very useful for making mi-

filters operating at frequencies from a few hundred crowave filters and oscillators allowing size reduc-

MHz to some GHz and having relative bandwidths of 0,5 tion and easier manufacturing.

to 10 %.

The composition used ( Zr, Sn ) TiO4 , developped by

The results obtained by C E P E laboratories from THOMSON CSF Corbeville Labroratories, offers a concur-

several applications, already used in the new genera- rently low temperature coefficient of resonance fre-

tion of radio-telephone, prove that " Dielectric quency adjustable within 1 ppm/OC between - 20 and

Filters " have a similar performance to those designed + 20 ppm/WC, low microwave loss : this is quite linear

with air metallical cavities but they are much less versus frequency, so that the resonators can be cha-

cumbersome and cost less. racterized by the product Q x Frequency which is about

40000 GHz ( from 2 GHz to 100 GHz ), and gives a good

reproductibility of the dielectric constant er

INTRODUCTION ( typically : 37 + 0,5 ).

The extension to higher and higher frequencies of The discontinuity between two media of different

filters for the radio-telephone, the numerical tele- constants generates standing waves. So it is obvious

phone with elevated speed, and generally of aerial for some interface geometries and for certain values

filters lead us to find performant filters less cum- of incident frequency that standing fields can be

bersome, which would support high power. created similar to those existing inside metallic

cavities.

Thanks to the Argon ion beam technique introduced by

M. BERTE in 1977 ( 31st Symposium on Frequency

Control ) and the use of the Lithium Tantalate, OFFERED POSSIBILITIES

C F P E now provides piezoelectric filters up to

300 MHz in fundamental mode, reaching 5 % bandwidths In the range of very high frequencies called UHF

and up to 700 MHz in third overtone ( see my paper ( practically from 300 MHz to 3 GHz ), resonators

dated 1982 at the 36Th Symposium on Frequency Control and filters designed with these elements are often

Recent advances in UHF Crystal Filters ). constituted by pieces of lines.

In this paper, we present new products concering fil-

ters composed of dielectrical resonators and operating The technique of coaxial lines loaded with dielectric

for the moment from 700 MHz to 2 GHz. imposes a particular form :resonators are identical

to hollow tubes internally and externally metallized
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Fig. I ). A resonator of 10 mm diameter with silver We can also get a quarter wave resonator ( drawing 5

metallization has typically a quality factor of 900 at by metallizing only extremity 3, as well as faces 1

1 GHz. Furthermore the design of the coaxial structure and 2. Then, we obtain a resonatorX/ 4 with length

is rather complicated due to the various work processes g / 4.

and metallization of elements with circular section.

Table 6 gives quality factor and resonance frequency

The technique of microstriped lines ( Fig 2 ) facili- values according to section and length, and this, for

tate the design of resonators from a rather wide die- a material with dielectric constant 37 and silver

lectric substratum of which one face is metallized and metallizations done with a silk-screen process.

the other receives a metallic conductor similar to a

slim strip. But the quality factors are always low We observed that quality factor Q is proportional to

K 500 and furthermore it is practically impossible edge : a, and that with constant section, quality

to adjust the resonance frequencies of the resonators factor varies with the frequency squarerrot.

and their mutual coupling.

We can write Q = K a Tif

K is a proportionality coefficient.

THE BISTRIPED RESONATOR

In order to offset these disadvantages, resonators METALLIZATION STUDY

have been designed from a parallelepiped constituted

of dielectric material vith a rectangular section of As necessary metallization thickness must be superior

sides : a and b ( Fig 3 ). Anyway we design a line by to that of the skin effect, some measurements have

metallizing two opposed faces of the parallelepiped permitted to draw on picture 7 the quality factor

and we have a resonator A/ 4 or / 2 according to curve according to metallization thickness for silk-

length and termination of line. screen process with silver lake.

Metallizations 1 and 2 cover two opposed sides of the

dielectric. This line propagates electromagnetic and FREQUENCY STUDY

transverse waves with an efficient index ne = o

xg Resonators can be adjusted in frequency : this one

X o = wave length in vacuum grows by grinding the non metallized extremity and

Xg = wave length in the bistriped guid ). decreases by grinding edges towards resonator center.

and can present proper resonant frequencies depending Frequency can also be adjusted by stricking on the

on whether the length value L is an odd or even mul- resonator either dielectric or metal.

tiple of X/ 4 and according to conditions at the

limits. Picture 8 shows frequency differenceAF got either

by deplacement of a dielectric disc, or by deplacement

Half wave resonators can be obtained as shown in pic- of an aluminium disc.

ture 3, that is to say in opened network with

L = A g  ; the resonator is metallized on two of its In order to characterize resonators in an electrical

2 and a reproductible way, it has been necessary tosides 1 and 2 only.

define a test set. Measurement of quality factor and

A half wave resonator can also be obtained by metalli- frequency of resonators highly depend on their envi-

zing extremity faces 3 and 4 further to faces 1 and 2 ronment. Consequently, all measurements have been

( drawing 4 ). These conditions at limits make it a carried out with the same test set ( Picture 9 ).

resonator \g / 2 for L X q / 2.

Resonators impedance being close to 50-a, quality
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factor measurement is used f ig 10 . We now present a few examples of dielectrical filters

which we have made using this principle.

Ilaxisum couplling, that is to say, maximum attenuation

is researched by making distance between captor and

resonator yar : then we can get resonance frequency PASSBAND FILTERS

to and qualit\ factor Q through formula

Q fo - e g 1 - 2 poles filter.

0,5 \ B. [3., bandwidth at 3 dB y see picture This concerns the local oscillator filter of the

11 future 900 MHz radiotelephone. This filter is desi-

gned with resonators of section 6 x 6 mm.

Central frequency Fo = 1 037,5 MHz

COUPLING COEFFICIENT MEASUREMENI Insertion loss IL . 1 dB

I dB Passbandwidth Pbw >, 25 MHz

Coupling coefficient between two resonators with reso- 20 dB Attenuationbandwidth 155 MHz

nance frequency To depends on distance between them See response curve in Fig. 16.

and on their mechanical environment. A metal test case

has been defined with its captors for a choosen reso- e g 2 - 3 poles filter.

nator section I Picture 12 ,, and so it has been pos- An antenna filter at 900 MHz designed with resona-

sible to draw coupling coefficient curves according tors of section 8 x 8 mm.

to the distance separating the resonators. Picture 13 fo 900 MHz

presents this graph for resonators with section IL < 2 dB

7 x 7 mm at frequency 900 MHz. 3 dB Pbw >,+ 10 MHz

60 dB Abw < + 70 MHz

See response curve in Fig. 17.

FILTER REALIZATION

e g 3 - 4 poles filter.

Cnnsequentlv a passband filter can be made by dispo- This filter at 1,5 GHz designed with 4 resonators

sing several resonators one beside the others inside of section 7 x 7 mm is used for a radar application.

a case fig 14 . We have prefered resonators X/ 4 We can see the prototype on the photo Fig. 18.

because of their lower length. Fo = 1,519 GHz

PI < 2,5 dB

Resonators metallizations are respectively parallel 3 dB Pbw > + 12 MHz

between them and perpendicular to isolating substra- 40 dB Abw 4 + 60 MHz

tum. Coupling between resonators is made through mu- 60 dB Abw 4 + 100 MHz

tual inductance. Conductors 1 and 2 form coupling See response curve in Fig. 19.

rings and are used as excitator and collector.

e g 4 - 5 poles filter

f liter putting into operation is made through previous This 1,3 GHz filter is used for the recuperation of

adjustment of proper resonators frequencies and then the rhythm frequency in the future generation of

throuqh obtaining coupl ing coefficients requested by numerical transmission system with very high speed

filter sv rthes i s, arid this by adjusting distances on optical fiber. This filter is designed with reso-

between res!onators carefully. nators of section 10 x 10 mm ( see photo Fig. 20 ,.

fo = 1,3 0Hz

It li; alI;o possible to make stopband filters as shown L 4 6 dB

picture V,. A conductor whirh can be the core of a 3 dB Pbw > + 1,5 MHz

snoa Il line ' 1 i; placed perpendicularly to reso- 20 dB Abw + 6,9 MHz

nator!; on their short-circit side and allows trans- 30 dB Abw 4 + 20 MHz

missio arid col lect ion signal. See response curve in Fig. 21.
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In addition, in order to preserve the phase coherence It is possible by an additionnal circuit including a

of all the repeaters, all the filters phases at the varactor, to shift the frequency of each resonator by

central frequency must be trimmed with a precision of a variable tension, of a same margin&F and so to

+ 200 and a maximum drift of + 100 is tolerated in the change the central frequency preserving the same band-

bandwidth + 20 KHz and + 400 in the bandwidth width. We can observe the phenomenen on the curves

130 KHz, in the temperature range + 10
0
C, + 500C. Fig. 26.

STOPBAND FILTER CONCLUSION

See photo Fig. 22. The frequency limit for the fundamental mode is ap-

proximatively 2 GHz with this technology, but with the

- e 9 5 - 4 poles stopband filter 3rd or 5t. overtone, it seems that it is possible to

A 4 poles rejector designed with resonators of sec- design filters up to 5 or 10 GHz.

tion 6 x 6 mm.

Fo = 939 MHz Filters manufactured according to this technology

IL 1 1 dB present a certain number of advantages. The main ones

30 dB Abw ), + 2,5 MHz being

3 dB Pbw .< + 10 MHz

See response curve in Fig. 23. . the bulk is reduced because of the high dielectric

constant of the material ( Er = 37 )

realization possibilities from 300 MHz up to 5 or

DOUBLE FILTER 10 GHz

high quality factor allowing a low insertion loss of

- e g 6 - 900 MHz Diplexer for the future european 1 to 6 dB according to the bandwidth

radio-telephone ( see photo Fig. 24 ). . relative bandwidth from 0,5 % to 10 %

This is made up of two 6 poles filters in the same . remarkable out of band attenuation > 120 dB

case with a common input, which involve an excellent . a low temperature coefficient : a few ppm / 0C

return loss ( >, 15 dB ). We present hereunder . faculty of supporting power > 20 W

results of first prototype ( see curves Fig. 25 ). . possibility of sweeping in frequency by a variable

tension.
Transmitter Receiver

Insertion loss 2,5 dB 3 dB This technology has furthermore a great advantge : a

0,5& PassbanWdidth 890 - 915 MHz 935 - 960 MHz very low cost.

60 c Atteutiortlmiidth 855 - 948 MHz 913 - 987 MHz

C E P E is now ready to design a trial series in labo-

These first results will be ameliorated, especially ratory for frequency lower than 2,6 GHz and starting

for the insertion loss. of definite series will take place from 1985.

The temperature range is of - 350 C to 800 C. Some

trials at high level have demonstrated that these BIBLIOGRAPHY

filters endure a power of approximately 25 W with

the section of resonator choosen here : 7 x 7 mm. - ) M. BERTE

" Acoustic-bulk-wave resonators and filters

operating in the fundamental mode at frequencies

SHIFTABLE FILTER greater than 100 MHz "

ELECTRONIC LETTERS , Vol 13, 1977 pp. 248

- e y 7 - Shiftable frequency filter by varactor
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260
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Fig. 18 Fig. 21
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Lithium tantalate is known to have temperature stable

propagation directions for the bulk shear mode.

Previous work
4 ,5 

has mapped these directions. Plate
Abstract shear lithium tantalate resonators have been

Lithium tantalate is known to have temperature stable demonstrated.
6 

For our current work we have employed
propagation directions for the bulk shear mode. Shear the first order temperature coefficient map repre-
wave excitation requires that c-axis orientation of sented in Figure 1. In this figure the dark areas are
ZnO crystallites be either 400 or 900 from the sub- regions of positive temperature coefficient and the
strate surface normal and applied RF field direction, white area covers the region of negative coefficients.
We chose to deposit obliquely oriented film (c-axis The borders between the regions define rotational
tilted w.r.t. substrate normal). angles of the substrate plate for which the first order

temperature coefficient of frequency is zero. The

We describe the performance of lithium tantalate inset in Figure 1 shows the convention for the
transmission resonators fabricated with two ZnO rotational angles used. The shear mode propagation
shear mode transducers aligned on opposing faces of direction is normal to the rotated plate. In this
the substrate. The substrates have been fabricated initial work we have elected to concentrate on single

using singly rotated cuts of LiTaO 3 . The plate of rotated plates with = 0 and e near -19*. This
the cut is -19 degrees away from the z axis along x. rotation as shown in the figure is 190 counterclock-
The complete results for a number of resonators tested wise away from z about x. This cut allows for simple
so far will be described. The insertion loss for angular adjustments at the bottom boundary of the

these resonators varies from -42 dB to -22 dB at small positive "island" between 8 = 0 and 0 = -30'.
resonance in S band. Loaded Q values in excess of The cut plates are polished to a thickness of about
104 at 1.6 GHz have been observed. Temperature 940 microns which results in a shear mode overtone

stability data of an overtone resonance near 1.6 GHz separation near 2 MHz. For the cut described, the
has been taken over a te-nperaure range of -40C to fast and slow shear modes are not degenerate but are
+80'C. A parabolic frequency dependence on temperature separated by about 0.2 MHz. Our observations to

has been observed. date have shown that the frequency change with
temperature of the fast shear mode can be tracked

Introduction without difficulty. The longitudinal mode resonances,
if they exist, are readily identified because they

As a result of growing interest in developing a have a 3.3 MHz separation.

freouency standard that responds at microwave
frequencies (1-3 GHz range) for low noise oscillator Recently plate shear lithium tantalate resonators
applications the high overtone bulk acoustic resonator have been demonstrated.

6 
For this purpose thin

(HBAR) has been under investigation during the last LiTaO3 plates were obtained by direct ion milling of
few years.1,2 Earlier HBAR investigations have single crystal wafers. In this paper we describe the
utilized high overtone longitudinal modes generated performance of lithium tantalate transmission
by ZoO transducers aligned on opposing faces of a resonators fabricated with two shear mode transducers
nonpiezoelectric substrate. This configuration aligned on opposing faces of the substrates.
provides a transmission cavity resonator which
takes advantage of the high Q, low propagation loss Experimental
characteristics in materials such as YAG and MgAk204.
In YAG substrates cut with <111> normal, for example, The generation of shear modes using a plane parallel
loaded 0 values in excess of 50,000 have been transducer geometry requires that the ZnO c-axis
observed at 1.8 GHz. A vibration sensitivity of crystallite orientation be tilted with respect to the
I x i-Vg has been measured for these resonators plane of the transducer contacts.

7
,
8 

This inclination
which is approximately two orders of magnitude lower insures that the RF field excites the ZnO to produce
than for a typical three-point mounted AT-cut quartz shear waves while fully suppressing production of

crystal.
3 

This has led to compact, robust oscillators compressional waves. There are two angles of tilt
exhibiting low noise and vibration immunity at S-band. for which this holdi true: 400 and 90'. While
The temperature coefficient of these resonators is different technioues have been proposed for depositing
about 40 ppm/*C and for a number of systems applica- C-axis in-plane (900 tilt) ZnO films, none of them

tions this is unsatisfactory. appears satisfactory and reproducible. We have chosen
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pressure is let into the enclosure through a heat
to deposit films with C-axis tilted with respect to exchanger inside the oven. A Tenney, Jr. environmental
substrate normal (oblique orientation). Recently, chamber with a controlled temperature range of -80*C
Wang, Lakin, and Landin

9 ,10 
have taken a similar to +177°C is used together with a Doric 410A-P7

approach. They have successfully sputtered, using temperature monitor with a RTD detector attached to
the magnetron technique, up to 10 1rm thick, ZnO the resonator package. Overall temperature accuracy
films having C-axis tilt up to 45o. Using these is + 0.2C.
films on silicon membrane, they have fabricated
shear mode resonators operating in the 200-400 MHz Figure 3 shows the results for a shear mode trans-
range. mission resonance near 1.1 GHz in lithium tantalate

for a cut near 0 = -19o, = 0. The shear mode
In an earlier paper,

7  
we demonstrated the generation propagation direction is along the plate normal as

of shear mode bulk waves at microwave frequencies, defined by the angles in Figure 1. A parabolic
with EI diode sputtered ZnO films. We obtained the temperature-frequency characteristic is observed
obliquely oriented films by placing the substrate in the measured values as is shown in Figure 3. The

3 cm radially away from the center and taking square points in the figure are results obtained in a
advantage of geometrical nature of vapor species run made at a different time than that for the cross
incident on the growing film. Recently, we have points. A second resonator was measured over an
demonstrated shear mode excitation in a ZnO film that increased temperature range at a frequency near
was subjected to low energy ion bombardment during 1.6 GHz. The results are shown in Figure 4. The
growth. In this work we have restricted ourselves measurements made to date on the single rotated cut
only to the latter technique. show a consistent turnover region near -40'C as shown

in Figures 3 and 4. Other Ldts currently are under
Zinc oxide films used in this work were deposited investigation with the goal of providing a turnover
by RF diode sputtering. Details of the system and near room temperature. Presently loaded Q values
the deposition parameters have been reported else- range between 10 and 30 thousand and higher values
where. ZnO films were deposited onto metallized may be anticipated with improved resonator design.
LiTaO 3 substrates in a RF diode sputtering system
which is routinely pumped down to 5 x 10- torr We are pleased to acknowledge G. A. Ferguson and
before sputtering. The 3 inch diameter x 1/4 inch D. H. Watt for their assistance in film preparation
thick hot pressed ZoO target (iRC Mars Grade) was and resonator fabrication. We would like to thank
sputtered in Ar + 02 (5:2) mixture using sputtered-up G. B. Draper for his help in device measurement.
configuration. The total pressure was 9 mTorr. Many helpful discussions with R. W. Weinert,
An RF bias of % 100V is applied to the substrate an he dscusioS wit r.einertduring deposition. W. J. Takei and H. A. Salvo are gratefully

acknowledged.

The shear mode transducers are formed using an
aluminum bottom contact in a coplanar RF line
configuration.

1  
The 1200A thick film of chromium- References

aluminum provides a non-oriented bed for the ZnO
sputtered layer as well as the RF ground plane. i. R. A. Moore, J. T. Haynes and B. R. McAvoy in

The ZoO deposition is made on this bottom contact 1981 Ultrasonics Symp. Proc., Chicago (IEEE,

through an appropriate mask. The top contact is made New York, 1981), p. 414.

with a chrome aluminum deposition (1200X) through a
metal mask forming a finger over the ZnO film ci 2. J. T. Haynes, H. Salvo, R. A. Moore, and

the bottom contact. The extension of this finger B. R. McAvoy in Proc. 37th Annual Symp. on

provides a second RF contact pad. The area of the Frequency Control, Philadelphia (IEEE, New York,
transducer thus formed is typically 125 om x 125 lim. 1983), p. 87.

The resonator substrates are mounted in a holder which
provides compressional RF contacts to the transducer 3. H. Rossman and J. T. Haynes in Proc. 37th Annual
pads which connect to a 3 millimeter coa-ial fitting. Symp. on Frequency Control, Philadelphia (IEEE,

New York, 1983), p. 272.

Several transmission resonators were fabricated with
two ZnO shear mode transducers aligned on opposing 4. J. Murphy and M. M. Gad in 1978 IEEE Ultrasonics

faces of the substrate. The resonator response is Symp. Proc., Cherry Hill, NJ (IEEE, New York,

then measured using a HP 8410C network analyzer with 1978), p. 172.

a HP 8340A synthesized sweeper. This sweeper has a
resolution of 1 Hz at 2 (;Hz. 5. J. DeTaint and R. Lancon in Proc. 30th Annual

Symp. on Frequency Control, Atlantic City (NTIS,
Results and Discussion Sprinfield, VA, 1976), p. 132.

All evaluations to date have been performed on 6. J. P. Aubry in 1983 IEEE Ultrasonics Symp. Proc.,

resonators open to the atmosphere. The range of Atlanta (IEEE, New York, 1983), p. 487.

loaded ) values obtained in YAG using an open
package is shown in Figure 2. The results for two 7. S. V. Krishnaswamy, B. R. McAvoy, W. J. Takei,

orientations of YAG; cube edge and body diagonal and R. A. Moore in 1982 IEEE Ultrasonics Symp.

are shown for longitudinal mode resonance. The Proc., San Diego (IEEE, New York, 1982), p. 476.

effect of acoustic aperture size on insertion
loss and loaded Q at room temperature for frequencies 8. S. V. Krishnaswamy, B. R. McAvoy and R. A. Moore
near 1.5 G|liz are shown in the figure. in 1983 IEEE Ultrasonics Symp. Proc., Atlanta

(IEEE, New York, 1983), p. 531.

For the series of runs which measure the frequency-

temperature characteristics of the lithium tantalate 9. J. S. Wang, Y. Y. Chen and K. M. Lakin, 1982

shear mode resonators an environmental oven has been IEEE Ultrasonics Symp. Proc., p. 346.

modified to accommodate the open resonator package.
The resonators are mounted In an enclosure within 10..J. S. Wang, K. M. Lakin and A. R. Landin, 1983

the oven. Dry nitrogen at a slight positive Frequency Control Symp. Proc., 1.
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Abstract YIIY 22 - Y12 Y21 = 0

Fundamental-mode Pierce Oscillators in the 250 to or
710 MHz range have been realized utilizing thin-film

bulk-acoustic-wave (BAW) resonators. Initial

oscillators have demonstrated a phase noise of 100 (2)
dBc/Hz (1 KHz offset) and power levels of +6 dBm. A (2)

linear-model design approach was used. The circuit - (rA+JbrA)(gfA+JbfA) 0.
topolo used and resonator fabrication technique
shows , at promise for the creation of MMIC circuits Expanding Eq. (2) and collecting real and imaginary
in the OO MHz to 2 GHz range, results in two equations that must be satisfied:

Introduction (b iB+b iA)(b oB+boA)

The maximum frequency of operation of

fundamental-mode crystal-controlled oscillators is giAgoA rAbfA - gfAgrA (3a)
restricted to the relatively low resonant frequencies
-f the crystal. Typically those fundamental modes b1 9 +

are several 1O's of MHz, though ion-beam milling iBg°A 
+  

iA

techniques have been used to fabricate quartz
resonators operating to 525 MHz

1
. = grAbfA + brAgfA - giAboA - biAgoA" (3b)

This paper describes the performance of Pierce When the y-parameters of the composite active
Oscillator whose resonant element is a unique form of device, network A, are known, Eq. (3a) represents a
thin-film bulk-acoustic-wave (BAW) resonator. These hyperbola and Eq. (3b) represents a straight line in
resonators, illustrated in Fig. 1, have been fabri- terms of the tuning susceptances, biB and boB.
cated with fundamental resonances from 200 MHz to over Equations (3a) and (3b) are solved simultaneously for
800 MHz with Q's in excess of 9000. Oscillators in either bib or boB by substitution and only those

the 250 to 300 MHz range have been realized using solutions where biB and boB represent capacitive
composite resonators composed of a thin film of ZnO susceptances are utilized.

sputtered onto a thin Si supporting membrane
2
.

Oscillators in the 580 to 710 MHz range have been Due to the nature of Eq. (3), three possible
realized us'ng edge supported resonators composed of a solution situations exist and are determined by
thin film of AIN without the supporting Si membrane

3
.

Oscillator Design 
- (grAb fA+brAgfA ) - (2gAgoA)2

The Pierce Oscillator, Fig. 2, can be modeled as + 4gr9o(grAgfA-b bfA). (4)

two interconnected networks, Fig. 3, where network A 4- b

is a composite active device whose y-parameters are
known measurable quantitites and network B contains If this quantity is negative, biB and boB are

the tuning susceptances. The y-parameter matrix of complex quantities. Because biB and boB are inversely

the Pierce Oscillator is obtained by adding the related, the onset of oscillation condition cannot be

!-parameter matrices of the individual networks and achieved using the passive susceptance tuning

is 4;ien by: configuration of Fig. 3. If is zero or positive,
the onset of oscillation condition can be satisfied
with one or two combinations of biB and boB,

YT 'A 
+

B respectively. This quantity is used in establishing

the values of the oscillator circuit components.

= g iA+
1

> A rA + . Because this analysis is based on linear small-

(fA+ 1)b A) ,A A LI 0 bob I signal y-parameters, not all solutions arrived at will

(i) result in stable oscillations. Some of the solutions,
- which predict initial instability, do not result in

1i, stable limit-cycles. A rigorous solution would have

i YZ1 722 j to incorporate a non-linear model.

Experimental Results

-e nIprw,r rrr esn.tn, by {1, which renulres that: A serfos of oscillators, one of which Is shown in

Fig. 4, were built according to this design procedure.
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The oscillator pictured shows the thin-film resonator, These data should be considered "worst case"
top TO-18 header, the active device, bottom TO-18 because the circuits contain no thermal bias
header, and the input and output RF chip capacitors. stabilization and the noise measurements did not
Oscillator bias and output matching components, not rigorously correct for test equipment induced noise.
shown in Fig. 4, are contained within the bias-test
stand. Discrete devices were used to facilitate the Conclusion and Future Work
collection of y-parameter data. In all the
oscillators, MRFC904 bipolar chip transistors were This paper has described fundamental-mode
used for the active device. oscillators whose operating frequency exceeds that

achievable using quartz technology. Additional work
Y-parameter data from candidate resonators and is currently underway in the areas of non-linear

active devices were obtained using an HP8505 network modeling, noise modeling, and temperature stabili-
analyzer. Resonator data were obtained from just zation of hybrid and monolithic UHF oscillators
below series resonances to just above parallel utilizing composite resonators. Since thin-film
resonance and active device data were obtained near resonators using GaAs have been demonstrated at
the resonator's series resonance. An equivalent frequencies above I GHz

5
, work is now proceeding

model of a 259 MHz ZnO composite resonator, based on on fundamental-mode hybrid circuits at these
y-parameter data, is shown in Fig. 5. Capacitors Cml frequencies. The thin-film resonator offers a
and Cm2 represent mounting parasitics and typically significant size reduction so that the size of active
are not equal due to asymmetries in the resonator and passive elements for an oscillator (or filter)
mounting, are about the same. It is expected that integrated

circuit fabrication techniques will permit direct
At each frequency point, Eq. (4) is evaluated, integration of the resonator with active devices on

If it is zero or positive, Eq. (3) is solved for biB the same substrate resulting in a new class of RF/LSI
and boB. Only those solution points, where biB and circuits.
boB represent capacitive susceptances, are utilized.
A sample output, shown in Fig. 6 for the resonator Acknowledgment

modeled in Fig. 5, shows the two possible solutions
for the required capacitor values. The authors wish to thank Dr. K. Lakin and Mr. A.
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Figure 7 shows the SSB phase noise character- tance in building the oscillator and the Metrology
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Fig. 8, of two oscillators utilizing the AIN edge 3. K. M. Lakin, J. S. Wang and A. R. Landin,
supported resonators point to harmonic operation to "Aluminum Nitride Thin Film and Composite Bulk
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Figure 9 shows the oscillator frequency deviation 4. J. S. Wang, A. R. Landin and K. M. Lakin, "Low
characteristics as a function of temperature for the Temperature Coefficient Shear Wave Thin Films for
ZnO composite resonator based oscillators. All Composite Resonators and Filters", IEEE 1983
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4 
have recently described a similar composite Physics Letters, Vol. 43(8), October 15, 1983.

material resonator structure with high temperature
stability. Figure 10 shows the frequency deviation
characteristics for AIN edge supported resonator

based oscillators. Both exhibited a temperature
sensitivity of approximately -16 kHz/

0
C.
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Orlando, Florida 32860

State-of-the-art Surface Acoustic Wave (SAW)
components including resonator products, low-loss SAW
filters, and reflective array compressor (RAC) Jevices
are readily available today for military, commercial,
and consumer applications. SAW performance advantages
are supported with high volume production capability
and multiple-sourcing of most SAW device types. For
example, CATV resonators are currently produced at
rates exceeding million-a-year quantities while
competition grows steadily for the military SAW
requirements. This paper reviews SAW devices that are
currently in production at U.S. SAW companies in which
SAW components are a principal product and are
primarily produced for sale. These companies are

Andersen Labs, Crystal Technology, Phonon, RF Mono-
lithics, and Sawtek. Conventional and low-loss band-
pass filters, filter banks, dispersive and non-
dispersive delay lines, reflective array compressors
(RAC's), resonators, multipole resonator filters, and
oscillators will be covered. Examples of SAW products
from each of the SAW companies follow. Figure 1 Andersen Laboratories Filter Bank

Figure I shows an Andersen Laboratories 9-channel
filter bank for multi-channel signal processing
applications. In this bank, the SAW filters are
centered at 70 MHz and have bandwidths from 100 KHz to
12 MHz. The 6.5 x 8.6 x 0.9 inch package includes
electronic RF channel switching, filters, amplifiers,
and matching networks.

Crystal Technology produces SAW bandpass filters
as well as lithium niobate wafers as shown in Figure 2.
Lithium niobate and quartz are the most common sub-
strates used in SAW devices.

Figure 3 shows the spectrum and samples of a 70
MHz, 11.4 MHz bandwidth filter from Phonon. A common
military iF is at 70 MHz, and wideband 70 MHz filters
are used in CATV satellite receivers.

RF Monolithics produces large numbers of SAW
resonators at around 680 MHz for local oscillators in
CATV set-top convertors. Figure 4 shows a wafer of
resonators and resonators in TO-5 packages.

A low-loss 3-phase bandpass filter produced at
Sawtek is shown in Figure 5. Spiral inductor matching
and phasing circuits are used to achieve 5 dB insertion Figure 2 Crystal Technology
loss in space-qualified filters. Filters and Lithium Niobate Wafers

These are just a few examples of the many SAW
products that are commercially available today from
U.S. SAW suppliers. The authors thank the companies
that contributed slides and photographs to this paper
and the oral presentation.
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Figure 5 Sawtek Low-Loss Bandpass Filter

Figure 3 Phonon 70 MHz Bandpass Filter

Figure 4 RF Moriolithics CATV Resonators
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Abstract Test Circuit

The development of SAW Resonators for use in a Since a group of 30 SAW devices was to be tested
satellite UHF subsystem required a study of the effect and the center frequency of each device in the matched
of various environmental parameters on the SAW condition was slightly different, use of transmission
characteristics. Data was taken over a two-year period jigs would require the utilization of several frequency
on thirty SAW resonators operating at 500 MHz. Since sources, multi-port power splitters, and several medium
little data was available regarding the effects of power 500 MHz amplifiers to simultaneously drive all of
the orbital environment on SAWs, the test program was the devices. In addition, a method of controlling the
used to qualify the devices for space applications. RF power at the input to each SAW device would be
The results show that not only are the devices suitable required. In lieu of this complex and costly approach,
for high reliability applications but they can operate an oscillator circuit was developed using a single
at power levels and temperatures beyond those transistor stage and active biasing. A schematic
anticipated. The SAW resonators were subjected to diagram of the oscillator is shown in Figure 3. A
temperatures as high as 110*C, 1 MRAD of accumulated single stage grounded emitter power transistor, Q2,
radiation and +25 dBm of RF power, with active bias supplied by QI feeds resonant phase

shifting network Ll and C4. The SAW resonator is
All of the SAW resonators with the exception of matched with CIO, C15, L5 and L8. Two resistive

six test units were operated continuously during the attenuators consisting of R7 through R12 isolate the
two-year period. The devices were subjected to the SAW from the active circuits. The input and output
environmental stresses while operating in an oscillator power levels at the SAW matching networks are monitored
specially designed to minimize the effects of component at J2 and Jl, respectively. A diode detector, CR2, and
variations on performance. The oscillators were aged its associated circuitry provides a continuous analogue
for several months pricr to their use and were shown to output corresponding to the SAW RF power level. This
have negligible influence on the test data. The output is fed to a strip chart recorder so that a
parameters that were tested as representative of continuous record is kept of power level variations.
resonator quality were insertion loss and frequeticy. The RF power circulating in the loop is determined by

the transistor biasing and the value of resistors Rl
Of the thirty resonators tested, three failures through R3. The oscillator circuit is calibrated with

occurred. These failures, which were due to a metal a high frequency sampling scope which measures the
migration mechanism, occurred at high RF power levels, voltage waveform at the SAW input and output ports.

The balance of the resonators which operated below
+75°C and within the +13 to +18 dBm power range showed To ensure measurement accuracy, SAWs undergoing
negligible parameter variation over the stress period, the accelerated life test were periodically removed
Subsequent to the life test the devices were delidded from the oscillator circuit and placed in unmatched and
and microscopically examined. It was seen that matched transmission jigs to measure the resonator
migration in the high electric field areas was the frequency and insertion loss, respectively. The
primary contributor to parameter changes, and due to unmatched jig provided a sharp transmission peak at the
the unique physical construction of the resonators, SAW center frequency relative to the matched condition
damage was minimized and parameter degradation reduced. and hence provided more accurate frequency data. It
This study shows that SAW resonators can be used in was found that the trequ-acy determined by this method
space environments for seven to ten-year missions at closely matched the oscillator frequency of the SAW
reasonably high power levels and temperatures. when measured at the same temperature. It is important

to minimize the contribution of circuit components to
Introduction oscillator frequency and loop power level so that any

measured parameter changes can be attributed to the SAW
In order to meet phase noise requirements of resonator. Hence the oscillator circuits were

-165 dBc/Hz and -173 dBc/Hz at 1 MHz and 6.25 MHz, temperature cycled between -55* and +100°C for 10
respective offsets, from a 500 MHz carrier, a 2-port cycles and stabilization baked at +85*C for 30 days.
1-pole SAW resonator is used at the output of a Following this preconditioning, the oscillators were
satellite frequency synthesizer. The frequency run with 100-ohm resistors replacing the SAW resonators
response of a typical matched resonator is shown in for a period of ten days and the frequency change
Figures 1 and 2. The basic electrical characteristics measured. It was seen that the overall stability of
of the SAW resonator, whose design is described in the oscillators run in this mode in a temperature
Reference 1 are listed in Table 1. stabilized chamber was at least five times better than

the anticipated change in SAW resonant characteristics.
TABLE 1 Furthermore, a control group of six SAW oscillators was

to be kept continuously running at +25*C so that a
Center Frequency 500 + .030 MHz measured baseline would be established for the lot.
Loaded Q 2500 minimum
Insertion Loss 2.0 dB maximum Test Program
Bandwidth (3 dB down) 250 kHz average
Rejection at +3 MHz offset 22 dB minimum Table 2 summarizes the test program for the 30

resonators. The first group of six devices is the
Since no information was available regarding control sample which was maintained at normal

performance of SAW resonators during a seven-year laboratory ambient temperature which typically varied
orbital life with radiation, RF power, and temperature between +29gC and +22*C and a continuous input RF power
stresses, a two-year accelerated life-test program was level of +13 dBm. The second group was at +25*C but
undertaken to quantify possible life limiting effects. had +18 dBm of incident RF power. A separate group of
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TABLE 2 Test Results

SAW STRESS FACTORS All 30 of the resonators subjected to the life
test were manufactured from a single lot of quartz and

RF POWER TEMPERATURE TOTAL DOSE were processed as a single group. Figure 6 shows the
QUANTITY dBm °C MRAD frequency shift for the unstressed control group over

the two-year period. It is seen that the maximum
6 +13 +25 -- peak-to-peak frequency excursion is less than 2 kHz.
6 +18 +25 -- This frequency change is well below the limit which was
6 +15 to +25 +25 -- selected as 50 kHz for device failure. Insertion loss
6 +13 +25 to +110 -- change of greater than 0.5 dB was also considered a
6 -- +25 1.0 failure. The control group variations are due to

differences in ambient temperature when the particular

devices were tested.

four SAWS remained unstressed for the length of the Figure 7 illustrates the resonant frequency
test but was periodically tested in transmission jigs changes of the SAWs operating at a fixed power level of
to see if changes occurred in characteristics which +13 dBm. These devices were tested in the oscillator
might be attributable to the manufacturing or sealing configurations described previously and it is seen that
processes. The third group was initially run at an RF a maximum frequency excursion of 10 kHz occurred.
level of +13 dBm with the RF power increased at Figure 8 plots the frequency changes of the test group
approximately two-month intervals remaining at +25 dBm which had an incident RF power level of +18 dBm. The
after 12-1/2 months. Another group of six resonators large negative frequency excursion at this increased
was run at an RF power level of +13 dBm but the power level is predictable but well within the

temperature, which was initially at +25
0
C, was stepped established guidelines for reliable operation.

to +I1
0
C over a period of five months. The final set

of SAW's was subjected to I MRAD of Cobalt 60 radiation Figure 9 shows that increasing the RF power level
with pre and post-radiation characteristics recorded, above +19 dBm begins to permanently affect the resonant

frequency of the SAW devices. The power level is
The life test stress levels and dwell time periods increased about every two months starting at +13 dBm

were chosen to cover an extreme range of conditions, until +25 dBm is reached after 12 months. Significant
starting at generally benign levels and progressing to frequency changes occurred at +19 dBm in resonator
extremes which would damage the SAW devices. By 55-24 and a failure occurred in resonator 58-1 at the
microscopically analyzing the delidded devices at the power level of +22 dBm. At +24 dBm all of the
completion of the program, the failure mechanisms could resonators except for 55-24 and 56-4 experienced
be identified. excessive frequency offset which exceeded the 50 kHz

limit.

The RF power stress levels were based upon
considerations discussed in Reference I which show that The effect of high temperature on SAW reliability
at a power level of +24 dBm, device degradation occurs, was originally hypothesized to be equivalent to RF

This effect is shown in Figure 4, taken from Tanski. power heating effects. Deterioration of the SAW
Since little information was available regarding the devices would occur at a combination of RF power and
operation of SAW devices at high temperatures, it was temperature such that localized heating of the
felt that +110'C represented a reasonably high figure resonator elements would be equivalent to that
which exceeds that normally encountered in most device accounted from RF heating alone.
applications.

Figure 10 shows the test results of the resonators
Resonator Description which were subjected to a stepped temperature stress

test while operating at a constant RF power level of
The SAW resonators which underwent the accelerated +13 dBm. The case temperature of the resonators under

life test were single pole devices which were optimized test was increased from +25*C to +110*C over a five
for minimum insertion loss and low VSWR at 500 MHz. month period. As shown in the figure, no significant
The design incorporates segmented and withdrawal changes in resonant frequency occurred. Five of the
weighted lines to ensure maximum out-o-band rejection six resonators which remained at +110 C for 18 months
with minimum reentrant ripple. The artz wafer had a exhibited a frequency change of less than 20 kHz. The
ground plane on one side which - epoxied to two failure of 58-12 was due to a faulty bond at a header
mour"ing bellows. The resonator was mounted in a TO-8 active post and is not related to the l'fe test. It is
header and was hydrogen fired and coldweld sealed in a seen from Figure 10 that two resonators were added to
high vacuum. Due to this unique mounting mechanism, the test samples at +110*C after 12 months. These
heat flow from the resonator was maximized by resonators shifted less than 5 kHz over the second year
conduction through the quartz and bellows structure of testing.
directly to the base of the header. Both the resonator
deposited aluminum ard active bond wires contained a All of the testing performed on the resonators
small percentage of copper which has been shown to consisted of an oscillator frequency and transmission
minimize stress induced migration effects under high jig insertion loss measurement. Without exception, the
power and high temperature conditions. Figure 5 shows insertion loss remained below 3.0 dB (except for the
the internal structure of the SAW resonator with the devices which catastrophically failed). The data taken
metallic bond wires and supporting bellows. The from the oscillator tests correlated very closely to
bellows structure was designed to ensure that the that obtained from the transmission jig when the signal
self-resonant frequency of the supported SAW filter was source feeding the SAW was set to the recorded
above 3,000 Hz. This was outside the limit of oscillator frequency. Hence it can be concluded that
acoustical and mechanical stresses introduced by launch the major failure mechanism is due to a change in
and stage separation. A sample of four devices were resonant frequency. Of course, in the practical
subjected to a high level random vibration spectrum of situation where the SAW device is used as a narrow bond
22 G RHS for 5 minues with no damage. filter and the carrier frequency remains unchanged,
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prohibitive attenuation of the signal would occur since dynamics of the quartz resonator is unaffected by the
the operating frequency now lies on the skirt of the radiation, although the bulk characteristics of the
device rather than at the center of the passband. quartz is altered. The radiation effect is noticeable

in bulk mode crystal resonators used in satellite

Figures Ii through 13 are Scanning Electron applications where typically a radiation coefficient of
Photomicrographs of two of the resonators which were 1 x 10- 1 2 /RAD is observed for high quality quartz
operated at +24 dBm and exhibited excessive frequency resonators.
shifts. It is seen that stress induced metal migration
occurred with the damage pattern following the RF Summary
electric field distribution at the resonator fingers.
This corresponds to increased electric field intensity A number of high performance SAW resonators were
at the points of maximum damage. It is also seen that exposed to RF power, temperature, and radiation
actual metal bridges have formed between resonator stresses as well as shock and vibration inputs to
fingers which results in the rapid performance determine their suitability for use in a high
deterioration. reliability satellite application. The accelerated

stress program shows conclusively that at the levels
Radiation Effects normally encountered in satellite missions there are no

life degrading effects or permanent damage to the

Six SAW devices were measured in the laboratory resonators which would effect their intended function.
environment and subjected to a 1 MRAD dose of Cobalt 60
radiation at a rate of 150 RADS per second. The References
devices were then retested and no measurable change in
insertion loss or resonant frequency was noted. It was 1. W. J. Tanski, Martin Bloch, and Alfred Vulcan,
concluded that the effect of total accumulation in "High Performance SAW Resonator Filters For
normal applications would not effect the resonators. Satellite Use," Ultrasonics Symposium Proceedings,
This was an expected result since the surface wave November, 1980, pp. 148-152.
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Discussion

One advantage of the SAW oscillator implemented in
this work, is that the change of the attenuation of the

delay line that accompanied the change in the phase ve-

locity was relatively small (less than 0.65 dB). Vol- SAW delay line
luet

6 
had implemented a magnetically tunable oscillator

using a Gd-Ga YIG film. As a delay line, a relatively

large Av/v was obtained (Av/v - 5 x 10-3). However,

this phase velocity variation could not be used entirely, SdBCoupler

owing to the extra attenuation over the same magnetic A Var.
field range. AtLenuator

Robbins and Simpson
7
, reported a tunable oscillator

using a thin film of nickel deposited on YZ-LiNbO3 delay
line. Although for this delay line the maximum relative
velocity variation was Av/v = 460 ppm, the maximum

change in frequency was only Af/f = 254 ppm. This is
because the delay in the magnetic film was only a frac-

tion of the total delay between the SAW transducers in Fig. I Schematic diagram of a SAW delay
such a configuration where the magnetic film covered
only a portion of the acoustic path. In the configura- line ocsillator.
tion we used the magnetic film occupied all the acoustic

path making our device advantageous in this respect.

Conclusion

One can conclude that bubble garnet films can be : . . .
used to offer a means for tuning the SAW oscillators.

Our oscillator had the advantages of small attenuation j i '

and usage of the whole acoustic path in the delay line.i
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Abstract Surface Acoustic Waves

The frequency aging of Shallow Bulk Acoustic Wave Table 1 shows how adsorption and desorption,
(SBAW) oscillators operating directly at frequencies static stress, and overdriving should affect SAW
from 2 to 3 GHz has been measured. SBAW devices have devices as a function of frequency. Adsorption of
long been expected to age better than SAW devices small amounts of surface contamination causes a frac-
because the wave is not confined so closely to the tional change in frequency which is proportional to
surface. All the oscillators reported here aged up- the adsorbed ayer thickness t divided by the SAW
ward in frequency, but at widely varying rates. One wavelength X. For a given amount of adsorption, the
2 GHz SBAW oscillator, built on near-BT quartz, has change in ppm should therefore be proportional to
aged only 2.5 ppm in the first eight months. This frequency. The proportionality constant depends on
data compares favorably with data reported in the the substrate, orientation, and adsorbed material.
literature for high frequency (> 1 GHz) SAW oscilla-
tors. Other oscillators, built on near-AT quartz and
operating at 3 GHz, did not age as well. However, Table 1. Sensitivity of SAW Devices to
most of the AT device aging is probably due to ex- Aging Mechanisms Versus Frequency
cessive power levels in the extremely small
transducers. Frequency

Mechanism Dependence Comment
This paper describes the designs of these SBAW

oscillators and presents the aging data. This aging Adsorption of f Fractional frequency
data is compared with published aging data for SAW surface change is proportional
oscillators. The causes of aging in the SBAW oscil- contamination to (t/X) with sensi-
lators are then analyzed and compared with those which tivity determined
cause SAW aging. by contaminant

Introduction Relaxation of Frequency Fractional frequency

static stress independent change is directly
In their simplest form, shallow bulk acoustic proportional to

waves (SBAW), also known as surface skimming bulk stress
waves (SSBW), are bulk shear waves beamed just below
the surface of a crystal. Since the presence of the Overdriving Threshold Assuming fixed aper-
surface is not directly involved in the SBAW wave pro- damage decreases ture (in wavelengths)
pagation mechanism, it has been hoped that oscillators 6 dB/octave and constant
based on this wave may have inherently low aging. In insertion loss
the past few years, considerable aging data have been
recorded for oscillators stabilized by vacuum-packaged
SAW (on ST quartz) and SBAW (on AT and BT quartz) Fractional frequency changes due to locally
devices. This paper first analyzes how aging mecha- uniform static stresses, such as those induced by cry-
nisms affect the two types of waves over frequency. stal polishing, are frequency independent for a given
Then, SAW aging data from the literature is summarized, substrate. For example, for ST quartz SAW devices,
Next, new data on high frequency SBAW oscillators is the frequency will change about -16 ppm for 4 tensile
presented. Finally, the SAW and SBAW data are com- stress in the direction of propagation of 100 N/m."
pared in light of the understanding of the aging Stresses due to pattern-dependent features, such as
mechanisms. the metal film, should scale in a frequency-independent

way if the fractional coverage of the wave propagation
SAW and SBAW Aging Mechanisms path is constant. Of course, the effects of adsorp-

tion and static stress will be modified somewhat at
The mechanisms for SAW delay line aging have re- very high frequencies when transducer mass loading

cently been studied. The most important mechanisms significantly modifies the wave.
for a SAW-stabilized oscillator aging at low power and
at constant temperature appear to be adsorption and When the input power to the SAW device is high,
desorption of surface contaminants, and relaxation of other aging mechanisms are also involved. The effect
stresses initially present in the crystal and metalli- of overqriving a SAW device has been summarized by
zation. This assumes that electronics aging and Shreve. For a given substrate and metal film, there
mounting stress relaxation are made negligible by pro- is an acoustic threshold above which acoustomigration
per design. Since SAW and SBAW devices are very simi- will take place. At stresses somewhat below this
lar and are fabricated and packaged by exactly the same threshold, the frequency is seen to age upward at a
processes, the dominant aging mechanisms should be the power-dependent rate. At stresses above threshold,
same. They will, however, differ in magnitude accord- the frequency ages rapidly downward. Shreve summa-
ing to the differences between the two waves. rizes how acoustic stresses are calclated according

to the Microwave Acoustics Handbook. It is important
to note that for a fixed device geometry which is
simply scaled down in size to increase the frequency,
the acoustic stress for a given drive level is propor-
tional to frequency (assuming constant transducer

*This work was partially supported by ERADCOM Contract losses). Similarly, the drive power threshold for over-
DAAK20-81-C-0415. driving damage decreases as I/ f, or - 6 dB per octave.
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Shallow Bulk Acoustic Waves Table 3. Summary of SAW Aging Reported in the
Literature.*

The effects of adsorption, static stress, and
overdriving which are expected for shallow bulk (SBAW) Linear Fit
devices are summarized in Table 2. Static stress Reference Frequency to First Year Aging
effects and overdriving effects should have the same 6
frequency dependence as in SAW devices, since the Parker 400 MHz + 1.2 ppm/year
acoustic stress scales with dimensions the same way as average
in SAW devices. In fact, the magnitudes of these
effects are on the same order as those for ST quartz. Lukaszek nd
For instance, the longitudinal stress ensitivity of Ballatot  310 MHz + 1 ppm/year
AT SBAW devices is -13 ppm per 10 N/m. The over-
driving damage threshold for quartz SBAW devices should Gilden, et al. 8  1.4 GHz + 5 ppm/year
be similar to that for quartz SAW devices of about the
same insertion loss since the materials are the sameand the dimensions are similar. *All devices are vacuum-packaged SAW delay lines

in which steps have been taken to minimize mounting

stress.
Table 2. Sensitivity of SBAW Devices to

Aging Mechanisms Versus Freqency designed for minimum stress. Parker6 recently report-

Frequency ed a group of 27 SAW oscillators at 400 MHz, which were
Mechanism Dependence Comment vacuum-sealed by cold welding in TO-8 packages.

Straight-line fits to this data gave average aging of
Adsorption of f Fractional velocity 1.2 ppm in the first year. Lukaszek and Ballato7 de-
surface change proportional to scribed a similar delay line at 310 MHz. A straight
contamination (t/ ) with sensitivity line fit to the first.4ear of data give a rate no

depending on initial more than 1 ppm/year. Gilden, et al.9 reported
mass loading aging of 1.4 GHz SAW delay lines vacuum sealed in

all-quartz packages. The aging data of the best
Relaxation of Frequency Fractional frequency device described shows low total aging (2 ppm in the
static stress independent change is directly pro- first year), but this includes fairly rapid upward

portional to stress aging followed by fairly rapid downward aging. A
straight-line fit to this data would give about

Overdriving Threshold Assuming fixed aperture 5 ppm in the first year.
damage decreases (in wavelengths) and6 dB/octave constant insertion loss Since the packaging of these two delay lines is

different, the cleanliness of the device and the

residual mounting stress are probably not the same.
The significant difference between SB W and SAW However, in both cases, minimizing the stress and

devices is in adsorption sensitivity. Lee§ has shown achieving maximum cleanliness were major goals. It
that an SBAW propagating below a free surface will have is interesting to note that if desorption of contami-
a fractional velocity change proportional to (t/X)2 as nation from the surface was the dominant aging mecha-
a mass loading adsorption layer is applied. This is nism and equal in both cases, Table 1 would predictthat the 1.4 GHz oscillator would age 3.5 times worse
because the SBAW is slowly converted to a surface wave, than the 4 MHz oscillator and thi ratis cose
becoming increasingly dependent on the surface as the than the 400 MHz oscillator, and this ratio is close
mass loading is increased. When no mass loading is to what was observed. Similarly, the 310 MHz oscilla-
present, this relation shows that the wave is com- tor should age slightly better than the 400 MHz oscil-
pletely insensitive to infinitesimal amounts of mass lator, which is also the case.
loading. However, as the loading increases, the slope SBAW Aging Data
of the quadratic relation also increases, and the sen-
sitivity to additional mass loading increases along
with the loading itselT. For small amounts of adsorp- The aging of three SBAW delay line oscillators
tion of additional mass loading material, the SBAW is shown in Figures 1 through 3. In each case, the
sensitivity can therefore be modeled with a linear delay line was fabricated by direct electron beam
proportionality to t/x with a proportionality constant writing on a quartz wafer, which was subsequently
which depends on the starting condition. For AT SBAW diced. The transducer fingers were not "buried." All
delay lines, in which the velocity is very high devices were mounted onto TO-8 headers with stainless
(5100 m/s), transducer aluminum films cause signifi- steel spring clips. The mounted devices were then
cant mass loading, so sensitivity to additional load- baked in vacuum overnight at 200°C, and the packages
ing is often similar to that of a SAW device. In BT were sealed under vacuum by cold welding. The SBAW
SBAW delay lines, however, aluminum films cause much delay lines were then assembled into oscillator

less of a mass loading effect because the acoustic circuits with commercial amplifiers. These oscilla-
velocities and densities of the substrate and metal tors were aged in an oven stable to 0.1C after
film are similar. BT SBAW delay lines may therefore July, 1983. Surprisingly, the aging continues to
be less adsorption-sensitive than equivalent SAW exhibit rapid fluctuations over several ppm.

devices. The delay lines shwon in Figures 1 and 2 are
Review of SA- Aging 3.0 GHz fundamental devices built on near-AT quartz.

Figure 1 shows aging of a device operating in a
Table 3 summarizes some of the best SAW delay circuit providing +11 dBm available power to the

line aging that has been reported in the literature.
Unfortunately, recent SAW aging data covering a wide **A straight-line fit to the first year of data in
range of frequencies is not available from a single Ref. 7 makes it look worse than it was. In fact,
source. However, all the SAW delay lines listed in the total aging was only 0.5 ppm at 12 months,
the table were vacuum packaged, with mountings and 0.2 ppm at 19 months.

283



input transducer. The aging is seen to be about
25 ppm/year over the first year. Figure 2 shows the

aging of a nominally identical device. In this case,
initial aging was poor, although this could be partly
due to the initially uncontrolled temperature environ-
ment. However, at the end of August 1983, overdriving

3-i damage was suspected as the cause of the rapid upward
aging since t~is had been seen for SAW devices at high

30 drive levels. To reduce the drive level, the power
(supply voltage for the oscillator of Figure 2 was

reduced from 12 to 5 volts, dropping the device drive
pwoer from +10 dBm to 0 dBm. An initial jump in fre-
quency was seen, which is probably a circuit or tem-

1_ perature effect caused by the large power supply
R T change. Aging then slowed, increased, and then
0 f NWLBslowed again over a period of two months. Finally,

NEW the systematic aging rate stabilized to only a few
PE ppm/year, 6 months after aging began. At present,

f_NOW, the device of Figure 2 is aging much better than that
0 7 -- T_ I I' in Figure 1, implying that the original drive level

owas damaging these devices.

Figure 1. Frequency Aging of 3.0 GHz Near-AT The delay line in Figure 3 is a third-harmonic
Quartz Fundamental Mode device, fabricated on near-BT quartz, and operates at
Oscillator #1 2.1 GHz. The drive level for this delay line was

-6 dBm. As stated before, the lower velocity of the

SBAWjn near-BT quartz may make transducer mass loading
less severe, reducing the effect of additional mass
loading from adsorption of contamination. This oscil-
lator ages quite well, only a total of 2.5 ppm in the

15- first 8 months. A straight-line fit, however, shows
an aging rate of about 5 ppm/year. This aging is quite

125 good for such a high frequency device.

_1 Conclusions

OPP5- A survey of SAW and SBAW aging mechanisms shows
- RSTED few differences. For both waves, aging (measured in

IN NW , LAB ppm) due to relaxation of static stress is independent
25 - of frequency. Also, the stress sensitivities are

TO 5 Ksimilar. Adsorption and desorption of contamination,
o however, should cause aging (in ppm) wich is propor-

tional to the operating frequency. The sensitivity to
-- adsorption depends only on the contaminant in SAW
- IOV devices, while it also depends on the amount of initial

-50 1 J, mass loading in SBAW devices, including that of the
transducers. If the initial mass loading is light,

CY as is probably the case in near-BT SBAW delay lines,
Figure 2. Frequency Aging of 3.0 GHz Near-AT the sensitivity to adsorption could be significantly

Quartz Fundamental Mode Delay Line less than for SAWs. Finally, the drive threshold at
Oscillator #2 which the power causes aging should drop 6 dB per

octave for both types of device.

A sampling of two sources of SAW delay line aging
in the literature shows that the aging appears to
scale with frequency as expected if the dominant aging

6 mechanism is adsorption or desorption. Similar scaling
4- predicts that low-aging 2 GHz SAW delay lines might

age 6 ppm/year (based on Parker's 400 MHz data), while
23 GHz SAW delay lines might age 9 ppm/year.

S, Several SBAW delay line oscillators were built
and aged for nearly a year. Near-AT devices at 3 GHz

-2- aged 20 ppm/year or more at drive levels of +10 dBm,
SOTbut a reduction in power to 0 dBm reduced the aging to

-A Ionly a few ppm/year. Following the 6 dB per octave
rule, the overdriving threshold at 3 GHz might be

-expected to be only -5 dBm if it is +10 dBm at 500 Riz
(where overdriving damage has been observed). Over-
driving is therefore expected to be responsible for

_10_ the rapid initial aging of these 3 GHz oscillators.
- OS SO '5 11 10 ii2 The near-BT SBAW oscillator at 2 GHz, however, aged

only about 2.5 ppm over 8 months, considerably better
than expected for a SAW oscillator at that frequencyFigure 3. Frequency Aging of 2.1 GHz Near-BT if adsorption or desorption is the dominant aging

Quartz Third Harmonic SBAW Delay Line mechanism. This is also consistent with the expecta-
Oscillator tion that BT SBAW oscillators are expected to age
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less than AT SBAW oscillators because of less sensi- 4. A. J. Slobodnik, Jr., E. D. Conway, and R. T. Del-
tivity to transducer mass loading. monico, "Microwave Acoustics Handbook," Vol. 1A,

Air Force Cambridge Research Laboratories,
In conclusion, SBAW oscillators in the 2 to 3 GHz Hanscom Field, MA (1973).

range are capable of good long-term aging. Aging of
only 2.5 ppm has been observed for 2 GHz near-BT SBAW 5. D. L. Lee, "S-Band SSBW Delay Lines for Oscil-
delay line oscillators in the first 8 months. A near- lator Applications," Proc. 1980 IEEE Ultrasonics
AT, 3 GHz SBAW oscillator was also observed to age Symposium, p. 245.
well (a few ppm per year) when the drive power was
lowered sufficiently. This data indicates that low- 6. T. E. Parker, "Random and Systematic Contributions
aging SBAW oscillators are possible even when the to Long Term Frequency Stability in SAW Oscilla-
frequency is pushed far beyond the normal working tors," Proc. 1983 IEEE Ultrasonics Symposium,
range for SAWs. p. 257.
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NARROW BANDPASS FILTER USING DOUBLE-MODE

SAW RESONATORS ON QUARTZ

M. Tanaka, T. Morita, K. Ono and Y. Nakazawa

Toyo Communication Equipment Co., Ltd.
Kawasaki, Japan

Summary The Double-Mode SAW Resonator

Acoustic coupling occurs when two surface acous- Resonance Modes of the SAW Resonator
tic wave (SAW) resonators are arranged in a close,
parallel configuration on a single quartz plate, re- The structure of the SAW resonator is shown in
sulting in two distinct resonance modes. This type Fig. 1. Periodic gratings in the [DT electrode over-
of SAW resonator has been analyzed using a waveguide lap section (marked A) cause periodic reflections
model to describe the close, parallel configuration and perturbations, reducing the SAW propagation ve-
and experiments were performed. The difference in locity compared to the regions on either side. These
frequency between these two resonance modes was characteristics can be described using the surface
found to depend primarily on the electrode overlap acoustic waveguide model.
width in the interdigital transducer (OT) of the
two resonators and on the space between the The propagation velocity in the slow region Vs
resonators. depends on the free-surface propagation velocity Vo

and the number of IDT pairs N as shown below:
6

Experiments were made on 2-pole and 4-pole
narrow bandpass filters constructed using double- K2
mode SAW resonators. The characteristics of the 4- Vs = I - K - K2 - (1)
pole filter include a center frequency of 280MHz, a Vo O.7q 2 + 0.56q + 0.43
3dB bandwidth of 220kHz, a minimum insertion loss of
1.6dB, and an out-of-band rejection of 55dB. The
spurious response was investigated through study of q = K2 N (2)
the energy trapping modes.

where K, and K2 are constants depending on the

substrate material, the electrode material and the
Introduction electrode thickness. When aluminum electrodes are

used on a substrate of ST-cut quartz, the electrode
In recent years, transversal SAW filters have film thickness is H and the IDT period is L, these

been widely used in telecommunication equipment for constants have the following values:7
the VHF and UHF range. While these filters have been
suitable for medium- and wide-band applications, K, = 4.33 x lO- + 4.23 x ()+ 7.9 (3)
their bi-directional loss has generally prohibited
applications where narrow-band, low-loss filter char- H
acteristics are required. K2 = 6.25 x 10 + 0.121 ( ) (4)

Until recently VHF and UHF range receivers have
employed a double conversion system with two interme- The propagation velocity in the fast region Vf
diate frequencies--the first at 21.41MHz or 10.7MHz depends on the electromechanical coupling constant
and the second at 455kHz. The need to reduce equip- of the substrate k2:
ment size and complexity, however, has necessitated
a single conversion system for direct conversion Vf
from the receiver frequency to 455kHz, which re- Vf 1 (5)
quires a filter with both narrow bandwidth and low Vo (5)

loss.

Several types of narrow-band, resonator fil-
ters in this frequency range have already been Reflector IDT

reported.l ',3 This paper describes the anuysis and z
experiment of a double-mode SAW resonator filter a (G)

utilizing waveguide coupling.
4  fasi

slow A
With SAW resonators, the propagation velocity __ 4)

through the interdigital electrode section is lower
than that on either side. For theoretical analysis, last
we employed the surface acoustic waveguide model.-

Depending on the waveguide width, there are displace-
ment distribution modes of different frequencies
(fundamental, second, third, etc.) Once a SAW reso-
nator is developed that can excite from the funda-
mental to the nth mode, it should be possible to use Fig. 1 Electrode configuration and displacement
the frequencies of the n modes to construct an distributions of SAW resonators
n-pole bandpass filter, in the same manner as a
monolithic crystal filter (MCF). In this paper, we (a) 1st (fundamental) mode
discuss a double-mode SAW resonator and bandpass (b) 2nd mode
filter configured using the basic first and second (c) 3rd mode
modes.
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Fig. 2 shows examples of dispersion curves for T: TI Z
SAW resonators calculated by applying the scalar
potential theoryS to the surface acoustic wave-
guide model. fr is the resonance frequency of the?
individual modes and fo is resonant frequency when - f I
the IDT electrodes have a sufficient overlap width. wIL J/
A is the !DT electrode overlap width; L is the IDT
period; the substrate is ST-cut quartz (7 2 =G
0.0017); the electrodes are aluminum; the number of fl I]
IDT pairs is 300; and the normalized electrode W 1
thickness H/L is 0.02. Using these parameters, Vs UU-U
and Vf were calculated in equations (1) and (5). v

Symmetrc Andsymmetr,c
. T T-- Mode Mode

003 
(a) (b)

H L 0.02
N 300 Fig. 3 Schematic diagram of double-mode SAW

1 002 
resonator.

(a) Two SAW resonators in a close, parallel

configuration.

- (b) Displacement distributions of symmetric
and antisymmetric modes.

regions (numbered from I % V). In this paper, we
analyze the double-mode SAW resonator using the

o 10 20 30 40 50 waveguide model to consider the effect of the cou-

A L pling gap.

If, in Fig. 3 (a), we define the SAW propaga-
tion direction to be the X-axis and its perpendic-

Fig. 2 Theoretical dispersion curves of SAW ular to be the Z-axis, and we assume the isotropic
resonators. ST-cut (370 rot. Y-cut) quartz substrate, the SAW propagation can be expressed as
substrate; aluminum electrode thickness the scalar potentials Ps (slow region) and q (fast
H/L = 0.02; number of lOT pairs 3: 300. region) as follows:

2 w2

- + + - s 0=0 (6)
Dual SAW Resonators in a Close, Parallel 3X2 aZ

2  vs2

Configuration
If two identical SAW resonators are arranged in 2 + _ + = 0 (7)

a close, parallel configuration, as shown in Fig. 3, 3X
2  

Z
2  

v 2
and the space between them is small enouyh, acoustic Vf
coupling occurs and two resonance modes are excited.
One of these corresponds to the first (fundamental) where Vs and Vf are the SAW propagation velocities
(node shown in Fig. I (a), which has a symmetrical in the slow and fast regions, respectively. The solu-
displacement distribution with respect to the center tions to Eqs. (6) and (7) are given below, with D1 -
between the two resonators. Another corresponds to DI representing constants. For clarity, the Lerm
the second mode, shown in Fig. 1 (b), which has a exp[-j(Bx -wt)] has been omitted.
displacement distribution with point symmetry around
t' center. In this paper, the former is referred to = D, sinh( k'Z ) + D2 cosh ( kZ) (8)
as the symmetric mode; the latter as the antisymmet- f
tic mode. The two close, parallel resonators could = D3 sin (k Z ) + D, cos ( kZ) (9)
also be thought of as a single resonator with a
double-width IDT electrode overlap that has been % = D5 sinh( kZ ) + D6 cosh ( kZ) (10)
divided into two parts. The symmetric and anti-
symmetric modes of this resonator would correspond 4 = D7 sin C ks Z ) + DN cos ( ks Z ) (11)
to the distinct first and second resonance modes
with the frequencies shown in Fig. 2. 0v = D9 sinh (kZ ) + Di cosh ( kZ) (12)

If we explain this phenomenon by the coupling k'2  B2 2

theory, the frequency difference between the = - kf k 2 = k- 2 (13)
symmetric and antisymnetric modes can be shown to
depend on the distance between the two resonators ks = k= i (14
and their vibration energy trapping levels. 5 V , f V , V(14)

As showp in fig. 3 (a), the configuration con-
sists of two SAWJ resonator elements with an IDT elec-
trode overlap of W, arranged in parallel with a where V is the SAW propagation velocity in each mode
spacing (termed coupling gap) of G. On either side, and , is the angular resonance frequency.
there are busbars of width B, for a total of five
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The boundary conditions are assumed to be con- As we have seen, when two SAW resonators are
tinuous displacement and stress at each boundary arranged in a close, parallel configuration, the
with no force applied at the outermost edges, Eqs. acoustic coupling results in two distinct resonance

(8) (14) result in the following: modes, symmetric and antisymetric. This configura-
tion is termed a double-mode SAW resonator.

tanh C G In this same way, if n SAW resonators are
k, + tan anh( ) arranged in the close parallel configuration, a

SK multi-mode SAW resonator capable of being excited in

(15) n modes can be obtained.

This equation assumes that the displacement in re-
gions II and IV are in the same direction, i.e. the
symmetric resonance mode. If it is assumed that the A Narrow Bandpass Filter Using

displacement in regions II and IV are in opposite the Double-Mode SAW Resonator
directions, i.e. the antisymmetric resonance mode,
we arrive at the following: An Equivalent Circuit for the Double-Mode SAW

Resonator

SG The operating principles and configuration of
k W = tan' { tanh( k:B )) + tan -' { coth( k'2) the double-mode SAW resonator resemble those of an

s s MCF, allowing the equivalent circuit to be expressed

(16) in the same way. If we consider a double-mode SAW
resonator with the IDT electrode finger relation-

When the width B of the fast outside regions is ships shown in Fig. 3 (a), and the terminal pairs

large enough, tanh(kB) - 1, allowing Eqs. (15) and Tl/T'] and T2/T'2 are driven in phase, the anti-
(16) to be approximated as follows: symmetric mode results. If they are driven in

reverse phase, the symmetric mode results. From
a ' ' tthis, the double-mode SAW resonator with the elec-

,, trode finger relationships shown in Fig. 3 (a) can
ks ks be expressed as the equivalent circuit shown in Fig.

4 (a). f, L, C, and R indicate the resonance fre-

quency, equivalent inductance, equivalent capaci-

1 .1 -- G tance and equivalent resistance. The subscript s
W tan" )+ tan { co 1 ) (18) indicates the syimetric mode; the subscript a

ks ks indicates the antisymmetric mode; Ls = La and Rs =

Ra; Co is the parallel capacitance of the individual

Substituting (13) and (14) into (17) and (18), and resonators. In this paper, double-mode SAW resona-

using the relation w = 2 7V/L, we can express these tors with this kind of electrode finger relationship

equations in terms of the normalized IDT electrode will be termed the finger-in-phase type.

overlap width W/L and the normalized coupling gap
G/L as follows: 2Rs 2Ls Cs2

W Z, P~ -b T, T

2 -- P( bs-P = tan f( - - )
L bP (a) c0" 2 cT

pan 2- i } Z . Ra 2La Ca- 2 *

+ tan-1 ( ) _ tanh{(p -be) PT (19) ,' o T.

tan-(,s -2, 2, cj L, ,
W C, P r--

2L-P C5 P) a ' - 2 T R, L, CS R, L, Cs

2_- C, 21

+- C -b4 P ) (20) (b)

V s VL T Io T,

P bs =- V b = (21)

I V f L , Ls = La

R, Rs Ra

If, in (19) and (20) we solve for P, and I Cm-I Ca- ICs
bs < P < bf, we can term the values Ps and Pa corre-
sponding to the synnmetric and antisynnmetric modes.
The frequency of symmetric resonance mode fs and of Fig. 4 (a) Equivalent circuit of finger-in-phase

antisymmetric resonance mode fa, can then be ex- type double-mode SAW resonator.
pressed as fs = Vo.PS/L and fa = Vo.Pa/L, allowing fs, Ls, Cs, Rs: circuit parameters for
us to express the difference Af as follows: symmetric mode.

fa, La, Ca, Ra: circuit parameters for

Af fa - fs Pa - Ps antisymmetric mode.

fa .fa Pa (22) (b) Ladder circuit transformed from (a)
) La = Ls, R = Rs - Ra,

I/Cm - 1/Ca - /Cs
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When the two IDT sections are offset by L/2 pro- W and the coupling gap G, as shown in Eqs. (19) and
ducing an electrode phase relationship of 1800 in (20). This difference determines the passband width
the propagation direction (see Fig. 5), the phase of the filter.
relationship between the terminal drive voltages is )
inverted, resulting in inversion of the excited mode The relationship of W, G and Af were experimen-
relationships as well. The equivalent circuit would tally determined using the finger-out-of phase type
be as in Fig. 4 with the fs and fa resonance arms double-mode resonator configuration shown in Fig. 5.
eXLhanged. In this paper, double-mode SAW resonators For the experiment, aluminum electrodes were fabri-
with this kind of electrode finger relationships cated on a ST-cut (370 rot. Y-cut) quartz substrate
will be termed the finger-out-of-phase type. with the following parameters: frequency f = 280MHz,

IDT period L = 11.12pm, IDT pair number N = 300,
reflector grating number (per side) M = 300, and

A Narrow Bandpass Filter Using the Double-Mode SAW normalized film thickness H/L = 0.02.
Resonator

The test results are shown in Fig. 6. The
The double-mode SAW resonator equivalent broken lines show the experimental values; the solid

circuit shown in Fig. 4 (a) can be transformed to lines show the theoretical values calculated from
the ladder circuit structure shown in Fig. 4 (b). Eqs. (1), (5) and (22). The graph clearly shows that
Here L1 = Ls 

= La and R1 = Rs = Ra. Cm is the as W/L and G/L decrease, the coupling grows stronger
equivalent coupling capacitance. In the finger- and Af/fa increases. There was some discrepancy
in-phase type, 1/Cm = i/Ca - 1/Cs; in the finger- between the experimental and theoretical va'*es, but
out-of-phase type, Cs and Ca in the figures are the trend proved to be a uniform one. This L screp-
exchanged and 1/Cm = I/Cs - I/Ca. Both are ancy is thought to stem from assumption of uniform
expressed by the same ladder circuit. displacement without considering energy trapping in

the SAW propagation direction and also from the
Appropriate termination of the ladder circuit approximation in propagation velocity within the

shown in Fig. 4 (b) results in a 2-pole bandpass individual regions.
filter configuration. Connection of m double-mode
SAW resonators in tandem would produce a filter with
2m poles. Narrow Bandpass Filter

When a filter is constructed by finger-in-phase
and finger-out-of-phase resonators, both have a Design and Fabrication. 2- and 4-pole
bridge capacitance between the input and output narrow bandpass filters were fabricated using double-
terminals (Tl and T 2). In the finger-in-phase type, mode SAW resonators. Filter design began with a low-
the resonance arm between Tl and T2 has a lower pass prototype filter with Tchebyscheff character-
frequency and because there is a parallel bridge istics. Bandpass transformation and imaginary
capacitance present, an attenuation pole is not gyrator transformation were performed and a ladder
produced at the real frequency, resulting in degra- circuit was configured using the double-mode
dation of the filter shape factor. But because the resonator as the basic element.
finger-out-of-phase type has the bridge capaci-
tance on the higher frequency resonance arm, the
attenuation pole is generated.

W

Experiments G

The Frequency Difference between Modes in the
Double-Mode SAW Resonator °0

The frequency difference between the two modes
of the double-mode SAW resonator Af = fa - fs a
depends primarily on the IDT electrode overlap width

R4.,,r IDT T , Reflector 10 2

H L=0.02J

W M = 300 Cal.

T T INS G L - 11.12pm ------ Exp.

W0 5 10 15
' T, W,L

Fig. 6 Frequency difference of double-mode SAW
resonators with normalized coupling gap G/L

Fig. 5 Schematic illustration of actual SAW and normalized finger overlap length W/L.
resonator (finger-out-of-phase type). H/L : Normalized electrode thickness
W : IDT finger overlap width N : Number of IDT pairs
G : Coupling gap M Number of reflecting gratings

B : Busbar width (B >> L) L : IDT period
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Figs. 7 and 8 show the design parameters of 2-

and 4-pole filters with a center frequency of TABLE I Design of double-mode SAW resonators
280MHz. In these figures C1 equals Ca. The 2-pole
filter consists of one double-mode resonator, while
the 4-pole filter consists of two resonators con- 280MHz 470MHz
nected in tandem. The 4-pole filter was constructed Substrate 370 rot. Y quartz
by fabricating two resonators in tandem on a single Electrodes Aluminum
chip, as shown in Fig. 9. When the resonator is to Film thickness (H/LT) 0.02 0.02
be employed as a narrow bandpass filter, the Q must IDT period (LT) 11.12pm 6.68pm
be made as large as possible to minimize filter Reflector period (LR) 11.5pm 6.70pm

loss. To maximize reflector efficiency, the design 
lT overlap (WiLT) 10 11

included a slight difference between the IDT period Coupling gap (GILT) 1 1
LT and the reflector period LR. In addition, a W/LT IDT 300 pairs 400 pairs
of about 10 and a G/LT of 1 were selected to raise Reflector (per side) 300 gratings 400 gratings
the Q and widen the passband. A quartz substrate
with a 37' rotated Y-cut was selected so that the
turnover temperature Tp in the parabolic tempera-
ture-frequency curve would be matched to room
temperature. These design parameters are listed in
Table I. The measured circuit values of the resonators

shown in Table I are listed in Table II.

L; Ci Li C,

R, TABLE II Measured circuit values of double-mode SAW
o,, resonators

L, 240-H Ci 1 3fF C, 2.0pF C 1.5pF R, 400 280MHz 470MHz
280MHz f 190KHZ fa 281.4MHz 467.3MHz

Af (Af/fa) 190kHz (6.8 x 10-') 180kHz (3.8 x 10-')
Q 18,000 12,000

Fig. 7 Ladder circuit of 280MHz 2-pole filter. Ll  240pH 80pH
y 1200 1200

Li C' L CC LL C,

T Frequency-Loss Characteristics. Figs. 10
L., 12 show the measured values of the frequency-loss

T_._o 1-c ' T& ciiT Tc, -Tc. TCo >  characteristics. Measurements were made using the
test circuits shown. The tuning coils were used to
neutralize the stray capacitance of the hermetic

L; 240,H C, 13/F C 2.0pF C, i.5pF R, 400Q terminals and the measuring system. As with conven-
f, 280MHz f, , 190 z tional crystal filters, the performance of these

filters is strongly affected by the termination,
necessitating accurate control of termination

Fig. 8 Ladder circuit of 280MHz 4-pole filter. conditions.

Out-of-band rejection is affected by feed-

through signals. In the 2-pole filter, out-of-band

6.6 _rejection is 25dB, in the 4-pole filter it is 55dB.

L T, The characteristics of the prototype narrow

__-____....___bandpass filters are shown in Table Ill.

TABLE III Characterstics of the prototype narrow
passband filters

__"_280MHz 280MHz 470MHz
Center frequency 281.4MHz 281.4MHz 467.3MHz

I Construction 2-pole 4-pole 4-pole
3dB bandwidth 260kHz 220kHz 260kHz
Ripple 0.2dB 0.2dB 0.2dB

Rflectr 300qrat,qs I1T 300 pairs Refl 30or300 raliws Min. insertion loss 0.8dB 1.6dB 5dB
Out-of-band rejection 25dB 55dB 60dB
Temp.-freq. chara. Parabolic

(2nd order coeff.) -3.4 x 10-1/°Cl
Fig. 9 Electrode configuration and chip size of Terminating impedance 4000//tuning 200//tuning

280MHz 4-pole filter (dimensions: mm).
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In the measured v alIues of the f ilters, spuriousF
response exists only in the vicinity of the pass- 10
band. Peaks exist on both the low and high sides of
the passband. These are caused by the inharmonic 20-
modes of the resonator.

;30

-40

06

70
30260 270 280 290 300

Fig. 11 Narrowband (a) and wideband (b) views of
T the frequency response of 280M~lz 4-pole

_________________________filter.

280 2

200

20 30 T

z -J 40

401

60

6r 62b 270 280 200 300 7

SMHz)

Fig. 10 Narrowbdnd (a) and wideband (b) views of
the frequency response of 280MHz 2-pole 0
filter.

20

:04001 o.
FIL

10

02 ~~80 L-- _____

Fig. 12 Narrowband (a) and wideband (b) views of
the frequency response of 470MHz 4-pole
filter.
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Fig. 13 shows a photograph of the 280MHz 4-pole The following three methods have been suggested
filter. The device is packaged in a flat pack (10.4 to supress spurious response. The first is to make
x 4.2 x 2.7mm). the electrodes thinner, in order to reduce the

energy trapping of the higher order inharmonic mode.
Fig. 15 shows the measured values with an electrode
thickness H that is 1.5% of the IDT period LT"
Application of this method reduced the spurious
response in modes [3,2], [1,3] and [1,5], but showed
little effect on mode [3,1]. In addition, the main
modes were also affected. The loss increased to
somewhat above its minimum value and the coupling
between the resonators increased, widening the
passband slightly.

The second method can be employed when multiple
double-mode resonators are used. The spurious
response frequencies of each resonator are made to
differ and the group is connected in tandem. Fig. 16
shows the result of this method. In this example,
the ratios of the IDT and reflector period LT/LR
were made to differ slightly, staggering the

Fig. 13 Photograph of 280MHz 4-pole filter, spurious response frequencies.

Spurious Response. We investigated the o
spurious response on either side of the passband
shown in Figs. 10 12. If the order of the energy
trapping mode in the X-direction (propagation
direction) and Z-direction are termed X and Z, the 2

mode of the resonator can be expressed as mode 2o
[X,Z]. The symmetric mode would be expressed as mode
[1,1], while the antisymmetric mode would be 3o

expressed as mode [1,2]. Mode [1,1] and [1,2] are
the principal modes coiresponding to the passband. 40
The other modes correspond to spurious responses.
However, all the even modes except for the second 55

order mode in the Z-direction are suppressed by the
charge cancelling that occurs within the electrodes.
In the inharmonic modes in the Z-direction, the 60

resonance frequency rises as the oeder of the energy
trapping mode increases.8 However, in the 70
X-direction, the resonance frequency drops as the 2 1 280 -2

order of the inharmonic mode rises. Consequently, Fequeny MHz}

the resonator has response at the following
frequencies, expressed in terms of the resonance
mode [X,Z]: . . . ,f[5,1], f[5,2], f[3,1], f[3,2], Fig. 15 Measured frequency response of 280MHz
f[1,1], f[1,2], f[1,3], f[1,5], . . Fig. 14 shows 4-pole filter with thin electrodes. (Energy
the modes corresponding to the spurious response is not trapped in high order modes.)
peaks.

Z

20

201 30

3 40

0 50

50 i60

60 70

2 280 I 2
70 - _ _ _Freuecy (MHz)0 280 r 2

F M'ri]*l i  Fz

Fig. 16 Measured frequency response of 280MHz
4-pole filter, (two double-mode SAW resona-Fig. 14 Spurious responses and their displacement tors with different spurious frequencies

distribution modes of 280MHz 4 -pole filter, connected in tandem.)
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The third method is the apodization of the IDT. References
This method suppresses the higher inharmonic modes
in the X- and Z-directions, improving the spurious 1) W.J. Tanski, "GHz SAW Resonators", IEEE Ultrasonics
response. Symp. Proc., p.815 (1979).

Temperature Characteristics. The tempe- 2) J. Wise, J. Schoenwald and E. Staples, "Impedance
rature-frequency characteristics of these filters Characterization and Design of 2-pole Hybrid SAW
were identical to those of the SAW resonators. The Resonator Filters", IEEE Ultrasonics Symp. Proc.,
characteristic is parabolic, with turnover tempera- p.200 (1980).
ture Tp = 25°C and a 2nd order coefficient of -3.4
x 10-'/°C2. Tp depends on the cut angle of the 3) R.L. Rosenberg and L.A. Coldren, "Broader-band
substrate and the electrode thickness. Transducer-coupled SAW Resonator Filters with aSingle Critical Masking Step", IEEE Ultrasonics

Symp. Proc., p.164 (1980).

Discussion 4) A. Yamada and H. Shimizu, "Double Mode Filter by
Elastically Coupled SAW Resonators", Paper of the

The range of possible bandwidths and center Technical Group on Ultrasonics, IECE, Japan,
frequencies was investigated. As in conventional US77-33, p.29 (1977).
crystal filters, the maximum bandwidth of these
filters is limited by the capacitance ratio 5) R.V. Schmidt and L.A. Coldren, "Thin Film Acoustic
t = Co/C l, to the rather high maximum value of Surface Waveguides on Anisotropic Media", IEEE
l/y. The capacitance ratio of the SAW resonator Trans., Vol. SU-22, No.2, p.11 5 (1975).
has a minimum value of about 1000 (in the case of ST
quartz), limiting the bandwidth to a maximum of 6) T. Uno and H. Jumonji, "Optimization of Quartz SAW
about 1 x 10- '. To achieve wider bandwidths than Resonator Structure with Groove Gratings", IEEE
this, an elongation coil is required, but it is Trans., Vol. SU-29, No.6, p.299 (1982).
difficult to realize coils with high Q and stabili- 7) S. Urabe, Y. Koyamada and S. Yoshikawa, "Experiments
ty.on Metallic-Strip-Grating for SAW Reflector", Trans
bandwidth, a material with a high coupling constant on Mal a tn for SAW Rfetr Trans.
J2 (and consequently a small y ) such as LiTaO or IECE Japan, Vol. 360-A, p.87 5 (1977).
LiNb03 should be selected. The minimum bandwid~h is 8) E.J. Staples and R.C. Smythe, "SAW Resonators and
restricted by temperature-induced frequency varia- Coupled Resonator Filters, 30th Frequency Control
tion, the rise in minimum loss caused by a narrow Syp. Proc., p.322 (1976).
bandwidth, and the precision of the frequency
adjustment. When ST quartz is used, the value ranges
from 1 x 10-" % I x 10- 5 . Technical limitations on
pattern resolution restrict the center frequency to
a maximum of somewhat higher than 1 GHz, while
device size limits the minimum value to several tens
of MHz.

Conclusion

We have discussed double-mode SAW resonators
constructed using two SAW resonators in a close,
parallel configuration and their applications for
narrow bandpass filters. From our experiments, three
principal conclusions can be drawn:

(1) The frequency difference of the two resonance
modes of the double-mode SAW resonator constructed
using two SAW resonators in a close, parallel con-
figuration is determined by the IDT electrode
overlap width W and the coupling gap G.

(2) Double-mode SAW resonators can be used to
construct narrow bandpass filters with both compact
size and low loss. This type of filter permits
center frequencies from several tens of MHz to
somewhat above 1 GHz, with a bandwidth of 1 x 10

-"

1 x 10-'.

(3) When bandpass filters are constructed using
double-mode SAW resonators, the spurious response on
the low side of the passband is due to energy
trapping of higher order inharmonic modes in the SAW
propagation direction, while spurious response on
the high side is due to the same phenomenon
perpendicular to the propagation direction.
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Summary Temperature distribution

It has been shown that frequency stability of quartz A long prismatic plate of length in the x3 direction
oscillators is limited by temperature fluctuations and large compared with the cross sectional dimensions

specially by their time dependent parts. In order to (2hx2l) is considered (Fig. 1). As a consequence the

evaluate dynamic thermal sensitivities of SAW devices, temperature e inside the crystal depends only on xl and

it needs to develop a theoretical analysis in three x2 coordinates and obeys to the diffusion equation

steps. 2 2
28+ -2 1 __ - (1)

First, the temperature repartition is calculated in a 2 2
one dimensional model corresponding to an infinite x2  k 18x t
width plate of quartz and in a two dimensional model 2
taking into account lateral boundary conditions. Tempe- k = X2/Xl is the ratio of the thermal conductivities
rature charts are presented. Secondly, thermal stresses in the x2 and xi direction and K is the thermal diffu-

are obtained in the case of a free plate as plane- sion in the x2 direction.

stress for the one-dimensional model and plane-strain
for the two dimensional one. Finally, theoretical sen- The problem of the determination of the temperature

sitivities for several quartz-cuts are determined from distribution in the plate is formulated in various
a per urbation method. Calculated values are about types of heating process where the choice of the appro-

1x10- s/K. priate boundary conditions is presented.

One-dimensional model
Introduction

When the lateral size 21 along 0xi direction is consi-

The frequency stability of quartz crystal resonators is dered as infinite, the xl dependence of e in (1) can be
still mainly due to temperature fluctuations. The sta- neglected. The bottom of the plate is submitted to tem-

tic thermal behavior coming from a uniform heating has perature variations 0(t). Linear heat exchanges with

been studied leading to t~m~erature compensated singly the surrounding medium at To occur on the upper face

and doubly rotated cuts . of the device (Fig. 2). This one-dimensional moiel can
be solved with the aid of the Duhamel's theorem and

When heating is nonuniform, the temperature in the the solution is obtained in the form of a series
crystal has a spatial distribution ; moreover tempera- 2 

2 )

ture can present time variations. Internal stresses and (x2,t) 2 4h H
strains take place in the crystal which induce frequen- 22 2
cy shifts by nonlinear coupling with the high frequency n=1 (2hH + 4h H + 0 )
wave. The effect of thermal gradients was quite well (2)
studied in the case of bulk wave resonators ,5,

6 
but sin (x2 + 2h) { (t)

not so much with SAW devices. 2h K2/4h
n

In this paper we present a theoretical approach of the
dynamic thermal effect in SAW devices. Two cases will The H term is proportional to the linear transfer H' by
be examined : the one dimensional model in which heat H=H'/ 2. 0(t) is considered as a slowly varying func-
is diffusing along the plate thickness and the two tion of time. On is the nth root of the equation

dimensional one in which heat is transferred both along
the thickness and along the main faces of the plate. P cotp + 2hH = 0 (3)

The first step in the analysis of thermal response of
SAW resonators consists to obLain the temperature dis- Two-dimensional model
tribution in the quartz plate from the heat conduction
equation in respect to appropriate boundary and initial Two ways of heat exchanges with the surrounding medium
conditions. The time dependent thermally induced bia- are examined.

sing state is then obtained from the equations of the
static linear thermoelasticity. A perturbation analysis a) lower face heating
of the equilibrium equation for small vibrations super- As shown in figure 3, the temperature 0(t) is prescri-
posed on the thermal bias is performed leading to the bed on the face x2 = -h and heat is transferred to the

determination of the dynamic temperature coefficient external medium at To by a linear transfer on the

for SAW devices, three remaining faces ; consequently the boundary con-
ditions are

Numerical calculations reveal that the influence of the 8e H4
dynamic SAW behavior remains of the same order of ± 8X + H'(9 - TO ) 0 xi = ± I -h < x2 ( h (4)
magnitude as the bulk SC-cut. 5Xl
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+ X2 be +H' With the values of H, h and X mentioned previously, the
6x2  0 temperature decreases very rapidly near to the plate

ends, so that the temperature variation is negligible

= =(t) - h -R < x1 < i (6) inside the plate.

Solving (1) with equations (4-6) leads to the tempera--
ture distribution Thermal stresses

t Hcosk anx 1 u Thermal stresses arise in a heated body because of

2 2 2 either a nonuniform temperature distribution or exter-
n i cosk ani (an+H )i2 + HI 2h7 nal constraints. We consider in this chapter only the(7) effect of a nonuniform temperature and subsequently the

ui ) (t) 1 case of a plate free to expand.
sin - (x2+h) / (1 - sin 2u /2u ).(--- (t))

2h x04  As a consequence of the form taken by the temperature
distribution, two types of thermoelastic problem will

with be considered. For the one dimensional model, a state
of plane stress in which the stresses T.2 perpendicular2 2a + (u /2h) 2  (8) to the plane are zero may be used. For the two dimen-

sional model, a state of plane strain where the displa-

an and u, re solutions of the transcendental equations cement components ul are given by

ul = Ul(xl,x 2 ,t) u2 = u2(xl,x2,t) u3 z 0 (15)
anI tail anI = Hi (9) will be used.

-u cotan u + 2h H = 0 (10)

One-dimensional formulation
According to relation (7), the temperature 8 can be
written as the sum of two terms proportional respecti- As the temperature varies through the thickness only,
vely to D(t) and 1(t) only stress components T11, T13 and T33 are non zero.

O(xl,x2,t) = O¢ ¢(t) + e 1(t) (11) Their form is obtained from the equilibrium equation
and the boundary conditions of zero traction on the
edges of the plate a cording to the method for thinCharts have been prepared giving numerical values of plates used by oley and Holland .

the temperature for quartz plates 2 mm thick and 2 cm
long. 8 and 8, are shown in figure 4 as a function of
the position along the length of the plate for some
values of the depth. These curves indicate temperature Two-dimensional formulation

86 and %t are practically constant in the main range A system of approximate plate equations for the deter-
-xf<x

1
<xf (xf - 8 m) that is, the entire length except mination of thermal stresses in thin piezoelectric pla-

for a short region near ends. The same conclusions can tes is erformed by the thin plate approximation due to
be made on figure 5 where 8 and 8G are presented as Mindlin I . Referred to the Oxx 2 x3 coordinate system,
along the plate length. displacements ui are developed with respect to x2

powers

b) lateral heating 3 un)

As shown in figure 6, prescribed temperatures cl(t) and ul : x2  1

cZ2 (t) are at the end faces. A linear heat transfer oc- n

curs at the major faces x2 = ± h. The analytical solu- n (n)
tions are obtained as u2 = x 2 U2  (16)

n=O

(xjx 2 ,t) 2 HIcos an x2  1
n cosan h (a-+H2)h

2 
+Hh

n n The n-th order plate strains take the following form

+ l(t) sinh kan(x +1) + Z 2 (t) sjnh kan(-x) (12(n) (u(n+un) ,(1)(6 (n+1)+6 (n+1)l
sinh kan 21 sinh kan 2i 2 - (uj J 20 . 2iuj

+ 1 and the linear thermoelastic constitutive equations are
-~(-1)1+1 2 1 [11(t) sin . (xI+i) written

i=1 2Y KO 21

+ 12(t) sin 1._ (i-xi)]) Tij Z Cijki SkI - v j[O(xl,x 2 ,t) - To ] (18)

21

with The thermoelastic constants vii are related to the
coefficients of linear expansion akt and the elastic

2 = k2 an + (ii/2i)
2  (13) constants Cijki by the usual relation

v-j:Cjk ak (19)

and an is the nth root of the equation V - ijki kI

a h tan a h = Hh (14) The static form of Mindlin's equations in which the
dependence along X3 has been disregarded may be written
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- (n-) + Fin) = 0 n 0, 1, 2 (20) (1) */* 0(o) 3h2/5 - 0(2)
j1- 2i +, u2 v2/22 8/15h3  (33)

where i takes the value 1 and skips 2 and

(n) +h u(
3 )  v * E(2) - 6(o) h

2 /3 (34)
T = f xn T dx2  (21) 28/15 h5

h -h

and then from (30), (28), (27) and (20) the flexural

2 T 2j (22) components

(2) 0(1)

With the notation u 2 * (35)
4/3 h3 C22

( 42 @ ,,2,t) (23) (3) u(2) / 3 (36)
-h 1 2,1

and with (17) and (18) the m-th order stress resultants (1) -3 2 (3) 3 *
take the form u1 1  h u11  - - (37)

5 2 h3  
C11

(m) 2(m)
-ij C ijk Hmn Sn)- v i m (24) u(o) - 1)

n=0~ I. ~2,1 1

H = 2h m +n+l  (m+n+l) m+n even (25) where
=0 m+n odd C Cl-C

1 2 /L 2 2  ; C22 C2 /C (39

The bounoary conditions on the main surfaces V1 = 1-V2 C 12/C22 ; v2 :v 2 - v C 12/C11 (40)

T22 (±h) = 0 T12 (±h) = 0 (26)
When integration with respect to xl is performed in the

and on the end faces above expressions, integration constants are introduced
in u(o) and u(o) representing uniform translation of

T(n) 0 (27) the late alo~g the x, axis. We can set this to zeroI = without loss of generality. Moreover, integration cons-

are that of a free stress plate. tants appearing in u(1) and u(2) vanish as a consequen-
ce of conditions (27) T(°)(±X = 0 and TU)(+i) - 0.11 12 z

Introducing (26) in (20) yields From these results, displacements, strains and displa-
cement gradients are obtained as function of zero-th,

(28) first and second moments of the temperature. According
to the form taken by the temperature, moments Om) are
obtained in an series of trigonometric functions whichThe equlibrium equations (20) may be expressed in is not suitable for numerical calculation.

terms of displacements u 
n  (16) by means of relations

(24) and (17). A good approximation for the temperature in the main
range of the plate length is given by a polynomial in

Doubly-rotated cuts have elastic constants which intro- two dimensions, the coefficients of which are obtained
duce coupling between extension and flexure. Then,first from the complete temperature representation by a poly-
calculations are made in the case of singly-rotated nomial regression.
cuts, and elastic constants which couple extension and
flexure are taken to vanish in the constitutive equm- So, m-th order momet of 8 are readily performed and
tions. we can substitute e8em into eq. (31-38).

Furthermore in order to allow for free strain Sl )S ) and SG), we takelo
d 22 wSensitivity of SAW to temperature gradients

T 0)
= 0 T )  0 (29) When a quartz resonator undergoes heating, two kinds of

effects affect the natural frequency : a direct thermai
and (effect by means of dilatation and material temperature

TZ 0 (30) coefficients like Cijkt, and an indirect thermoelas-
tic effect induced by nonlinearities of the quartz
crystal.

From (29), (28), (27) and (20) the extension components

are given by Both effects can be considered as a bias applied on the

(o) * * 8(0) h2 /5 - 9(2) crystal substrate which modifies the second order eis-
u = V/C (31) tic constants. In a natural state coordinate system

'l 1 8/45 h3  the nonlinear propagation equation is written

(2) */£* 0(2) - e(o) h2/3 (32) P0 uitt = (Aikjm Uj,m),k (41)

8/45 h' where p is the specific mass and u. the displacement

due to ?he high frequency vibrations.
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The boundary conditions corresponding to a stress free The comparison between the results of the two models
surface are allows to the following remarks.

A kjm uj m = 0 for a2 = 0 (42) The two-dimensional model gives values of a coefficientk mweak compared with the ones obtained from the one-

dimensional model. The shifts of the turnover point
Aik jm r h oiideatccntns which would be induced by 7 values obtained in the one-

dimensional model are not in accordance with he expe-

A C +H) rimental temperature-frequency curves in which any
ikjm ikjm ikjm detectable shift was observed.

and For this reason the two-dimensional model seems more
realistic. Note that dynamic coefficient a is generally

Hk 8 t + U C u c C lower in the two-dimensional model. This is due to the
ikjm =ij km i,p kpmj + j,q kimq + uv ikjmov thermoelastic problem which is of different type in the

+ ac C - (x2 ,t) (44) two cases : plane stress in one hand and strains non
ikjm ikjm zero only in the cross section in other hand.

tkm, Suv and U. P are respectively the thermodynamic Theoretical cyclings of the temperature have been per-
tensions, the deformations and the displacement gra- formed for some time rates of changes of the tempera-
dients induced by the temperature. aCik . are the fun- ture.
damental temperature elastic coefficients.

Fig. 7 shows a simulation around the turnover point for

Since the temperature distribution is proportional several temperature variation velocities. The thermal
partly to C(t) and partly to the time derivative i(t) behavior of ST cut, X propagtion is governed by the
(see Eq.(11))the perturbation terms Hikjm have two following relation taking into account both static and
parts dynamic effects

ikF k _m b -39.6x10_9(T-T )2 + 58.3xl&1 2 (T-To)3
H+kjm 0 a0kjm C(t) + bkjm t)(45) f 00

Relative frequency shifts Aw/wo are calculated res- + 0.067 10-
6  (t) _ 0.09.10

-6 D(t)

pectively for D(t) and 1(t) contributions ; therefore, Although the previous two-dimensional stress calcula-
coefficients 5 and ' ' are introduced as tions are not adequate for doubly-rotated cuts, we

d- 1 AW - still assume that coupling between extension and
S a and - a (46) flexure is negligible and that calculations hold for

;(t) 'o W(t) Wo the FST cut ()= 6020', e = -41o30,, T = 260). Cor-

responding results of sensitivities are presented in
Then, when a SAW oscillator is submitted to temperature Table 1l1. Values obtained are comparable to the
variations, such as fast fluctuations of temperature singly-rotated ones.
C(t) superimposed on slow temperature changes T, rela-
tive frequency shifts are written On an experimental point of view, few experimental

results on dynamic thermal effects have been made. An
ao(T-T )+b (T-T )2 ,+c(T-To )'+a (t) + a 1(t)(47) experiment performed on AT cut indicates that a is

o 0lower than 1 4s/K, ST and FST are respectively 4 is/K
where So, b, and co are respectively the first, second and .1 is/K. Therefore the experimental dynamic tempe-and third order temperature coefficients of the fre- rature coefficients are larger than the calculations.
quency calculated (or measured) in the case of stat c In fact, in the experiments, there is in addition the
thermal behavior and To ms the reference temperature influence of the mountings of the plate which induce

constraints on the plate ; these forces will be respon-
Some commentq about the meaning of the coefficients sible also of frequency variations. This effect was not
Somearcommen about t menin taken into account in this model since it corresponds
appearing in Eq. (47) may be given :to a free extension plate. The mounting effects will be

- coefficients So, bo, co describe the thermal behavior strongly dependent on the mountings, as it was pre-
of the quartz when it experiences a homogeneous tempe- viously observed with the g-sensitivity of SAW devices.
rature variation T. Thus, it is desirable to study the influence of the

support on the dynamic thermal behavior.

- a-coefficient determines the frequency change resul-
ting from a local temperature perturbation 0 which
could be time-dependent or time-independent. This local Acknowledgement
temperature perturbation induces an inhomogeneous tem-
perature repartition followed by stresses and strains. This work was supported by the Air Force Office of
This leads to modifications in the static frequency Scientific Research under grant AFOSR-82-0318.
temperature characteristics. For instance, there will
be a shift of the turnover point.
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+h
X

cut YX AT,X ST,X

(ppm/K) 1.7 1.6 0.20 t%/-

a ( is/K) -0.52 <10 - 2 0.48 Fig. 2 One-dimensional diagram of the plate heating
at x2  -h. Heat transfer occurs at x2 = +h

Table I
Sensitivities in the one-dimensional model

Hh 50

H

t 0 x

-hi

cut YX AT,X ST,X

f(t)

T (ppm/K) 0.09 0.06 0.067

(pF/K) -0.11 -0.10 -0.09 F 3 Two-dimensional diagram of the plate heatingon the lower face. Heat transfer occurs at the three
other faces

Table II
Sensitivities in the two-dimensional model

Hh = 50
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ABSTRACT resonators plays an important role in the design of high
precision quartz oscillators. Recent studies have shown [1-

The transient thermal response of quartz resonators is 31 that the medium term frequency stability of quartz
an important contributing factor to the medium term crystal stabilized oscillators for measurement times ranging
frequency stability of these devices. Even when the quartz from Q/f (Q and f being the loaded quality factor and
resonator is ovenized to operate near its turnover frequency, respectively) to several hours depends largely on
temperature in order to achieve maximum frequency two factors. The first factor is described by the flicker noise
stability, small thermal transients, temperature excursions whose origin is not very well understood, but the level is
and cyclings are not completely avoided. The resulting generally related to the quality factor Q. The other factor is
temporal temperature gradients in the quartz resonator characterized by the transient thermal response of the
plate produce frequency excursions which limit the resonator due to temperature fluctuations of the
performance of such high precision devices. The surface environment. Even when the quartz resonator is ovenized
acoustic wave (SAW) resonators are generally fabricated on to operate near its turnover temperature in order to achieve
rectangular or circular plates. The devices are packaged and maximum frequency stability, thermal transients,
vacuum sealed in various types of enclosures which temperature cyclings and fluctuations are not completely
significantly affect the heat transfer characteristics of the avoided [2]. Some work on the response of SAW devices
device. In any event, the interaction of straight-crested to thermal radiation [5,61 and sinusoidal thermal
surface waves with temperature gradients parallel as well as disturbance has been reported for a few specialized cases
normal to the propagation direction are the two major [7].
causes of transient frequency excursions in SAW In this paper we describe the analysis of transient
resonators. thermal response of SAW devices subject to various

Various steps in the analysis of transient thermal temperature inputs to the bounding surfaces. Various steps
response of SAW resonators consist of first obtaining the in the analysis of transient thermal response of SAW
temperature distribution in the quartz plate from the devices consist of first obtaining the temperature
uncoupled heat conduction equation subject to appropriate distribution in the quartz plate from the uncoupled heat
initial and boundary conditions. This information is conduction equation subject to appropriate initial and
employed in the equations of static linear thermoelasticity boundary conditions. Since the heat conduction is
which provides the time-dependent thermally induced sufficiently slow compared to the velocity of elastic waves,
biasing state. The temporal frequency excursions in SAW the mechanical inertia term can be neglected in the stress
resonators are then obtained from a previously reported equations of motion, thereby reducing them to quasi-static
equation for the perturbation of the eigenfrequency due to stress equations of equilibrium. Consequently, the time
a bias. Computational results have been obtained for dependent thermally induced biasing state is determined
several orientations of quartz plates subject to various from the equations of static, linear thermoelasticity for the
temperature inputs. In particular, the dynamic temperature unplated SAW substrate. The time-dependent change in
coefficient of frequency for SAW resonators have been resonant frequency resulting from the thermally induced
obtained from the results for unit temperature ramps biasing state is determined from an equation for the
applied to the exposed surfaces. Good agreement has been perturbation of the eigenfrequency due to a bias [8-111.
obtained between the theoretical and experimental data on We have considered temperature gradients both along as
transient thermal tests on a SAW device subjected to an well as normal to the direction of propagation of surface
exponential rise in the external surface temperature. waves. The former situation arises when the sides of the

plate are subjected to a temperature input and one-
I. INTRODUCTION dimensional heat conduction along the length of the plate is

considered. When the sides are subject to identical
When a Surface Acoustic Wave (SAW) device is subject temperature inputs, we obtain a symmetrical temperature

to a temporal temperature disturbance, the interaction of distribution about the center of plate. Under these
surface waves with temperature gradients in the propagating circumstances, a SAW device placed symmetrically at the
medium results in a time-dependent perturbation of the center, will exhibit minimal dispersion than a device placed
natural velocity of surface waves. Such a fractional change asymmetrically for the same temperature inputs. However,
in the velocity of surface waves is manifested in a fractional when the outer surface of the substrate (plate) is subject to
change in the time delay between two observation points or various temperature inputs and the inner surface is in
frequency of the SAW resonator. Thus transient vacuum, the normal temperature gradient at the inner
temperature distributions in the propagating medium cause surface is always zero. Under these circumstances, surface
the frequency of the quartz resonator to drift in time until waves propagating on the inner surface is generally
the new thermal equilibrium state is reached. nondispersive unless the wavelength is large enough to

A knowledge of transient thermal response of quartz allow the interaction of surface waves with the normal
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temperature gradients. Af AT HM
Since a dominant mode of heat transfer from the f - 2V- AV= V-V

external environment to the SAW device is through heat 

conduction along t thickness of the plate, we have where Hm is the perturbation integral, 6 is the wavenumber
considered various temperature inputs to the external plate in the unperturbed state, Vm and V are the natural
surface and studied the interaction of resulting temperature velocities of surface waves in the unperturbed and
gradients with the surface waves propagating on the internal perturbed states, respectively.
surface. Computational results for the fractional change in
the time delay of surface waves between two observation A general form of the perturbation integral for the
points have been obtained as a function of time. It has calculation of fractional change in the time delay for surface
been observed that dynamic frequency transients (or waves due to a biasing state may be given by
spikes) in SAW resonators are observed only at and around H. f
turnover temperatures where the first order, static Hm=JNLjKL - /KL Ids+f KInLgdv 0 ,(2.3)
temperature coefficient of delay is zero. Generally, the s. V,

magnitude of frequency undershoot or overshoot is on the where KL'-/ and Kn.y , respectively, are the linear and
order of I to 100 parts per billion (ppb) per degree C for nonlinear portions of the Piola-Kirchhoff stress tensor and
sharp temperature inputs. Away from the turnover are defined by
temperatures, the dynamic frequency response of SAW K'
resonators exhibits a monotonic characteristic from the Ly = CLyMga,M , (2.4)

initial equilibrium state to the final equilibrium state. The
stabilization time is governed by the thermal time constant KLy = (CLyMa + ACLM)gaM (2.5)

of the plate. We have also modeled a thermal transient In Eq. (2.3), NL is the outward drawn unit normal to the
experiment on a flat plate SAW resonator [121. It consists bounding surface So of the volume V0. The normalized
of a SAW resonator fabricated on a flat plate of thickness eigensolution of surface waves has the form
1mm which has a flat-pack quartz enclosure, hermetically m
sealed in vacuum. The SAW device was taken from the g =' , N, 2 = fpoumumdV0 (2.6)
room temperature to an oil bath at a temperature of about Nm = N 'y

12 degrees C higher than the room temperature. The
outside surface temperature of the SAW device was The boundary conditions at a traction free surface under a

measured with a thermistor as a function of time along with bias are given by

the frequency output from the SAW oscillator. The outside NLKL, = NL(K-,+K[', = 0 (2.7)
surface temperature exhibited approximately an exponential L

rise which provided the temperature input to the heat Moreover, the normalized eigensolution in the unperturbed

conduction equation. Good agreement has been obtained state satisfies the boundary conditions

between the computational results and measured SAW NLK' - 0. (2.8)
oscillator frequency response. Some of the discrepancy L 0

between the theoretical and experimental results may be Substitution of Eqs. (2.7) and (2.8) into (2.3) yields

due to an uncertainty in the temperature values as Hm = f- fNLKYtg'mds0 + fKnYLg'dv0 .(2.9)

measured by the thermistor which has claimed accuracy of SO Vo

plus or minus 0.1 degree C and the assumed exponential When referred to the coordinate system shown in Fig. 1,
rise in the external surface temperature. the perturbation integral for inhomogeneous biasing field in

II. TEMPERATURE INDUCED TRANSIENT the sagittal (Xl-X 2) plane of surface waves takes the form

FREQUENCY SHIFTS IN SAW RESONATORS NA
Hm- f (Kfigm + K22g1

When a surface acoustic wave delay line or resonator is -MA
subject to a rapid change in the temperature, the substrate
(plate) undergoes a time dependent, inhomogeneous + KP3gJn)J_,dx 1
temperature distribution which causes the resonant
frequency to drift in time until the new thermal equilibrium NA ,o
state is reached. Since the fractional change in the resonant + f dxJ dx 2 I(Kftt + KPI,2)gr
frequency is simply given by the negative of the fractional -MA, 0

change in the time delay, and it has been shown [9,101 that
when the equations of motion for small dynamic fields + (KP 2,1 + KP2, 2)gi + (KP3, 1 + Kh,2)gi n] , (2.10)

superposed on a bias are referred to the reference (or where MA and NX define the path length in multiples of
deformed) coordinates and natural velocity is employed in the wavelength A and the nonlinear components of the
the description, the fractional change in the time delay is Piola-Kirchhoff stress tensor Kp, are defined in Eq. (2.5).
given by The quantities CLM and ACL.M. respectively, in Eq. (2.5)

A VM (2.1) are defined by
Cya " M T/S + CLrMaABEAIB (2.11)

Therefore, the time-dependent change in the resonant
frequency can be obtained from a perturbation equation + CLyPMWa.P + CLPM^Wp

[9,10] which has the form
and
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dc~I' a [T(X1,X,0-T o]  (2.12) thickness direction is given by
ACLY\I, = dT [ " " (T 02T

In Eq. (2.11), T ' A - = 220 - 3 1
( 1T.,E1B and w,,,p are the biasing stress,

strain and displacement gradient components, respectively.
The quantities CLi, , and CLYNAB are the second and third where K22 is the thermal diffusivity along the thickness

order elastic constants, respectively, dT are the direction X2 , T is the temperature and t is time.

temperature derivatives of the second order elastic constant
[131, and T (X.t) is the temperature distribution at the The boundary conditions are
current time t. As stated in the Introduction, the biasing 8T = 0 (3.2)
deformation state is obtained from the static equations of OX2
linear thermoelasticity. The thermal stress-strain and for no flow of heat at = 0, and the other surface X2=h,
strain-displacement gradient relations, respectively, are
given by can be subjected to various temperature inputs.

LM CLMKNEKN - VLM[T(X,Xt)-T o] , (2.13) Case I: Step Rise in the External Surface Temperature

and I When a plate is subject to a step change in temperature atEKN -- (WKN + WN.K) (2.14) the face X2 = h, with the other face X2 = 0 exposed to
vacuum, the temperature distribution across the plate iswhere 1'LM are thermoelastic constants, T and TO are gieby[4

temperature distributions in the propagating medium in the given by (14]

current and reference configurations, respectively. Since we T = T + 4' exp-K22(2n+l)27rh/4h2]

are dealing with the perturbation equations for small n= [
dynamic fields superimposed on a bias, the deformation of
a material body is given by (-T)n+l

Y(XL,t) = X + w(X L) + U(XLt) , (2.15) (2n+)ir (T-T)cos[(2n+)IrX2/2h] , (3.3)

where TO and T are the initial and final temperatures,
where y is the position vector of a material point in the respectively.

present position at time t which occupied the position X in

the reference state. The quantities w and u are the Case If: Exponential Rise in the External Surface Temperature
temperature induced biasing displacement and surface wave
displacement vectors, respectively. For the case when the surface X2 = h, is exposed to an

Substitution of Eqs. (2.11) and (2.12) into (2.4) and (2.5), exponential rise in temperature given by

and finally into (2.10) yields the following expression for T = T(l-e-0) , (3.4)
the perturbation integral the temperature distribution across the plate takes the form

H =f N\[(21Q. + AC21Q,)gaQg n  [141

+ (c,,Q. +AC22Q~gam gl. T(X 2 ,t)-T 0  cos(3/K22)'/X 22 Q, _To T1 cs(f3/K22) '1h

+ (C23Qa + AC 23Q,)gaQg]x,.=Odxl (-I)n(.
(2xl (3.5)

+ f dxJdx 21(( 11Qa'gQ), + ACIIQag'Qn (2n+1)

+ (C21Q9oXQ),2 + AC21QagamQ 2}gi
n  exp[-K 22T t]cosrnX 2

(l3-K22T2)
+ ( 12gaQ)J + AC1 2Qag'QI where

+ (E22QagQ'Q), 2 + Ac22Q9g'Q2 92 T (2n+1)7r(36
2h (3.6)

+ [(1 3QXg Q), + ACl 3 Qag"Ql

Case III: Linear Rise in the External Surface Temperature.
+ ( 2 3QgmQ), 2 + AC 23Qag }

mQ 2 
] 

. (2.15)

Thus the temperature dependence of the resonant When a plate is subject to a linear rise in temperature at the

frequency of SAW devices can be computed from the face X2=h, given by

aforementioned perturbation Eq. (2.2) provided the thermal AT, - (AT)t , for t > 0 , (3.7)
deformation field in the quartz substrate, the surface wave
mode shape and the first temperature derivatives of the where AT is the time rate of increase in the surface

fundamental elastic constants of quartz are known. temperature, the temperature distribution across the
substrate (or plate) thickness takes the form [141

III. HEAT CONDUCTION AT(X 2,t) - A[(t - h2/2K22) + XJ/2K22

A one-dimensional heat conduction equation along the
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2 j( 2gradient-strain gradient relations [15-17]
+ 2 - exp[- 22t], cOSX 2  , (3.8)'ILM = EL,K - E (4.8)x2hnfiL73,M ML MK,L,

where T, is defined by Eq. (3.6). In Eq. (3.8), K22 and h be satisfied. Thus we have from Eq. (4.8)

are the thermal diffusivity along the thickness direction and =0, D,21 = El1, 1 1 = E 3  (4.9)
plate (substrate) thickness, respectively. 13=0,n2 1,f23 3

and the displacement gradient components take the form

When one-dimensional heat conduction along the length of Wa,B = EAB, Wn. 2E2A, (4.10)
the plate (X l -direction) is considered, the resulting
temperature distribution is parallel to the surface wave w2,A 0, w2,2 =E2
propagation direction. Assuming that the plate is subject to
a linear rise in temperature at the faces Xl=-I, as given by The substitution of Eq. (4.6) with (4.10) and (4.5) yields
Eq. (3.7), the temperature distribution along the plate is CLyM/4 in Eq. (2.11) as a known linear function of (T-T o)

symmetric about X1=0, and has the form shown in Eq. for the unelectroded plate. Thus, the temperature
(3.8) provided we replace X2,h and K22 by XIJ and K11, distribution in the substrate (plate) can be employed in the

respectively, static equations of thermoelasticity to obtain temporal
deformation state of the propagating medium.

IV. TEMPERATURE INDUCED BIASING STATE V. COMPUTATIONAL AND EXPERIMENTAL

The thermal biasing state of the substrate is governed by RESULTS FOR SURFACE ACOUSTIC
the stress equations of equilibrium which may be written in WAVE (SAW) DEVICES
the form Before the transient temperature induced frequency

1 0 ( shifts in SAW devices can be computed, one needs to

The constitutive relations for a thermoelastic solid is determine the eigensolution for surface waves in a
reproduced here from Eq. (2.13) and has the form piezoelectric substrate of a given orientation and

T I propagation direction. The solution for surface waves
Tl = CLNKNEIN - vLMAT(Xj,t) (4.2) propagating in arbitrarily anisotropic, piezoelectric

where CL.,'tKN are the second-order elastic constants, TM substrates satisfies the differential equations of motion and
and EKN are the biasing stresses and strains, respectively, boundary conditions of linear piezoelectricity and may be
The thermoelastic constants VLM are defined by written in the form [18,19]

4

VLM = CLMPQaPQ , (4.3) (ujo) Cm)(Aj(m),X (m))exp(i3m4X 2 ) (5.1)

where apQ are the coefficients of thermal expansion, and
AT is the spatial and temporal change in temperature. expli (X,_Vt)]
Since the outside edges as well as major surfaces of the
plate are traction free we have where uj and 0 are the complex representation of the real

NLTM = 0 (4.4 mechanical displacement and electric potential, respectively,S=( for propagation in the direction X1 with X2 normal to the
where N[ denotes the unit normal to all surfaces of the surface as shown in Fig. 1. The quantities C(m), A(m),
plate at the reference temperature T0 . A4 m and /3m are determined numerically for traction-free

mechanical and open-circuit electrical boundary conditions.
For a stress-free state resulting from a temperature change The normalized unperturbed surface wave eigensolution for
we have from Eqs. (4.1) and (4.4), the perturbation equation is obtained from Eqs. (2.6) and

(5.1). The normalization integral in Eq. (2.6) takes the
TLM = 0 form

which satisfies the stress equations of equilibrium trivially
and the biasing strains are thus given by

E N = aKNAT , AT = T - To . (4.6)

Since the temporal temperature distribution is known from
Sec. II, we can solve for the corresponding biasing strains
from Eq. (4.5). It should now be carefully noted that in
the case of the unelectroded plate, the temperature induced
deformation results in time-dependent inhomogeneous
strains E along with associated rotations ilN, which are

given by

I"N-(WNK - WK,N) , (7) N2 
= p f dX 2  ujujdXi,

where WK.N are the displacement gradient components.

However, all variables are functions of the X2-coordinate 7Ti 4 4 c(m)AJ(m)c(n)'Aj(n)*
only, and it has been shown that the change in frequency -P- ,(5.2)
due to a homogeneous infinitesimal rigid rotation vanishes, Am- n-I (I rn-m )
we can therefore, obtain the three-dimensional rotation where the * denotes complex conjugate and N 2 is, of
field by requiring that the three-dimensional rotation course, real.
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Calculations have been performed using the known
values of the second order elasti,., piezoelectric and , = AAT+A2(AV (5.5)
dielectric constants of quartz 1201, the third order elastic f+A

[21], and thermoelastic constants of quartz [22,23], thermal where A, and A2 are the first and second order static
conductivity constants [241, and the recently obtained temperature coefficients of frequency. A comparison of the
temperature derivatives of the fundamental elastic constants experimental and theoretical dynamic thermal response of
of quartz [13]. Computational results have been obtained this device is shown in Figure 7. Good agreement has been
for the time dependent, fractional change in the time delay oboined between the predicted and measured values of the
of surface waves due to its interactions with the temporal SA& oscillator frequency output.
temperature gradients in the propagating medium. Nex we describe the results for the fractional change in

We have considered two cases of temperature gradients: the time delay of surface waves due to time-dependent
normal as well as parallel to the propagation direction. In longitudinal temperature gradients along the direction of
particular, results have been obtained for a step rise, propagation of waves. Figure 8 shows temperature
exponential rise and linear rise in temperature of the distributions along the length of a substrate of length 20
external surface of the plate (substrate) while the internal mm subjected to temperature inputs of unit ramps at the
surface is encapsulated in vacuum. Figures 2 and 3 two ends. Results for the fractional change in time delay of
illustrate the transient response to a step change in the surface waves between two observation points
external surface temperature of SAW devices with symmetrically placed on the substrate and subjected to unit
orientations which possess turnover temperatures slightly ramps are shown in Figure 9 for various lengths of the plate
above and at the reference (room) temperature, (substrate). These curves are for a harmonic frequency of
respectively. It is interesting to note that the dynamic 100 MHz and they do not show any sharp excursions (or
response of the device with the turnover temperature away spikes) for this orientation of the plate. It is known that an
from the reference temperature exhibits a monotonic inhomogeneous biasing state of the propagating medium
behavior from the initial to final equilibrium states, and the can produce dispersion in the surface wave propagation.
stabilization time is governed by the thermal time constant We have thus performed calculations for the fractional
of the device. However, for orientations whose turnover change in the time delay of surface waves of different
temperatures coincide with the reference temperature, the harmonic frequencies. Specifically, computational results
transient response of such devices exhibits "undershoots" or shown in Figure 10 are for a path length of 200
'overshoots" in the frequency output before relaxing to the wavelengths in an asymmetrically ptafed delay line on an a
final equilibrium state. rotated Y-cut substrate with the rotation angle 0 of 35.25'.

When the external surface of a SAW device substrate is Curves 1 through 4 are results for harmonic frequencies of

subject to an exponential rise in temperature, the dynamic 50, 100, 2000 and 4000 MHz, respectively. Clearly, the

frequency output of the device qualitatively follows the separation of these curves are due to dispersion. However,
temperature profile of the external surface. Computational for large times the slopes of these curves coincide with each

results for this case have been compared with experimental other indicating that the propagation has become

data for a device whose sta..c frequency-temperature nondispersive after steady state has been established. The

characteristic is shown in Figure 4. A schematic diagram of slope of the curves in Figure 10 is plotted as a function of

the device is shown in Figure 5. It consists of a "sandwich- time in Figure 11, which includes the behavior under

type" of structure formed by two thin plates of thickness steady state conditions.

approximately 1 mm each and width and length of Figure 12 shows temperatures of the external and
approximately 13 and 15 mm, respectively. Experimental internal surfaces of a rotated Y-cut plate (0=41.3401 ° ) of
data have been obtained from this device on immersing it thickness 2 mm. Curve 1 represents a unit ramp applied to
into an oil bath which was approximately 12° C higher than the external surface and curve 2 is the temperature of the
the room temperature. The temperature of the external internal surface which is encapsulated in vacuum. Curve 2
surface was measured with a thermistor as a function of is obtained from the solution of the one-dimensional heat
time. The measured external surface temperature rise conduction equation along the thickness direction. The
curve is shown in Figure 6 along with a theoretical curve fractional change in time delay of surface waves on a
which is described by Eq. (3.5) with a3 approximately equal substrate of this temperature compensated orientation
to 0.07 sec - t . This theoretical curve for the external exhibits an interesting behavior as shown in Figure 13.
surface temperature rise serves as the input to the This is in contrast with the results shown in Figure 14
theoretical model as described in Sec Ill. The time- obtained for a neighboring orientation (0-42.75*) which is
dependent, fractional change in the harmonic frequency can not temperature compensated to the same degree.
be computed from Eq. (5.3) shown below. In conclusion, computational results indicate that

- H, . AT(t)/262V 2 + A2 [AT(t)] 2  (5.3) thermal transients or dynamic frequency spikes are
f " 'observed only at and around turnover temperatures.

where Generally, the magnitude of dynamic frequency undershoot
or overshoot is on the order of (Af/fAT - ) I to 100 ppb

H, = - Hm/AT(t) ,(5.4) for 1° C step change in the external surface temperature.
and AVT(t) is the time-dependent change in the internal Away from turnover temperatures, the dynamic response
surface temperature obtained from the solution of the heat exhibits a monotonic behavior from the initial to final
conduction equation. It should be noted that as the elapsed
time t becomes large, the fractional change in the harmonic
frequency takes the familiar form
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THERMAL TRANSIENTS IN SAW RENATORS

UNDER A THERMAL SHOCK

( V-..0'

Surface Acoustic Wave (4,")

x

, ... ... .. ... .. ....... -- --........ .. ...... ........ .......x2

Figure 1: Schem atic diagram showing the free surface of a - -. ..... ------------------------

semi-infinite solid.
0 0o 1 1.5 2 2.5 3 3,5 4 I

t ( seconds )

Figure 3: Time-dependent fractional change in the time
,f surface waves on a rotated Y-cut (0=41.3401 °)

* hose external surface is subject to a I°C step rise in
THERMAL TRANSIENTS IN SAW RE90KATORS temperature. This nominal orientation exhibits a turnover

UNDER A THERMAL SHOCK temperature coincident with the reference temperature.
0-41(f .) The first order temperature coefficient of delay is 0.1
(( f) ppb/degreeC. The notation is same as in Fig. 2.

STATIC FREQUENCY-TEMPERATURE CHARACTERISTIC

----- - - -=38.9(t)

A - -4.284LO71iI0-*
A'= 2.62337610

A .= -3.1308900-10-
I) EXPERIDENTAL 2) PARABOLIC FIT

q ICD

° 0

t ( seconds ) 0 -

10 -0 T 4( --- .

Figure 2: Time-dependent fractional change in the time

delay of surface waves on a rotated Y-cut (0=42.75) plate
whose external surface is subject to a 1C step rise in Figure 4: Static frequency-temperature characteristic of a
temperature. Curves I through 6 are for plate thicknesses SAW device around its turnover temperature ofof lmthrough 6 um, respectively, approximately 42°C. The small squares represent the

experimental points and the solid curve is the parabolic fit.
The rotation angle 0 of this device has been estimated from
the first order temperature coefficient of frequency at the
room temperature and the value of 0 is 38.90.

306



TOTAL DYNAMIC THERMAL RESPONSE
OF A SAW DEVICE

(e=38.9d, )

h 1 mm
,-0.069696914 ; AZ--Z.1308900"t0

-
'

13 M SAWResoatorI)EXPERIMENTAL 2)THEORETICAL

1 m 00 ... ... ....... .. . .... ... .. .... ... ...... .
Plate

, ............... ...i .. . . . . . . . . . . . .
0q

Figure 5: Schematic diagram of the SAW device used in \i .........

the transient thermal test. /
0

0 25 50 75 100 125 150 175 20

t (seconds)LEGEND

Figure 7: Measured and Predicted Values of the Dynamic
Thermal Response of the SAW device. The dots denote

the experimental data and the solid curve represents the

theoretical result.

EXTERNAL SURFACE TEMPERATURE RISE
FOR A SAW RESONATOR TEMPERATURE DISTRIBUTION

ALONG THE SUBSrRATE
1) EXPERIMENTAL

2) THEOREL'ICAL FIT ( 0=42.75 )
t = t0 mm

t (2,4,6,8,10) sec

.. .. . ... ... ....... . .

... . . .. . . . . . . . ... .. . .II . ....

0 2 5 75 100 L2 15o 175 200
t ( seconds)

LEGEND -1o -8 -6 -4 -2 0 2 4 a a 10
X, (mm)

Figure 6: External surface temperature rise for the SAW
device on immersing it into an oil bath at a temperature of
about 120 C higher than the room temperature. The dots Figure 8: Temperature distribution along the substrate of
are the measured values and the solid curve is an length 21 = 20mm subject to unit temperature ramps at the
exponential fit to the data (f1=0.07sec-). two ends. Curves I through 5 represent temperature

distributions along the plate at time intervals of 2,4,6,8 and
10 sec, respectively, after the ends are subjected to a linear
temperature rise.
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FRACTIONAL CHANGE IN TIME DELAY OF SURFACE WAVES
FOR RAMP INPUTNORMAL TO ENDS OF SUBSTRATE

at FRACTIONAL CHANGE IN TIME DELAY OF SURFACE WAVE

£ (5,1,15,20IZ5) mrn FOR RAMP INPUTNORMAL TO ENDS OF SUBRATIE

N - IOOX 
at

t - 12.7,,-

(~~~ -- o 3 (-5.W "
co r,-(50-iO0-2000-4000) Mz

---------- .. i.... ------- -------- -- -- ---
• . .... .... . .. ... . .... .... ... ...... ......... ....... o

0

....- -0 ,- ~~.. . .....,........ .. ........ ........ ,........ -- ---- - ........
k,6 - -- --- .. ...
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LT Dt (sec)
D L GEID LEGEND LEGEND

X=° +=4 ?-i I a

Figure 9: Time-dependent fractional change in time delay Figure 11: The slope of the curves shown in Fig. 10 is
of surface waves on a rotated Y-cut (0=42.75 ° ) plate plotted as a function of time. The steady state condition issubject to unit ramps at its ends. Curves I through 5 are attained when the slope of the curves becomes zero.

for lengths 10,20,30,40 and 50 mm, respectively. The path

length is 100 wavelengths.

FRACTIONAL CHANGE IN TIME DELAY OF SURFACE WAVES
FOR RAMP INPUT.NORMAL TO ENDS OF SUBSTRATE TEMPERATURE OF SAW DEVICE

1 t 2, 7 
at

I- 
X =h

, -(5G-O-ooo- 4000) MHz ( -4.340f)

00" , _ _h 2.00 _.m

,, ,- ,, - -

-- ------------ .. ..............
: .... . . . . . ............ .............. r. ............. ;........... ...

... ............I ------------- ...... . . . . . . . . --.. . . . . . . . .- -.. . . . .. ........ ............. .............

-~~~ --------------- ---..

0 r

0 ...............- --. ........ .........-- --. ......... ... ...... ... .........

t (se) 0 5 2 3 4

LVN 9t 
( seconds)

Figure 10: Time-dependent fractional change in time delay

of surface waves on a rotated Y-cut (0=35.250) plate

subject to unit ramps at its ends. The path length is 200 Figure 12: Curves I and 2 indicate the temperature input

wavelengths, asymmetrically measured from the center. to the external surface and the computed temperature of

Curves I and 2 are for harmonic frequencies of 50 and 100 the internal surface of a plate (0-41.3401 °) of thickness 2

MHz, respectively. Curves 3 and 4 are for frequencies of 2 mm.

and 4 GHz, respectively, and are indistinguishable in this
plot.
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FRACTIONAL CHANGE IN TIME DELAY OF SURFACE WAVES
FOR RAMP INPUT.NORMAL TO SUBSTRATE

h(2,:3,4.5.0.7) mm

(0=41*30)
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0 5 10 15 20 25 30 5 40 4.5 50

t (sec)

LF1ZND L ID

Figure 13: Fractional change in time delay of surface
waves on a rotated Y-cut (0=41.3401') plate of various
thicknesses subjected to a unit ramp temperature input to
the external surface. Curves I through 6 are for
thicknesses 2 through 7 mm, respectively.

FRACTIONAL CHANGE IN TIME DELAY OF SURFACE WAVES
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'th =(2.3.4.5,6.7) mm

.. .. .. . . . . . .. ..

40. . .. . . .. . . . . . - - - - - - -- - - - - - -

...0. . ... .. .. . . . . . .

-- - -- -

0 i I ' 2 i .3 5 5

30



38th Annual Frequency Control Symposium - 1984
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Summary of 425 MHz SAW resonators will be presented and

data showing the effect of trimming on flicker
A process is described which allows for tuning noise will also be discussed.

SAW devices in oscillator up in frequency. This
tuning is accomplished by voltage-controlled anodi-
zation of an aluminum film in a dc 02 plasma. Theory
Theoretical and experimental results are presented.
A discussion of the effects of the trim pad on The theory describing tile effect of thin film
device flicker noise is also included, overlays, particularly waveguides, is well devel-

oped3 . A prediction of the effects of the aluminum
Introduction oxide overlay on the surface wave velocity is

obtained from theoretical analysis. An exact nu-
The number of applications for surface acoustic merical solution for the wave in the overlayed

wave (SAW) devices in stable UHF oscillators is area involves solving the equations of motion for
growing, and in most cases an accurate frequency each layer:

setting is required. A typical requirement is a e u 01
frequency window of ± 10 PPM which holds for all ikl k, l i il l i  (1)

possible causes of frequency variations, including
aging, temperature and settability. In such a case
it is desirable to keep the settability error as CijklUkli + elij ,li Pu2)
small as possible so as to give the maximum range
for temperature and aging. Generally, a settabil-ity on the order of ± 1 PPM is a reasonable goal. and using a linear superposition of these solutions

to satisfy the interface boundary conditions. A

The initial fabrication of SAW devices is computer program developed by Jones, Smith, and

accurate in the range of t 500 PPM to ± 50 PPM Perry at Hughes Aircraft Company4  was used for

depending on how much care is exercised in the the calculations. This method requires several

fabrication process. More accurate frequency parameters -- elastic stifness constants Cijkl.
setting requires either an electronic adjustment piezoelectric constants eijk. dielectric constants

of the oscillator frequency or a frequency trimming cij, and density p--for each layer. These

step on the SAW device. The smaller the required constants are listed in Table 1. The values for

electronic adjustment is, the easier it is to quartz and aluminum are found in reference 5. The

implement. Therefore, several techniques for constants for polycrystalline aluminum oxide are

frequency trimming of SAW devices have been de- found in reference 6.

veloped. The commonly used reactive ion etching
(RIE) technique1 , or the addition of a gold trim The results of the computer analysis are

pad 2 both lower the frequency of the SAW device, presented in Figure 1. The analysis is valid for

In order to assure a reasonable yield the frequency oxide thickness up to about one micron. Above

of an untrimmed device must be designed a little this thickness the method lacks enough partial

high. This reduces the number of devices that wave solutions in the various layers to specify

initially are below the desired frequency and the Rayleigh mode of the entire structure. The

hence unuseable. However, this also means that fractional velocity shift is a monotonically in-

virtually all useable devices must be trimmed and creasing function of the oxide thickness.

therefore suffer whatever undesirable side effects
that invariably accompany the particular trimming The computer also predicts that the mass
technique being used. loading effect of the aluminium is insignificant

when compared to the mechanical perturbation caused

To minimize this problem it would be very by the alumina layer. By eliminating the aluminum

useful to have a complementary trimming process layer from the theoretical model a linear closed

that increased the SAW frequency. This would mean form solution derived using perturbation analysis

that an untrimmed device could be designed directly can be developed and this solution provides a

at the desired frequency and that a substantial physical insight not obtained from the numerical
number of devices would require little or no trim- calculations. Following the treatment developed

ming at all. Furthermore, all of the other de- by Auld 7 assuming a mechanical surface perturba-
vices would be useable since they could be trimmed tion by a thin, loseless isotropic layer the ex-

either up or down. For this reason a trimming pression:
technique using the dc plasma anodization of an -AV vRh 2 2V2
aluminum pad has been developed. This paper will [ ' .)11 /V) I IVRy +
present a theoretical discussion of how this pro- VR 4 PR R VRx 22
cess acts to increase the SAW frequency and also a
discussion of how the anodization was carried out. {p, - 4 (X + J' )} 2 (3)
Experimental results on the trimmming of a number VR2 X' + 2' Rz
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is derived. In this expression the subscript R Ionization of the oxygen is easily detectable by
denotes the Rayleigh mode in the substrate, and the optical emission of the plasma, and a current
primed quantities refer to parameters characteriz- of 3 mA is drawn through the plasma.
ing the oxide overlay. The particle velocities
are vRx, vRy and vRz, VR is the Rayleigh wave Once the plasma has been established, a bias
velocity, and PR is the average power flow of voltage is applied to the trim pad. A current
the wave. source which is used to establish the potential

draws a constant current density of 1.5 mA/cm2

through the oxide until a specified voltage limit
The Lame constants X' and p', and the density is reached. Then the voltage is clamped and the

p' characterize the isotropic oxide layer. For an current is allowed to drop. All anodization runs
increase in the SAW velocity the dominant parameter are carried out until the current through the oxide
is W'. X' has little influence, appearing in the has decayed to a steady state.
ratio (W + 1')/(X'+24') which is always less than
1 for positive definite quantities V and p'. For The frequency of the device is measured after
values of p' large enough to cause the right side the anodization is complete. To avoid the effects
of equation (3) to be negative, the SAW velocity of charge buildup on the substrate which alter the
will increase. The mass density always acts to frequency measurements up to 10 kHz, the plasma is
decrease velocity as can be seen from equation turned off during frequency measurements. The
(3) which monotonically increases with increasing p'. oxygen pressure is maintained at 50 millitorr to

avoid any effects of pressure variation on fre-
Using the same values for the oxide parameters quency.

given in Table 1, where X =c12  and 4 =c44, and
values for the Rayleigh mode of the substrate7  The primary technique which was used to eval-
equation (3).simplifies to uate oxide thickness was ellipsometry. This con-

sists of measuring the difference in phase shift
A = V (. between two laser beams (which are originally
VR h (5.84 xlO (4) orthogonally polarized) reflected from the oxide

film. Assuming an index of refraction for A12 03
of 1.766 and using the Airy analysis9  for the

where h, the oxide thickness, is measured in Ang- reflection of the light from the interface, the
stroms. The values obtained for the Rayleigh mode phase shift as a function of thickness can be
assume an infinitely thin conducting layer at the predicted. The thickness of the oxide layer can
substrate surface. This allows inclusion of the then be found by fitting the data to the synthe-
electrical effect of the unanodized aluminum, but sized curves. Determinations of the thickness
excludes the mechanical perturbation which is were made over a range of the angle of incidence
predicted to be small. from 20 to 60 degrees in order to verify the re-

sults. Figure 4 shows an example of typical syn-
A plot of (4) is presented in Figure 2. The thesized curves of 20A and 360A oxide thickness

linear result agrees closely with the numerical and the actual ellipsometer data.
result for oxide layers up to 1OOA. For thicker
oxide layers the lack of agreement arises because Capacitance measurements of the sample films
the oxide creates a strong perturbation at the were also used to evaluate the thickness of the
surface. The elastic constant of the oxide is 4 grown oxide. Using the simple expression:
times that of the quartz; therefore, the validity
of a perturbation solution for increasing oxide
thicknesses is questionable. At an oxide thick- C = K ° A/t (5)
ness of 500A the computer model calculates only
fifty percent of the velocity shift predicted by
the perturbation analysis. and a value for the dielectric constant k of A1203

of 7.5 the thickness of the film was easily found.
Experiment Description Although this technique was not as accurate as the

ellipsometer measurement it did allow better spatial
To obtain the aluminum oxide layer, anodiza- resolution. This was important in evaluating edge

tion of an aluminum trim pad located in the pro- effects which will be discussed later. Figure 5
pagation path of a SAW device is accomplished shows the expected linear relationship between
in a dc 02 plasma discharge. The aluminum pad capacitance and inverse thickness (as measured by
is deposited to a thickness of 1 kA by e-beam ellipsometry).
evaporation at 10-6 to 10-7  torr. The device
is mounted onto a cold-weld TO-8 header and placed
into a vacuum chamber for anodization. RF connec- The oxide thickness as a function of bias
tions are made to the SAW transducers to allow in voltage is shown in Figure 6. Data for two con-
situ monitoring and a dc connnection is made to figurations is shown to demonstrate the fact that
the trim pad allowing application of a bias voltage the geometry of the experimental configuration can
for the anodization process. The anodization substantially affect the growth rate of the oxide.
geometry is shown in Figure 3. The lower rate was achieved when the RF connections

were in place for real time monitoring of the
After all the connections to the device are process. The reduction of the rate is the result

completed the vacuum chamber is evacuated to 10-5 of the RF ground which connected the device package
torr to remove most possible contaminants. The to the base plate of the vacuum chamber which was
chamber is then backfilled with oxygen to a pres- the anode of the oxidation apparatus. For the
sure of 50 millitorr. The oxygen is subjected tuning of SAW devices the configuration with the
to a 550 Volt dc bias which excites the plasma and RF connections, placing the TO-8 header at the
which Is applied between an aluminum cathode and anode potential, was used. This arrangement in-
the vacuum chamber base plate. Aluminum was chosen fluenced the plasma at the trim pad-plasma inter-
as the cathode material to reduce any sputtering face and resulted in a growth rate of about
off the cathode and contamination of the device8 . 11A/Volt of bias applied to the trim pad.
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oxide thickness versus distance from the pad's
Results edge. The thickness is inferred from capacitance

measurements. The resolution of the measurement is
The trimming experiments were carried out on approximately 40 microns due to the finite size of

425 MHz two port SAW resonators (SAWR) on 40°  the capacitors. Since the oxide becomes thinner as
rotated Y cut quartz. The acoustic aperture was the pad edge is approached the 2 micron fingers
130 wavelengths and the effective cavity length was cannot be anodized in a dc plasma discharge. Also
approximately 340 wavelengths. The space between a minimum trim pad width will be reached wherc the
the two transducers was approximately 1600 microns edge effects will preclude any velocity increase
and it was in this region that the aluminum trim due to anodization.
pad was placed. The trim pads were long enough to
cover the entire acoustic aperture, but varied in The effect of the overlay on the flicker noise
width depending on how large of a frequency shift of SAWRs is of considerable importance for system
was desired. The widths used were 1575 microns, applications. In Figure 9 the noise measurement
and 890 microns. for 20 different resonators is shown as a function

of trim pad widths. The noise depends only on the
The data for the frequency shift as a function width of the aluminum pad that was deposited and

of anodizing voltage is shown in Figure 7. Data is was independent of the amount of A1203 that was
shown for three SAWRs with a 1575 micron trim pad grown. The incremental amount of the noise (rela-
and three SAWRs with an 890 micron trim pad. The tive to the free surface) scales with the width at
accompanying table lists the tuning rate for each the rate of about .0088 dB/micron of trim pad
resonator that was obtained by fitting the data to width. The maximum amount of oxide that can be
a straight line. The Root Hean Square (RMS) devia- grown using this technique is about 500A which
tion for the fitted data is also listed. From the (if limitations of oxide growth due to edge effects
RMS deviations it is clear that the resonator can are ignored) gives a maximum tuning range of .313
be tuned to within 15 kHz of the desired frequency kHz/micron of pad width. Thus there is an increase
by presetting the anodizing voltage, and the re- of .028 dB of noise for each additional kHz of
mainder of the tuning can be accomplished by in- tuning range. For a typical requirement of 100
creasing the voltage by small amounts and monitoring kHz (240 PPM) tuning range, this results in an
the frequency shift in real time. As expected the increase of the noise by 2.8 dB.
tuning rate scales very nearly with the width of
the trim pad.

By using the experimentally determined oxide Conclusion

growth rate of 11A/Volt the frequency shift as An experimental demonstration of a tuning pro-
a functior of oxide thickness may be derived. cess which allows for increasing the frequency
Further the experimental fractional velocity shift of SAWR has been described. This technique is
can be obtained by using the expression 8f/f= clean, easily controlled by in situ monitoring, and
A*AV/VR where A is the fractional area of the complements other tuning processes which decrease a
cavity that is covered with the trim pad. We can device's frequency. Existing theory on layered
then compare (see Figure 2) the theoretical and ex- medium can explain the velocity change implemented
perimental results for fractional velocity shifts if a reduced value for the shear elastic constant
as a function of oxide thickness, is used. The side effects of this tuning process

Includes an increase in flicker noise which must be
The discrepancy between the theoretical and balanced with the frequency shift desired.

experimental results in Figure 2 is most probably
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Abstract This wideband response is required in order to provide

a reasonably good source impedance to the output power

The development of a very low phase noise missile splitter which must maintain high isolation over a

Frequency Reference Oscillator for use in a powered 15 MHz band centered at 240 MHz. The filter reduces
free flight configuration required the utilization of the spurious multiplication sidebands to a level of
low vibration sensitivity SC cut crystals and custom -65 dBc. The filter output is power split and
designed hybrids. Three separate frequencies in the attenuated by 6 dB to present dual outputs at +12 dBm
VHF range are synthesized from a crystal controlled each. The illustrated approach was chosen in order to

Butler oscillator operating at approximately 60 MHz. simplify the circuitry and provide broadband 240 MHz
Tight mechanical packaging constraints require the use isolation of 30 dB.
of special vibration isolators to minimize phase noise
during the mission. Oscillator/Filter Design

Three hybrids were developed for the application. The 60 MHz oscillator uses a Butler configuration
Two of them are VHF frequency multipliers and the third to provide low phase noise. Since oscillator aging is
provides a voltage regulation/ECL driver function. not critical for this missile application, a relativcly
Incorporation of these hybrids in the final design high crystal current of 3 milliamps is maintained for
results in a package volume of approximately five cubic maximum signal-to-noise ratio. The oscillator uses a
inches. To insure low phase jitter during vibration, mode trap to insure that the output remains at the
all of the crystals undergo vibration screening. The desired frequency over the broad temperature range.
screening applies a sinewave to the three orthogonal The 60 MHz SC overtone crystal is packaged in a "C"
axes while the sideband level is monitored. Two holder. The oscillator output feeds a common emitter
crystal resonators are used in each synthesizer; one in amplifier stage which delivers +16 dBm to a 10 dB
the oscillator and another in a narrowband crystal directional coupler. The amplifier is designed to
filter which reduces phase noise to a level of provide a 50 ohm impedance at the input to the coupler
-161 dBc/Hz, 8 kHz from the carrier. The two crystals to insure that the isolation exceeds 20 dB. One port
are matched in temperature turning point to insure of the coupler provides the +6 dBm 60 MHz system output
proper system performance. and the other feeds the one-pole half lattice crystal

filter. The RF power levels at the input to the filter
Introduction is +7 dBm and the insertion loss is 2.5 dB.

A missile clock was developed to provide reference All of the oscillator and filter crystals
frequency signals meeting stringent phase noise manufactured for the missile clock are swept over the
requirements at offset frequencies of 1 kHz to 10 MHz temperature range of -55*C to +850C and the frequency
from the carrier. Three sinewave output frequencies and series resistance recorded. Based upon this data,
are generated by direct synthesis: 60 MHz, 120 MHz and matched pairs of crystals are selected such that the
240 MHz. In addition, a differential ECL timing signal turnover points lie within +2*C and the maximum
at 60 MHz is produced. To achieve a noise floor of frequency difference at any temperature does not exceed
-161 dBc/Hz at a Fourier frequency of 8 kHz, a 3 kHz 1 kHz. In addition, all resonators are subjected to a
wide crystal filter is employed at the oscillator sine vibration sweep while sideband generation is
Output. The filter crystal is selected to match the monitored. The "g" sensitivity of each crystal is then
oscillator crystal in temperature turnover point and calculated for each orthogonal axis at frequencies from
center frequency to insure that the output level 100 Hz to 3 kHz. Any devices exhibiting unusual
remains constant from -55°C to +85*C. The crystals are resonances in this band or having "g"-sensitivities
specially designed SC cut devices and the oscillator/ that exceed 3 x 10-

10
/g are not used in the

filter subassembly is vibration isolated using missile clock application.
resilient mounts.

Multiplier Design
System Design

In order to maintain output power levels which

Figure 1 is a block diagram of the missile clock vary less than +1 dB over the full operating
system. The Butler oscillator 60 MHz output is temperature range, the multipliers are designed with
amplified, fed to a I x 2 power splitter and crystal input limiting circuits. A saturating amplifier at the
filtered prior to multiplication. An unfiltered
output feeds an ECL differential line driver to supply input frequency maintains constant RF drive level to
system squarewave timing signals. The filtered the multiplier. Figure 2 is a schematic of the 240 MHz
oscillator output drives a multiplier hybrid consisting multiplier which accepts 120 MHz at the input and
of an input amplifier and X2 transistor multiplier, produces 240 MHz at a level of +25 dBm. The 120 MHz
The frequency comb output from this hybrid feeds a multiplier is schematically identical to this device
three-pole helical filter having a bandwidth of 10 MHz except that the third stage of amplification is not
and insertion loss of 2 dB. This filter reduces the required. Transistor Q1 amplifies the input signal
unwanted multiplier sidebands to a level of -65 dBc. from +5 dBm to +10 dBm and maintains a constant output
The filter output feeds a power splitter, one of whose by virtue of the current limiting mechanism inherent in
outputs is attenuated to a level of +6 dBm to provide the biasing circuit. The output of this stage feeds Q2
the 120 MHz sinewave system output. The other X2 whose collector is tuned to 240 MHz. The single pole
output at a level of +5 dBm is multiplied to 240 MHz, collector circuit provides approximately 12 dB of
amplified to a level of +25 d~m, and filtered with a attenuation to fundamental and third harmonic signals.
three-pole helical resonator device. The filter The level of the 240 MHz signal at this point is
bandwidth in this case is 25 MHz at the 3 dB points. +15 dBm and transistor Q3 is a Class B amplifier which
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raises the level to +25 dBm. The overall hybrid As an example, the phase noise at a Fourier frequency
consisting of the three stages consumes approximately of 20 Hz is calculated for the following conditions:
700 milliwatts of dc power to produce 250 milliwatts of S = lxlO- 9 /G
RF signal at 240 MHz. Temperature compensated biasing Y = 0.02G2 /Hz
is used in stage three to keep the operating point of fm = 20 Hz
the transistor relatively independent of temperature. fo - 60 MHz
The multiplier is packaged in a 0.625 inch square
flatpack hybrid. The output feeds a three pole L(f) - 20 log (ixlO-9 x6OxlO6v2x.02/2x20)
capacitively coupled helical resonator which is L(f) = 20 log (3xl0-4 ) - -70.5 dgc/Hz
packaged in a 0.75 inch square by 0.25 inch thick
housing. The extremely small size of this filter The random vibration profile at the missile clock is
results in an inductor Q of approximately 120 and plotted below.
insertion loss of 2.5 dB. Sufficient RF power is
available from the hybrid so that the overall system Spectral Density
output RP level requirements are met. The RF filters (G2/Hz) 0.04G2 /Hz
are totally encapsulated to eliminate vibratory phase
modulation. Figure 3 illustrates the packaging 0.02G 2/Hz
technique employed for the multiplier hybrid/filter "
combination.!

Regulator/ECL Driver I I

This subassembly consists of a 12 volt linear I I I 1 fm(Hz)
regulator which accepts the +15 volt missile bus input 20 100 200 2000
and effectively removes noise and ripple components.
The regulator is included in a 0.625 inch square hybrid Equation (I) is plotted in Figure 6 for three values of
package along with a differential ECL driver and its crystal "g" sensitivity S. Curves 1, 2 and 3 are plots
associated source terminating resistors. The ECL of the random vibration spectral density converted to
signals are used to drive various data and telemetry single sideband phase noise for values of oscillator

subsystems within the missile. The input to the ECL vibration sensitivity of ixlO-9G, 5xlO-10/G, and
line driver is a 60 MHz sinewave derived from the 3xl0-10 /G respectively. Curve 4 is the measured
unfiltered oscillator output witi. a directional fo phase noise of an actual oscillator/filter and curve
coupler. 5 is the mission specified limit. For the measured

oscillator, S equals 5xl0-10 /G. It is seen that
Mechanial_- sign 25 dB of vibration isolation at 1 kHz is required to

meet the specification. Since the isolation increases
To meet the stringent phase noise requirement at 6 dB per octave, the isolation structure must thus

during free flight .Ath a random vibration input of have a 3 dB point of approximately 100 Hz. At 2 kHz
8.7 G RMS, thp oscillator/filter subassembly is 29 dB of isolation is required. Thus 6 dB per octave
packaged in a suspended steel enclosure which is foam of rolloff is sufficient to meet the requirements.
encapsulated. This 2" x 1" x I" subassembly is mounted
in a separat compartment with resilient rubber mounts Figure 7 shows the measured phase noise of a
at each of the eight corners. The cutoff frequency of packaged oscillator/filter which is hard and soft-
the mounting structure is approximately 70 Hz and since mounted in a structure using resilient vibration
the rardom noise spectrum covers a range of 20 Hz to isolators as described above. The hard-mounted
2 kHz, sufficient mechanical isolation exists at I kHz, response shows a distinct random noise spectrum imposed
the lower phase noise operational limit, to minimize upon the induced phase noise while the soft-mounted
vibration induced phase jitter in the assembly. The oscillator shows a gradual rolloff occurr.ng between
additional subassemblies comprising the missile clock the region of 500 Hz and 2 kHz. The increased phase
are hard-mounted within the housing and all components noise of the soft-mounted oscillator below 500 Hz is
are staked to the pc boards with a structural adhesive, due to internal structural resonances in the mounts
Figures 4 and 5 show the top and bottom view of the which were used for this test. The level of noise
clock, respectively. The center compartment in below 500 Hz was considerably reduced in the production
Figure 5 contains the oscillator/filter assembly with units by increasing the mass of the oscillator housing.
the multipliers in the right-hand compartments and This was accomplished by doubling the wall thickness
regulator/ECL driver in the left-hand compartment. and using a steel enclosure for this subassembly.

This technique reduced the oscillator mechanical
Phase Noise Performance resonant frequency to about 45 Hz.

Single sideband phase noise is related to The phase noise performance of the overall missile
frequency deviation Af and the modulation frequency by clock assembly is shown in Figure 8 for the worst case
the equation: axis which is perpendicular to the plane of the

crystals. The curve is plotted for the 60 Hz, 120 MHz
L(f) =20 log (Af/2fm) dBc/Hz. and 240 MHz outputs (designated Fo, 2Fo and 4Fo in the

figure). It is seen that the phase noise between 1 kRz
In the presence of vibration, Af-SfoG, and 2 kHz is only slightly perturbed by the incident

where fm is Fourier frequency in Hz, random vibration due to the resilient mounting of the
S is vibration sensitivity in parts per G oscillator/filter and the encapsulation techniques
G is vibration level employed.
fo is oscillator frequency

A distinct departure from the unvibrated reference
For random vibration level of Y G2/Hz, G-Y. run is seen below 500 Hz. A 6 dB difference between

the three vibration curves is visible at low Fourier
Thus, Af-Sfo Hz freuencies due to the X2 multipliers phase noise
and L(f)-30 log (Sfo1T-/2fm) dBc/Hz (I) enhancement.
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Summary out of the operating frequency range, a physically
small, light weight assembly can be manufactured which

This paper describes the design and development of meets the performance requirements. The Missile Clock
a VHF Missile Clock which produces highly stable described in this Paper has been produced in quantities
signals at three VHF frequencies while encountering a of several hundred which proves the feasibility of
high level of random noise. It is seen that by advancing the state-of-the-art of high stability
properly selecting doubly rotated SC crystals and using oscillators operating under extreme vibratory stresses.
packaging techniques which move structural resonances
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SIMULATION OF OSCILLATOR NOISE
by

James A. Barnes

Austron, Inc., P.O. Box 14766
Austin TX 78761

ABSTRACT Two or three of the nine elements, above, suffice for

the modeling of most clocks and oscillators. Jones and
The paper presents methods for simulating the time Tryon

I 
have documented a two or three element model for

errors, Xn, of a clock perturbed by any of several commercial cesium beam frequency standards for periods
random processes, a linear frequency drift, and diur- longer than two hours. The Jones/Tryon model elements
nals. The random processes include (1) white noise are white noise FM, random walk noise FM, and possibly
PM, (2) flicker noise PM, (3) white noise FM, (4) linear frequency drift. The time and frequency offsets
flicker noise FM, and (5) random walk noise FM. One (6 and 7 above) are not considered fundamental since
first selects a subset of the five noises, and all clocks naturally accumulate these errors in the
possible diurnals, and linear frequency drift which course of operation. That is, time and frequency off-
will adequately model the oscillator in question. One sets are the normal consequences of the other model
generates each noise separately and then adds them elements. Most clocks require references to external
together, point by point, and finally truncates each standards routinely. Linear frequency drift, on the
point to simulate the real data acquisition system. other hand, provides the limiting errors for long-term

measurements even for the best clocks. In fact, one
For each noise type, one obtains the noise level from could devote an appreciable fraction of a clock's life
a plot of the conventional Allan variance. A specific expectancy just to establish a reasonable precision for
point, T, and ay

2
(T 1 1) allows one to estimate the the drift rate.

variance of the random "shocks" taken as inputs to
digital (recursive) filters. The paper gives the spe- The above model elements seem to describe almost every
cific recursive functions to produce any of the five clock currently available. Indeed, these model ele-
random processes listed above, as well as the linear ments have been in use for the last 15 to 20 years.
frequency drift. A specific example is included in The point is that the above list of model elements is
the paper. thought to be practically exhaustive. If one found it

to be inadequate, that, in inself, would be noteworthy.
I. THE VALUE OF NOISE SIMULATION ROUTINES

The value of having a reliable model is quite signifi-
Stochastic models of precision clocks and oscillators cant. One can design and "test" complex systems at

have existed for some time. Typical models include computer speeds before committing the system to a hard-
superpositions of various noises and deterministic ware realization. Simulation is especially valuable
(non-random) trends. More specifically, the random when a system design forces non-linear constraints.
model elements include: Another use of simulation is to test computer analysis

routines when the input "data" is known in advance.
(1) White noise phase modulation (PM);

Specifically, this paper develops computer routines to
(2) Flicker noise PM; simulate evenly spaced values of clock time errors

resulting from the superposition of various noises and
(3) White noise frequency modulation (FM); deterministic functions. I wish to emphasize that the

(same as random walk noise PM); simulation process simulates TIME errors, not frequency
errors. Of course, it is a relatively simple procedure

(4) Flicker noise FM; to obtain average frequency by taking the first dif-

ferences of the time data and dividing by the time
(5) Random walk noise FM. internal between points.

A subset of these five random components is usually In accord with the notation of other work in the
adequate to describe the random behavior of typical field

2
,
3
, this paper makes use of the following nota-

clocks and oscillators. tion:

The five noise types above are called "power-law" A. The voltage output from an oscillator conforms
spectra since the power spectral densities have a to the relation:
power law dependence on frequency. That is,

V(t) - Vo sin [2 w vo t + (t)]

Sy(f) = ha fa for a = -2, -1, 0, 1, 2 (1)

where vo is the nominal oscillator frequency (in Hz),
It is conceivable that non-integer values of a could Vo is the constant amplitude of the carrier, and $ (t)
exist, but as yet there seems little need of them for contains any of the nine random and deterministic ele-

oscillator modeling. ments listed above.

Clocks and oscillators often display deterministic B. The instantaneous frequency of the oscillator
trends such as: is given by,

v (t) - 2 d [27r vot + ( (t)] / dt
(6) Time (phase) offset; 2w

(7) Frequency offset; v 0 + _-. d * (t) / dt.

2w
(8) Linear frequency drtft. and C. The time error of a clock run from the oscilla-

tor is given by,
(9) Periodic (e.g., diurnal) terms.

X(t) = * (t) / (2w vo)
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D. The instantaneous fractional frequency is given
by, A second method is as follows7 :

Y(t) = I d 0(t) / dt I000 P = 02
1T vo 1010 FOR J-l TO 6

1020 P-P+RND-RND
d X(t) / dt 1030 NEXT J

E. The average fractional frequency is given by, 1040 RETURN

t+T this routine depends on the fact that the variance of

the uniformally distributed numbers ("RND" in the

'To 1 Y(t) dt program) is exactly 1/12, and, hence, P (the sum of
) =ttwelve RND's) will have unit variance. Since P is the
T f sum of twelve uncorrelated numbers, the resulting num-

t bers, P, are very nearly Gaussian (The Central Limit
Theorem), and since the program adds as many RND's as

= [X(t + T) - X(t)]/T it subtracts, the population mean is zero.

A. White Noise Phase Modulation
II. THE WHITE NOISE FAMILY

There are six aspects which must be known to model any
An important noise is random, uncorrelated, white of the random noises:
noise, which is normally distributed, unit variance,
and with a zero mean. The noise is considered to have (I) Noise type (e.g., white noise PM).
a constant power spectral density (hence, the name
"white"). Some people have objected to this noise (2) Noise level (e.g., the Allan variance at
model on the basis that it has infinite power if the a specified tau).
spectrum is everywhere constant. Of course, real
electronics do not have an infinite bandwidth 4 and no (3) The units of the data (e.g., microseconds).
real problem exists 5 .

(4) The time interval between data points
Most digital computers have (pseudo) random number (e.g., 10 seconds).
generators which produce uncorrelated numbers, uni-
formly distributed over the range zero to one. Not (5) The truncation (or resolution or rounding)
all of the computer random number generators are ade- of the data (e.g., one nanosecond).
quate for simulation purposes. Some random number
generators repeat after fairly few numbers have been (6) The number of data points (e.g., 350).
called. For non-critical work, one can use a rather
simple generation scheme: We have already selected the noise type (i.e., white

PM), and the next issue is to obtain an estimate of the
1000 P = FRC (P * 997) noise level. I will use estimates obtained from the

Allan variance exclusively in this paper. If one
where the next random number is the fractional part desires other estimates, reference2 provides some
of 997 times the previous number. The initial (or translations among the Allan variance; the power
"seed") number can be something like Pi or e. In spectral density, PSD, of frequency; the PSD of phase;
spite of its simplicity, it is often quite useful; and the PSD of time error. Also, the purpose of this
however, it is beyond the scope of this paper to paper is to simulate a known noise, not to analyze a
review the literature on random number generation. particular oscillator.

Allan8 has shown that each of the power law spectral
For clock modeling, one needs numbers which have a nor- densities displays an Allan variance which is also a
mal (Gaussian) distribution, not a uniform distribu- power-law (although not necessarily unique) in the
tion. I present here two methods of converting sample time, T. Specifically, he has shown that:
uniformaly distributed numbers to a Gaussian distribu-
tion. The first method6 generates normally distributed Gy2 (t) - A(p) - t (I)
numbers from uniformly distributed numbers using the
following algorithm: We determine the level of one specific noise type at a

time. I assume that we have a plot of the Allan
1010 IF FLAG I - I THEN 1080 variance of the noise to be simulated over a suitable
1020 R - RND- range of time intervals to allow adequate models. We
1030 Q - SQR(-2*LOG(R)) select a point on the Allan variance plot which appears
1040 R = RND typical of the noise type to be simulated (white PM,
1050 FLAG I = 1 for this example), and compute the quantity
1060 P = Q*COS(2*PI*R)
1070 GOTO 1100 A(-2) = T-22 . ay2 (0-2) (2)1080 FLAGI-0
1080 P I - where T-2 is the tau-value (in seconds) of the chosen1090 P - Q *SIN(2PI*R) point on the Allan variance plot, and ay2 (-2) is the
1100 RETURN corresponding Allan variance. Equation (3), below,

gives the total variance of the needed random numbers
where each reference to "'ND" returns a number from a to simulate the desired white phase modulation 2 :
uniformally distributed population, PI - 3.1415926...,
and the P are normally distributed (Gaussian), random
numbers with zero mean and unit variance. (The argu-
ments of the trigonometric functions are in radians.)
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02 = 1 " [T2 2 . Oy2 (T-2) ]  (3) We now have a new option: The initial value, X0 , is3 unspecified. The model specifies only how the numbers

develop from some arbitrary beginning, and not where

Different noise types than the white PM considered it began. Clearly, this problem corresponds to the

here require different relations than that given in needs to provide an initial time calibration of a
Eq. (3). We must now scale the variance obtained from clock. The user is free to develop his own method for

Eq. (3) to account for the simulated phase units and setting the initial value for Xn, although, one could

any sample time effects (not necessary for white PM). choose a value near that of the specific data to be

Define U as the units of the desired data set (e.g., simulated.

microseconds) and Tm as the desired time interval bet-
ween successive data points in seconds. The variance
of the needed numbers, then, is given by (see appen- C. Random Walk FM
dix): For the random walk FM case (p = +1), we proceed as

S-2
2 = I. [T-2

2 . Oy2 (T-2)] (4) before. We obtain the variance of the random shocks,

3 U2  SI2, from the following equation:
In practice, the white phase noise data are computed by 3t

3
m

multiplying the Gaussian, random numbers, Pn, by the S12 = 1 [TI
- 
1 .y

2 
((l)8

square root of S.2
2 in Eq. (4), above; that is: U2  (8)

Xn = S-2 ' Pn (5) We can accomplish the simulation by using the equation:

That is, the numbers intended te simulate the time Xn = 2Xn-I - Xn-2 + SI * Pn (9)

error of a real oscillator are given by the data, Xn. but now we have two arbitrary parameters, Xo and X-1 ,
The numerical values of Xn should appear to have com- which relate to initial values of Xn and initial fre-
parable values and variations to the recorded values of whic rlt t nita v o n i
an actual measurement (except for rounding or trun- quency, (Xn - Xn I) / Tm.
cation discussed below) and the Allan variances are At this point, we encounter an interesting problem.
comparable to the white PM part of the Allan variances We have implicitly assumed that the real data are

samples taken from a continuous process, and that these

The next step in the simulation process is to simulate real data points can be simulated with a discrete pro-

the remaining model elements, both random and deter- cess, Xn . While this is true for the processes con-

ministic, and add the new elements to the existing sidered in this paper, random walk FM has a special

simulated data. Obviously, each component added must problem.

use the same units, time interval between data points, For the discrete model described in Eqs. (8) and
and the same number of points. After all model ele- (9), above, one can show that the Allan variance is
ments are added, the truncation program drops unneeded given exactly by the relation:
digits corresponding to the resolution of the actual
data. The implicit model here is that all the elements 2 2N+
are independent and can be added together. The 0y (t) = SI2  2
measurement operation then truncates each data point to 6Ntm2  (10)

a specific number of significant digits. The final where T - N • Tm, and Tm is the time interval between
step in the simulation is to verify the results using data points. Asymptotically for large N, the Eq. (10)
the Allan variance and compare it to the Allan variance approaches:
of the real data, processed as identically as possible.

B. White Noise FM Oy2 (t) - S3 (1)3Tm3

The previous section described the simulation of phase It is interesting that Eq. (11) is the exact result
variations which were taken to be white. This section for data samples taken from a continuous random walk
considers white ncise modulating the frequency, which (Wiener Process), FM. Dr. Charles Greenhall at JPL 9

makes the phase fluctuations appear to be a random pointed out that there is an exact model for the random
walk. White noise FM corresponds to V - -1 in Eq. walk FM, in the discrete sampling of a continuous pro-
(2). As in the white PM case, above, we need the(2).Asishew Mcs, uon, wi the mcess which is correct for all N. The exact represen-
variance of the random "shocks" upon which the model is tation is an "IMA(2,1)" model1 0 . Specifically, the
built. For white FM, the desired variance is given by: exact relation to replace Eq. (9) is:

S-I2 . TM [T- 1 ' Oy
2 

(T-1)] (6) Xn -
2
Xn- 1 - Xn-2 + an - ean-l (12)

U2

where n - 1,2,.. .N, amn - Si.P n end 8 is a constant
where T-1 is that tau-value on the sigma-Y of 

tau plot with value

(Allan variance) which corresponds to an Allan variance

in the white FM region and a 2 (T -l1) is the Allan
variance at that tau-value. Tn contrast to the white O t h -2 - -0.268 (13)
PM model, for white FM, the variance of the random Often, the high frequency (or smll tau region of

the Allan variance) is predominantly covered with whitesockts, depdSince te time modinterval bteenrPM and/or white FM, and the difference between Eq. (9)
poriions In freSncy afect mo e atie eors chaand (12) is not observable. Still, Eq. (12) is suf-
variations in frequency affect the rate of change o ficiently simple that one should probably use it in
time (phase) variations. The resulting program to com- prfenetEq(9.Teadioofhe-em

pute the white FM includes: preference to Eq. (9). The addition of the 0-term
changes the expression for S12 to the following:

Xo - Xn-l + S-1 * Pn (7)

where, as before, the Pn are pseudo random, uncorre- S32 3Tm
3  

. [ . a (T-)) (14)
lated numbers with zero mean, unit variance, and nor- 2 .2y
mally distributed. U2 (1-8)2
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to replace Eq. (8).
III. THE FLICKER FAMILY C. Initial Conditions

Barnes and Jarvis
I I 

developed an empirical ARIMA In a recent paper, Dr. C. Greenhal1
12 

points out that

model
1 0 

which can simulate flicker noise over a large starting the flicker filters with all initial variables
but bounded region. The model can be written in the set to zero is an extreme assumption which affects some
form: statistics but leaves others alone (see alsol

3
). At

4 2 the present time, the "zero-infinite past" assumption
Xn 1 01 Xn-i , an - I ej an-j  (15) seems to be acceptable for most simulation studies.

i-l J.l

IV. DETERMINISTIC TRENDS
Where the phi's and theta's can take on the values
given in Table (1). A. Linear Frequency DrifL

A. Flicker Noise PM It is often very difficult to quantify the linear fre-
quency drift term in an cscillator

1 4
. The primary

The discussion of flicker noise models here follows the reason is that the random parts (just modeled above)
same form as for the white noise models, above. There obscure the drift in "short-term"; where short-term
is a potential noise identification problem, however, might be for times less than a day or even longer for

in that both white noise PM and flicker noise PM have atomic frequency standards. Of course, to obtain
the same p-value, of -2. This emphasizes the need to reasonable confidence in the drift rate, the data
have a well identified model prior to the simulation length must be long compared to the short-term region
process discussed here. (It is beyond the scope of dominated by the random components.
this paper to discuss the noise identification problem.

See Reference [3].)
Linear frequency drift often manifests itself in an

As before, we obtain the variance of the randon shocks Allan variance for long-term. That is, the Allan
driving the system; variance for long-term varies as T

2
. Specifically, the

drift term contributes the following to the Allan
S-22 5I-- [_T2 

2
• Oy

2 
(T-2)] (16) variance:

5U
2

ay2 (T) - 1 D2 r
2  

(22)

where T-2 is that tau-value on the sigma-Y of tau plot 2
which corresponds to an Allan variance in the flicker
PM region. The ARIMA coefficients (phi's and theta's) (Note: The sign of the drift term is lost in the
should be selected from Table 1, and the inputs to the Allan variances, and other means must be found to
ARIMA filter, an , come from the Gaussian noise genera- estimate D.)
tor, Pn:

an = S-2 * Pn (17) Given a drift rate, D, and the time interval, 
T
m, the

(quadratic) change in time error, Xn, is generated by:Equation (18), then generates the flicker phase, Xn,

using the an from Eq. (17): Xn = 2 Xnl -Xn_ 2 + D Tm
2
/U (23)

3 2

There are two arbitrary values to be supplied: (I) the
Xn 0i Xn-I + an -

6
j n-j (18) initial time error at n - 0, and (2) the time error at

J-1 n - -I. These two constants determine the initial
error and the initial rate (i.e., frequency) error.

B. Flicker Noise FM One should select the values to emulate an actual data
sample.

Equation (19) gives an estimate of the variance of the The dimensions of D are (sec.)/(sec.)
2
. Conversion to

random shocks delivered to the flicker filter. As parts in ten to the N-th power per day is accomplished
before, the P are random, normal deviates with zero by multiplying D by the constant 86,400 (sec.)i(day).
mean and unit variance:

Other systematic trends (e.g., periodic terms) can be

1.8 2 [Oy
2 

('o)) (19) added at this point. The Allan variance can respond to
o U2 periodic terms in a characteristic way, but, like

drift, methods other than the Allan variance are better

(Note: For flicker FM, the Allan variance is constant.) for parameter estimation.

The input to the flicker FM filter is: V. TRUNCATION

an = so " Pn (20) To this point, all appropriate random and systematic

where So comes from Eq. (19). The flicker filter is 1errors" should be added together and exist as a
just: Ssingle, one-dimensional array in the computer. We can
just. now truncate the data to correspond to the real data.

4 2 This is the last operation before testing the model
validity with the Allan variance applied to the simu-

Xn" * $ Xn-i + an - L. 6(21) lated data. An algorithm which truncates the data to-. i + J-1 ej N-significant digits is:

and the phi's and theta's come from Table 1.
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200 Xn = INT(Xn * iON) / (ION) (24) time error of a clock displaying white frequency modu-
lation.

where INT(Z) is the "integer part of" the argument, Z.
One must be aware that some computers treat INT(Z) Using regression analysis on the actual clock data, I
differently than others. Some computers take INT(Z) obtained the values for the linear frequency drift term
as the largest integer less than or equal to Z, while and the diurnal. The three time series modeling the

others simply drop the digits following the decimal phase which arose from white FM, frequency drift, and
point. The difference between these two methods diurnals are summarized in Figures 1 through 3. Each
occurs when Z has a negative value. For example, if Z Figure contains the results obtained from the actual
= -4.221, the "largest integer" method returns -5, data (the "a" part of the Figure), and its counterpart

while the other method returns -4. The assumption from the simulated data (the "b" part). One last com-
for Eq. (24) is the former method (i.e., -5). ment, about simulation. Given enough trials almost any

time series might come from almost any model. The
VI. SUMMARY simulated data here was the first and only run made.

While it may or may not be representative of the model,

Computer generated random numbers can simulate the it is not an artifact of the author's biases.
various noises common to clocks and oscillators. An
Allan variance can indicate the levels and types of

noises present in a given oscillator and we can simu-
late each of the noises one at a time. Also linear
frequency drift and periodic terms complete the model
elements studied. The point by point sum of these Flicket

noises and deterministic terms can be truncated to PM or Para- (OK Fit) (Good Fit) (OK Fit)

make the data emulate in detail the underlying pro- FM meter N < 300 N < 1000 N < 3000

cesses and the measurement system's finite resolution.

Beginning with an Allan variance of an actual oscilla- PM 1.549 2.462618155 2.51297305

tor, we make estimates of the noise types and noise PM $2 -0.56 -1.94749411 -2.0378810

levels. For a given noise type, we select a point on
the Allan variance (or sigma-Y of tau) plot which
seems to be the most reliable indication of the Allan PM $3 0 0.484819gq 0.52489646

variance for a given noise type. The tau-value and
its corresponding value for sigma-Y of tau allow us to PM 61 0.88 1.83075548 1.87697024

use Table 2 for the formula to estimate the driving
noise level (i.e., the amplitude of the random PM 02 0 -0.83245797 -0.87756196
"shocks") for the given noise type. Table 3 contains

the recursive formulas needed to calculate an actual
noise sample. We follow the same procedure for each
noise type and ultimately, along with the deter- FM 01 2.549 3.462618155 3.51297305

ministic components, add the noises point by point.
Truncation of each point to correspond to the actual FM $2 -2.109 -4.410112265 -4.55085407

data resolution completes the simulation. The entire
process can end with a comparison of Allan variances FM 03 0.56 2.432313950 2.56277748

for both the actual data and the simulated data.
FM $4 0 -0.48481984 -0.52489649

An example is valuable: 0.88 1.83075548 1.87697024

Figure la is the time error plot of the time dif-
ference between a quartz crystal oscillator and FM 02 0 -0.83245797 -0.8775619

Loran-C as obtained in Boulder, Co. Figure 
2
a is the

Allan variance of this actual data. This data has a
total of 311 points separated in time by 900 sec. and Table 1., ARIMA Coefficients for Flicker PM
has a resolution of 10 nanoseconds. The data units
recorded were in microseconds, which means U = 1 x
10-6. The model chosen to emulate this data was white
noise FM (based on the short-term performance), a (Note: The number of significant digits in Table 1

linear frequency drift, and a diurnal component. is very large relative to the standard errors.

In short-term, Figure 2a indicates the "best" estimate However, dropping digits can materially alter the
of the white noise comes from the value at T Il - 900 model beyond what one might expect, because roots of

sec. The corresponding value of the Allan variance is: the "operator" equation may change significantly.
This is often an annoying feature of digital filters

2 (T = 900 s) = (2.75 x 10-11)
2  (25) and does not imply exactness in the overall model.

y 1-Indeed, the model may require more significant digits

Table 2 provides us with the means to calculate the than are available on some computers.)

level of the random shocks needed for the simulation:

S_12 . 900 .[900 • (2.75 x 10-11)2] (26)

or, finally,

S- 1 - 0.0248 (27)

Table 3 gives the recursion formula to generate the
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TABLE 2. Variances of input white noise to TABLE 3. Recursive Formulas to Generate Noise Type
realize a given Allan variance.

NOISE VARIANCES FOR INPUT NOISE NOISE 11 a RECURSIVE FORMULAS
TYPE TYPE

WHITE
WHITE -2 +2 NOISE -2 +2
NOISE S-2

2 
[= I [T-2y2 " 

2 
(T-2)] PM Xn - an

PM 3U
2

FLICKER -2 +1 FLICKER -2 +1 Xn - 4l Xn-1 + 02 Xn-2 + 03 Xn-3
NOISE S_2

2 
. I [ o 2 (r-2)] NOISE*

PM 2U2 PM + an - 61 an-I - 62 an-2

HITE - T WHITE -1 0
NOISE SI

2 
= _ [T-

1 
. y2 (rl)] NOISE Xn  Xn_1 + an

FM U
2  

FM

FLICKER 0 -1 1.8 T
2  

FLICKER 0- Xn 1 Xn-I + 
02 Xn-2 

+ 
3 Xn-3 +

NOISE So2 . _y J
2 

(TO)] NOISE*
FM U

2  
FM 04 Xn- 4 + 

a n 
- 01 an-I - 82 an-2

RANDOM +1 -2 S1
2 

= 3T m [I
-
I . Gy

2 
(Tl)] RANDOM +1 -2 Xn 2 Xn I - Xn_2 + an - 6 an- 1

WALK U2 (1-9)
2  

WALK
NOISE NOISE where 6 = - 2 = -0.268
FM (WHERE 6 = V3 - 2 = -0.268) FM

Where:
Where:

The an are random, normal deviates with zero
im is the time interval between data points. mean and standard deviation Sp, obtained from

(e.g., 10 see.) Table 2. The individual values for the an
are given by:

U is the units of the data (e.g., microseconds).

an - S j " Pn

TP are the coordinates of a point on a sigma-y where the Pn are random normal deviates with
of tau plot through which the square root zero mean and UNIT variance.
of the Allan variance of the simulated

Oy(r) data should pass.

*For the flicker noises, empirical values for the

phi's and the theta's can be found in Table 1.

The time error, Xn, arising from a linear frequency
drift can be computed from the relation:

Xn = 2 Xn1 - Xn2 + DTm
2
/U
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APPENDIX
n

Noise level for simulations of white PM, white FM, and Xn (n - i + l)ai  (A.9)

random walk FM.

The Allan varian can be expressed in the form: Following the above, one obtains:
2 2 2N2 +1 (A.10)

2 2 1 y ( ) -f a
y
2 

(T) = I E [(Xn - 2Xn+N + Xn+2N)
] 

(A.) )NA
2T 

2

which corresponds to Eq. (10) in the text.

where Xn is the clock time error at the n-th step, Asymptotically for large N, this approaches:
T = NTm, and Tm is the time interval between points. 2 2 T (A.11)
We will evaluate the expression for the second time oy (T) = Oa
difference with lag-N for each of the three models
noted above. The an are normal, random numbers with
zero mean and variance 0a

2
. which is the same as Eq. (8).

A. White phase noise;

This is the simplest case and one need only recognize REFERENCES

that:

Xn = an (A.2) (1) P.V. Tryon, and R.H. Jones, "Estimation of
Parameters in Models for Cesium Beam Atomic

Substitution into (A.I) yields: clocks," NBS Journal of Research, Vol. 88,

l2
(T) = 1 (6 a

2 )  No. 1, Jan-Feb. 1983.

Y- 2t (A.3) (2) J.A. Barnes, et al., "Characterization of Fre

recognizing that we wish to separate out the units of quency Stability," IEEE Trans on Inst and

the data, (A.3) yields: Meas., IM-20, p105 (1971).

S•1 IT
2 0

y
2 

(T)] (A.4) (3) J. Rutman, "Characterization of Phase and Fre-
[2= 377 quency Instabilities in Precision Frequency

Sources: Fifteen Years of Progress." Proc

where S$2_ 2 is the quantity sought for Eq. (4) in the IEEE, Vol. 66, pp. 1048-1075, Sept. 1978.

text and Table 2. (4) D. Slepian, "On Bandwidth," Proc IEEE, Vol. 64,

B. White noise FM: No. 3, pp. 292-300, March 1976.

As noted in the text, white FM is the equivalent of (5) J.A. Barnes, "Models for the Interpretation of
random walk phase modulation. We can simulate a rando Frequency Stability Measurements," NBS
walk with: Technical Note 683, August 1976.

(6) G. Box & M.E. Muller, "A Note on the Generation
n of Random Normal Deviates,"Annual. Math.

Xn a (A.5) Stat., Vol. 29, pp. 610-1, 1958.

(7) P.V. Tryon, Private communication.

We must now combine (A.5) with (A.1) to obtain (8) D.W. Allan,"Statistics of Atomic Frequency

Standards," Proc IEEE, February 1966.
2 n n+n n+2N

Gy (r) 1 E i(l aj - 2 a + 
I 

ai)
2
J (A.6) (9) C. Greenhall, Private communication.

2rT i-I i=IiI
(10) G.E.P. Box and G.M. Jenkins, "Time Series

which can be reduced to Analysis," Holden-Day, San Francisco,

Calif. 1970.
2 N

ay (r)= E [i (an+N+i - an+i)
2
] (A.7) (11) J. A. Barnes and S. Jarvis, "Efficient Numerical

i=l and Analog Modeling of Flicker Noise Pro

ceases," NBS Technical Note 604, June 1971.
or, finally we get:

M . 2 (T)] ((12) C. Greenhall, Private communication.

U (13) S.M. Kay, "Efficient Generation of Colored
Noise," Proc IEEE Vol, 69, No. 4, April 1981.

corresponding to Eq. (6) in the text. (14) J.A. Barnes, "The Measurement of Linear Fre-
quency Drift in Oscillators," PTTI Trans-

C. Random walk FM: actions, Nov. 1983.

This case can be evaluated with only slightly more dif-
ficulty than white FM if one notes that the double sum
of the random shocks, an, can be expressed in the form:
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BALANCED FEEDBACK OSCILLATORS

Albert Benjaminson
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Introduction Substituting these for 8 in equation (1), yields

A balanced configuration for crystal oscilla- A = Ao

tors, that extends the concept introduced by the 1-Ao (Bp-Bn) (4)

Meacham Bridge,
1 

is examined in this paper.
Through the use of dual feedback paths, the analysis For oscillation to occur: Ao must be real and

shows the benefits of this approach by defining a positive, 8p-Bn must be real and positive, and the

Q-multiplication factor. This factor permits the denominator must be equal to zero. That is

designer to numerically evaluate the improvement 1
n rate of change of phase at the resonant fre- ap-On 

= 
A (5)

quency, and its impact on short-term stability.
c aThe arrangement can be used as a crystal oscillator

Several new designs are offered using both if the crystal is used in its series resonant mode,

integrated and discrete circuits. A new approach and substituted for Z3 . The crystal could also

to level control that maintains the high perfor- be used in its anti-resonant mode at ZI, or Z4,
mance of the dual feedback approach, is discussed but this requires impractically high impedance

and illustrated. The analysis is also shown to be values for Z2 or Z3 , to avoid excessive damping

applicable to the Butler and similar series-type of the crystal's Q and does not result in the same

oscillators, and evaluates the benefits of negative benefits that placing the crystal in the Z3 position

feedback in crystal oscillators, provides. Placing the crystal in the Z3 positionalso produces a high loaded Q, plus the Q-multipli-
cation factor.

The Differential Crystal Oscillator

Let us consider the characteristics of an Q Multiplication

oscillator using the bridge configuration as a dual 2
feedback network driving a differential amplifier, Healy has shown that negative feedback in the

whose output in turn, excites the bridge. The sustaining amplifier reduces the single sideband

basic scheme is shown in Figure 1. phase noise component of a crystal oscillator's
output, and that the spectral density SO(f) is a

The two feedback paths can be considered function of oscillator Q as shown by

separately, one providing positive feedback fo 2

through the Z l, Z2 voltage divider, and one negative SO(f) = (f)(1 + - ) ) (6)

feedback through the Z3 , Z4 divider. The analysis
that follows will show that it is desirable that The rate at which phase changes in an oscillator

both feedback ratios, designated as qp and gn, be circuit is dependent on the loaded Q of the crystal.

as high as possible and that the sustaining ampli- In most oscillator circuits this is less than the

fier have high gain also. Since the objective is Q of the resonator alone, varying from 50% to 90%.

to produce oscillation at one frequency only, a By considering the impedance of the crystal in the

resonator can replace any one of the four impedances vicinity of series resonance, we can derive the

and provide a net positive feedback at its resonant do/df of the crystal alone, since

frequency. A series resonant circuit in place of W
2
LC-l

Z2, or Z3 , or an anti-resonant circuit at ZI , or = + (7)
Z4 will accomplish the desired result. This con- W

2
LC-l

figuration produces a very rapid transfer from = arc tan (8)
positive to negative feedback off resonance and a WC

very high value of d /df around resonance. The Since Q is defined as
result is a multiplication of the resonator's Q
value and a rapid reduction of amplifier induced Q = (9)
phase noise at the close-in side band frequencies. CR2

then 0 = arc tan Q (w LC-I) (10)
This can be demonstrated by re-examining d

Figure 1. and -- = 2(LC
dw (I + (wZLC-I)Q) (11)

The basic equation for feedback amplifiers is At the resonant frequency

A °-----o8 (1) wo2LC = 1 (12)A I-AoB

where A is the closed loop gain in the presence of and _ 2QwoLC (13)

a feedback ratio f, and an amplifier gain of Ao. dw

or d .2Q (14)
fn the balanced configuration shown, 0 is dl- dw Wo

vided between the two arms, fn and p, whereZ3 Z or _ . 2q cad(15)

Z (2)(3) ordf fn H
3n Z3 +Z4 'Op Zl + Z2 (2)(3) df f--.0 (-8)
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Thus the Q of the resonator determines the rate Q Multiplication in the Butler, and Series
of change of phase and in turn, the sideband phase Cascode Oscillators

noise decay rate.
It is interesting to analyze the Butler Oscil-

In calculating the do/dw rate for the differen- lator, using the dual feedback approach. As shown
tial oscillator, assume that Op is a constant, while in Figure 2, this oscillator class can be con-
Bn Is proportional to the crystal impedance, so that sidered as a dual feedback design since the crystal

- _ is in series with the emitter of the sustaining

Ao - gpK(+ ( (16) amplifier, providing negative feedback, while the

WC capacitive voltage divider across the output tank,
provides positive feedback.

(where K is the negative feedback factor.) The factors, Ao, ap andencan be determined as
Then follows:

K ((0
2
LC-I Ao RL (22)

= arc tan - - re'
(p-KR) (17) whe e .026

where re = -

2C
Differentiating, and setting wa LC=l at w=w~ 02 ne getn gi)(3

2K ( B - (neglecting gic) 
(23)

dw 0
2
C(Bp-KR) RXo 8n 

= 
-(24)
RL

Wbos u The Q multiplication factor is, as before,

MQ = O-n = SnAo, (20)

d__ 2_ On, (19)

dw Wo Bp-8n The Q-factor is not realized in practice unless Ao

20 (20) is maintained at a high value. This does not occur
8,Ao when 8p is made much larger than On, as is the usualdw wo practice, since limiting, or ALC, will reduce Ao

1 until

Since Ao - p-an then

Ao= 1- (5)

dAt= 2 x8o w 2x MQ (20) =p-Bn

dw wo ao If Bp >> Bn, than Ao drops to a low value,

Thus the 0 is multiplied by the factor nAo. Ob- greatly reducing the Q-factor.

viously, we cannot change the crystal's Q but we can The benefits of Q multiplication cannot be
multiply its effect on do/da with combined positive r ie tenfns Qpmultislmaitin at al

and negative feedback in which the negative loop realized then, unless p-Bn is maintained at a low

includes the crystal. value commensurate with the available value of
1 . Applied to Figure 2

Figure 3 shows the results of a computer analy- Ao R,
sis of the negative feedback loop alone. It shows MQ = (25)
that the resultant phase and gain performance is
similar to that produced by a crystal and amplifier This is the factor through which the gain is re-
operating in the anti-resonant mode. There are two duced by the presence of the crystal's resistance
differences however. Even if the gain, Ao is in the emitter circuit.

changed in magnitude and phase, the effect on closed-
loop gain and amplitude performance is minimal. This As an example of the magnitude of MQ, assume
is due to the relationship between overall gain A, ru=15, Rx=50, RL=1500 then Ao=lO0, On-.033 and Bp=
and amplifier gain Ao, from Equation (1) 1 = 3.3.

110 + .033, resulting in MQ=nAo-.033 X 10=
A l-AoBn n (21) This represents the effective increase in d1 over

that produced in a conventional single-feelBack

So that as Ao increases in magnitude, the value of A oscillator, such as the Pierce, or Colpitts types,

approaches the reciprocal of BOn, and becomes in- and helps to explain the reduction in phase-noise

creasingly independent of changes in Ao. sidebands previously reported by Driscoll
3 

and
Healy.

The second computer analysis was run on the
complete bridge circuit plus sustaining amplifier
An, but with neither loop closed. This is shown in The Differential Crystal Oscillator

Figure 4, and illustrates the apparent Q-multipll- The basic principles of the DXO can also be
cation that results from the nearly balanced con-ThbaiprnplsoteDO nasoe
dtion of the crystal bridgec implemented, as suggested earlier, by using a dif-

ferential integrated circuit R.F. amplifier such as

the CA3001, CA3040, or the MC1733. These amplifiers
exhibit voltage gain values from 10 to 400 and band-

widths up to 50 MHz without L-C circuits, so that
an essentially aperiodic oscillator can be built
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with them. The basic circuit is shown in Figure References
5.

Mos I.C. differential amplifiers have very low IL.A. Meacham, "Bridge-Stabilized Oscillator," Pro-

output impedances and can drive load resistances as ceedings of the IRE 26(10) pp. 1278-1294 (1938).

low as 500 ohms. This allows the use of resistors 2
in the feedback networks, as shown, and when com- D.J. Healy III, "Flicker of Frequency and Phase and
bined with a dual voltage supply the circuit is White Frequency and Phase Fluctuations in Frequency
very simple. The only adjustment, once Bp and Ao Sources," Proceedings of the 26th Annual Symposium
are selected, is to pick a resistor for feeding the on Frequency Control, June 1972, pp. 29-42.

crystal so that the proper value for On can be ob- 
3

tained. M.M. Driscoll, "Two-Stage Self-Limiting Series Mode
Type Quartz Crystal Oscillator Exhibiting Improved

It is a simple matter to adjust this value to Short-Term Stability," Proceedings of the 26th
compensate for the variation in the crystal's series Annual Symposium on Frequency Control, June 1972,

resistance, so that a large amount of excess gain pp. 43-49.

is not produced.

A more flexible design is illustrated in Figure
6. This uses a differential amplifier with a
resonant circuit in one collector lead and an out-
put load in the other. The tuned circuit provides
positive feedback through a capacitive divider to
one base, and negative feedback ghrough a divider
comprising a resistor and a crystal resonator to
the other base. The two bases are tied together
for biasing by an R.F. choke to ensure an equal
division of d.c. current.

The result can also be viewed as an L/C oscil-
lator, constrained by the crystal circuit to oscil-
late only at the series resonant frequency of the
crystal.

The L/C ratio can be selected to provide a wide
range of bandwidths. A low L/C ratio will produce

a narrow bandwidth suitable for use with SC-cut and/
or overtone mode crystal operation. Higher L/C
ratios can be used for the less critical fundamental

modes. It is worth noting that the tuned circuit
is loaded by the On resistance at wo , and is loaded
only by RN plus the input impedance of the transis-
tor, at frequencies immediately off resonance.

A better method of obtaining an output signal
is to connect the input of a common-base amplifier
in series with the lower terminal of the crystal.
Since current only flows through the crystal within
its narrow pass-band, the output will contain less
noise than the collector resistor connection, and
will be sinusoidal in shape.

Conclusions

The dual-feedback analysis shows how the bene-

fits of negative feedback can be applied to crystal
oscillators, namely, to provide increased immunity
to sustaining amplifier noise and parameter changes,
by including the crystal in the negative feedback
path. This, combined with overall positive feed-
back, produces an increase in short-term stability,
and reduced phase noise.

Full realization of this technique requires

the application of limiting, or level control, to
the positive feedback path, instead of the sus-
taining amplifier's gain control.
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Summary multivibrator circuits, but does not enable investi-
gation of the oscillation starting, the oscillating
frequency and its stability. All these results may

Recently, many realisations of relaxation quartz be obtained by the use of the general oscillation
crystal oscillators have appeared. They are simply theory of relaxation oscillations. This method is
designed and are insensitive to load and temperature used in the present paper for the quartz multivibra-
variations. Also, they have a small number of compo- tor analysis.
nents and their short-term frequency stability is
good. Operating principle of quartz multivibrator is Our present discussion will be organised as follows.
known in the literature, but this knowledge is insu- In first section, the general electrical and mathema-
fficient for analysis of oscillating condition, osci- tical model of the quartz-controlled multivibrators
llation building up and period. These calculations is developed. In second section, the typical phase
are performed using topological methods of general portrait of the quartz crystal multivibrators is

theory of relaxation oscillations, that is by phase constructed. This phase portrait is subsequently used
plane analysis. in next section to determine the oscillation building

First, general electrical and mathematical models up and oscillation frequency. In fourth section we

of quartz relaxation oscillators are established, consider the relationship between the level of the
flicker frequency noise, and the crystal multivibra-

Then, phase portrait of crystal multivibrator is con- tor parameters.
structed. From these results, oscillating condition
and period are calculated. Also, oscillation building
up and relationship between flicker frequency noise The Crystal Multivibrators Model
level and oscillator parameters, are studied. Optimal
characteristic of active part of oscillator circuit
providing highest frequency stability has been disco- Generally, there are three types of quartz-contro-
vered. Explained results are sufficient for success- lied relaxation oscillators. These are collector coup
ful design of relaxation quartz crystal oscillators. led

1 -3
, emitter-coupled , and complementary switch1:

5

crystal multivibrators. Topologically, all these
circuits may be divided into two classes: circuits

Introduction with quartz crystal outside the feedback loop (Fig.l)

and circuits with quartz inserted in feedback loop

The relaxation oscillator is defined as an osci- (Fig.2).

llating system developing rapid and slow changes of In the theory of oscillations each active element

its state during the same period of oscillations. in oscillator active circuit is often modelled by its
Recently, many realisatigns of relaxation quartz osci- static characteristic

10
. This approach is complicated

llators have appeared .-. They are simply designed and, to our knowledge, it is more simple to represent
and are insensitive to load and temperature variati- the whole oscillator active circuit by its input
ons. Also, they have a small number of components. characteristic v= *(i) (Fig.l) or by input and trans-
Their short-term frequency stability is good

9
. fer-characteristics u-f(i) , v=O(i) (Fig.2). These

A quartz multivibator operating principle is known characteristics may be obtained experimentally. It is
in the literature . The quartz crystal unit is excitud the first step in the analysis of quartz multivibra-
by a voltage step-function generated by some current- tors. The resistor R (Figs.l,2) determines the singu-
controlled switch. As a response the current through lar point of the oscillator.
the crystal is generated in the form of a "harmonic
oscillation". In the steady-state, the amplitude of The quartz crystal unit is modelled by a resonant
the quartz current is stabilized on the value nece-
ssary for switching on and off of the current-contro-
lied switch. Such an approach provides a possibility In the theory of relaxation oscilla 10

for an intuitive construction of various quartz ations , it is
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well-known that the dynamical behaviour of the relaxa-
tion oscillators is determined by small (parasitic) du
circuit parameters Z i, i=0,1,2,.. (Figs.1,2). They RC -, = Ri u- Ri
enable a rapid changg of the multivibrator state. An pdt Q

important problem is how to select the minimal number
of parasitic parameters to describe adequately the L u r? - U
behaviour of analyzed relaxation oscillator. The ge- dt' Q c
neral criterion for the validity of the multivibrator
electrical model is the agreement between the calcula- du
ted phase portrait based on this electrical model and C - =i

the projections of the phase portrait obtained experi-

mentally by means of oscilloscope on the realised
circuit. The problem of a parasitic parameter selection The singular point(s) of this system (i=loU=Uo,
must be solved by the trial and error method. In our Uc=UcoiQ=O) is (are) determined by eqns.:
experience the observing of voltage and current time
diagrams in the oscillator by means of an oscilloscope
may provide sufficient information for the selection RIo - 0(lo) = 0
of parasitic parameters. Thus, the trial and error
procedure is considerably shortened. Namely, each pair Uo = U = 0(I
of points in oscillator circuits,where the step volta-
ge change exists, has to contain a parasitic capacitor i = 0
with a small capacitance. This small capacitance
enables the appearance of a voltage step on the capa- It means that the number and the location of singular
citor with finite capacitor current. Similarly, each points can be selected by a resistor R value (Fig.l).
contour of the oscillator circuit where the current
has a step change must contain the parasitic inductor For easier manipulation by eqns.(l), we shall nor-
with a small inductance. Upon this preliminary sele- malise the variables:
ction of small parasitic parameters, the electrical
oscillator model is established. Using Kirchhoff's = x
laws and this electrical model, the mathematical model
of relaxation crystal oscillator is obtained in the u V y
form of a system of nonlinear differential equations.
In the theory of oscillations1 ° there is a criterion = z
for determining whether parasitic parameters present Q 1
in the mathematical model are really important or ne- U= V w
gligible for a multivibrator operation. If a parameter c
is unimportant, the assumed multivibrator electrical t'= (L/R)t
model has to be corrected. Parasitic parameters are
often stray capacitances and/or inductances. Sometimes 0(i) = RJ1Px),
they are equivalent models representing some physical
processes in the active part of the oscillator (for where current I is defined on Fig.3 and V is the po-
example,the input impedance of a common base transi- wer supply voltage. The normalised form of the static
stor amplifier is inductive in character due to the characteristic is given on Fig.5, and its mathematical
cut-off frequency of transistor current gain), expression is:

For further analysis we shall suppose that the sta- a
tic characteristic of an active part of the oscillator x(x) x() for Ix
on Fig. has a piece-wise linear form shown on Fig.3
and described by equations: = b(x-1)+B (II) for x 1 (la)

v=O(i)= ai (I) for Jil<l

= b(i-ll)+B' (II) for i >1 = t(x+1)-B (III) for x <-I

= b(i+l1)-B' (111) for i <-I where B=B'/(RII). After normalisation equations (1)

become:
By adopting this assumption the general character of
the analysis is not diminished because any static cha- dx
racteristic can be represented by its piece-wise line- '1 = *(x) - cy F (X,y)

ar approximation.We shall later explain why this shape
of characteristic was adopted.d= 1

112dt = x - y - z F F2(x.,z,
The above described electrical model of the relaxa- (2)

tion crystal oscillator is shown on Fig.4. The small dz r
capacitance Cp is the sum of a parallel crystal capa- dt = - z-

citance and input capacitance of the active part 
of

oscillator circuit. The inductor LP represents a para- dw L I
sitic input inductance of the active part of multivi- d =  2 C
brator whose static characteristic is given on FIg.3 CR

(see reference 11). The mathematical model of the
circuit from Fig.4 has the form: where "l - Lp/L and P2 (RCp)/(L/R) are small parasi-

tic parameters and c - V/(R11 ). The singular point is
determined as a solution of equations:

L = (i) -u
x - *(x) =0
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dw L I
y =w= P(x) d t C

E ~CR'
z 0. are obtained from eqns.(2) when UI and P2 are very

small. It is the second order system. The choice of va-
Various crystal multivibrators can be described by such riables made here, that is the selection of the plane
a mathematical model consisting of nonlinear differen- where the phase subspace L+ is projected, is limited
tial equations. by the characteristics of function i(x). If *(x) does

not have an inverse function, the selected plane has
to contain variable x. The choice of another coordina-

Phase Portrait of the Relaxation Quartz Oscillator te is determined by functions Fl(x,y)=O and F2 (x,y,z)=
=0. In our case the choice of variables (x,y) gives
projection of the phase subspace L+ providing small

It is well known that the location and the nature information about the phase portrait, because F1 (x,y)=
of singular points determine the shape of the phase =0 gives the obvious result: y = l(x)/. The same re-
portrait. It is shown experimentally that the oscilla- suit is provided by the choice (x,z). The projection
tor starts reliably only if the singular point is uni- of subspace L+ on plane (x,w) is described by eqns.:
que and unstable, that is if the singular point lies
in segment I and if R is larger than B'/I I  (Fig.5). dx (I + r (x) rx
This statement will be confirmed by further analysis. I 1 - Px(X)) - = (1 - - ew = P(x,w)

x dt RR

The phase portrait of the relaxation oscillator may dw L 1 (3)
be calculated analytically dividing the entire phase dt = - - (x - (x)) = Q(x,w)

space into subspace L, where slow motions of the system dt CR2 E

are possible, and the rest of the phase space, with
rapid motions. Subspace L is defined by equations: Since function *(x) is described by a piecewise-linear

model, the equations of slow motions phase trajectori-

F1 (x,y) = (x) - Ex = 0 es must be calculated for each segment separately.
• a

In segment I (Fig.5) we have V(x)= 2x and the uni-

F2(x'yz) I x 7 y - que singular point at origin. The characteristic equa-

2  E tion of system (3) is:

a a _
+ + - +- 1 2

obtained from eqns.(2) for i- 0 and 1i 0 . The motio+ns R + r = r()

in subspace L are actually slow only in its part L R Q( a r 2  r
where conditions: Q R )  R

3F1  3F2  
and its roots are:

.---+ 3 = (x) - I < 0 a + 2 - I / a a 2
=L ( r R _ rV l  (r 

+ 
R(-5)

ad,2= R a r± 1-4r2  R ar2 )' 5
and: 

(2a)

(F y x 2 1 3 where 2 = 1/(LC) and Q = (WrL)/r. For a>(Rr/(R+r)),x ( X) + I > 0 t h " r r

5'T3 the singular point is the unstable focus, and each
2 2 phase trajectory is a part of an increasing logari-
x Ty thmic spiral. The spiral is right hand side and its

isoclinic line of vertical tangents is:

are fulfilled. Both these conditions reduce to the in-
equality: w + - ) x

p'(x) < 1

The isoclinic line of horisontal tangents is the

It means that the system moves slowly in subspace L y-axis.

for all x except for x=-I and x=l. A part of subspace Function i(x) on segment II has the value *(x) =

L where motions are rapid is labelled by LV. = (b/R)(x-1)+B. In this segment the system under con-

sideration behaves as a system with a singular pointat X p (B-(b/R))/(1-(b/R)) B w. W pX s/ B/C

Slow Motion of Crystal Multivibrator State at (b /R) /(ts ch res wquat/o u B
(for b<<R). Its characteristic equation is:

I (I tl + r + 2 r=
The slow motion equations: 2 + - R L 2 2 (6)

R Q0 r R' r 0

F I (x,y) = 0 R

and the roots are:

F 2 (x,y,z) = 0 L I-(l+ 1/ (l

1,2 mR (  b R Wr 
+ jWr 2 b2 2 )

dz =cy r - w2Q(I-t) 4Q2(1- )

For b < (rR)/(r+R), the singular point Is a stable

focus, and phase trajectories in segment II are parts
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of a decreasing right hand logarithmic spiral. The on Fig.5.in our example the jump occurs from x - +1
isoclinic line of vertical tangents of this spiral is into the vicinity of x = -1 and inversely.
w = (-(r/R)x+B(I+r/R))/c and the isoclinic line of ho-
risontal tangents is the line x - B (for b<<R).

Limit Cycle of the Crystal Multivibrator
In segment III the relaxation crystal oscillator

behaves as a system with a singular point at xsp =

= -(B-b/R)/(1-b/R)= -B, w = xs/c = -B/c. The chara- The limit cycle is a closed trajectory in the phase
cteristic equation is thesiame as that on segment II, space representing the sustained oscillations. The
and the singular point is a stable focus. Phase traje- limit cycle is stable if all phase trajectories, start-
ctories are parts of a right hand decreasing logarith- ing within some subspace containing a limit cycle,
mic spiral with an isoclinic line of its vertical and approach this cycle. It means that oscillations are
horisontal tangents: sustained for small variations of oscillator parameters.

1 r Using Bendixson's criterion10 it may be shown that
w Ex - B(1 + E)) there is no closed trajectory in the subspace of slowR R motions, because expression:

and x= -B, respectively. BX = -x + a
x ay

Rapid Motion of the Crystal Multivibrator State has a constant sign on each segment on Fig.5 (see eqns.

(3)). It means that harmonic oscillations are impossi-
Outside phase subspace L+ defined by conditions ble in quartz multivibrators. Therefore, only relaxa-(2a) the oscillating system chaned it inst tion oscillations may exist, that is, only the limit
(changes its state insta- cycle consisting of parts of slow and fast phase tra-

ntaneously. For small values of parasitic parameters jectories may exist. The proof of the existence of the
the equations of rapid motion of the crystal

multivibrator statelo are obtained from eqns.(2) in stable limit cycle may be obtained using the point
the form: transformation techniquelO. A simple intuitive proof

can be easily derived by noting that the spirals in
segments II and III are decreasing and right hand and

dx that singular points are located on the line w=x/c.
II = F(xy)

Based on the foregoing results, the phase portrait
SLY = F2(x,Y,Z of quartz relaxation oscillator having nonlinearity

2 dt 2 xy 0, (8) (x) as on Fig.5 with b=O (see eqns.(la)) is constru-
cted and shown on Fig.6. The experimentally obtained

z = z= const. shape of the limit cycle of a complementary switch
crystal multivibrator4 is shown on F(g.7 to certify the

w = w = const. validity of this analysis.
0

where variables z and w remain unchanged during rapid The Analysis of Oscillations
motion. In the analysis of oscillating systems in which
rapid motions are instantaneously transformed into
slow motions (e.g. for crystal relaxation oscillators The phase portrait of a relaxation quartz oscilla-
with small p.) it is unnecessary to solve equations tor contains sufficient data for calculating the osci-
(8) for determining rapid phase trajectories IO. Namely, llation condition, building up and period of oscilla-
in this case the so-called jump condition: tions.

F1(x-,y-) = F (X,y +) = 0 Oscillation Condition

F2 x-,y-,z o) F2 (x+,y+,z) = 0 For reliable starting of oscillations the quartz

- +  
(9) multivibrator must have unstable singular points only.

= = z ° 0It means that the singular point has to lie in segment
I on Fig.3, that is that inequality RI >B' must be ful-

+ filled. Then the singular point is unique. The chara-
Y = Y= Yo cter of this singular point is determined by the real

part sign of roots (eqns.(5)) which must be positive
is fulfilled. It means that the jump initiates at po- for the starting of oscillations. This condition is
ints (x-,y-,z',w-) where slow motion of the system is illustrated on Figs.8(a),(b). We see that for each
impossible (That is on boundary of subspaces L+ and value of active circuit parameter a , there is a wide
L-) and it finishes at points (x+,y+,z+,w+) within range of values of resistor R providing starting of
subspace L+ .  oscillations (Fig.8(a)). From Fig.8(b), follows that

oscillator controlled by crystal whose series resonant
For a projection of the phase space on plane (x,w), resistance is r , will operate without modifications

the jump starts either at point x'=+l or x-= - 1 and with any crysta? whose resistance is either equal or
finishes at the point determined by equation: smaller than ro.

- x" = O(x
+
) - *(x) . Building up of Oscillations

Variable w remains constant. For function *(x) shown
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The oscillations start from the singular point with
exponentially rising amplitude. They are represented x + 2yx + w x = 0 . (12)
by the increasing logarithmic spiral on segment I in 0

the phase portrait (Fig.6). Since the spiral step is
proportional to the reciprocal value of the crystal Q If the natural frequency and Q factor are defined as:
factor, the oscillations build up with very large time
constant. From imaginary parts of roots given by eqns. 2 = 2 2 Y 2 (13)
(5),(7), we see that frequencies in building up and in n 0

the steady state of oscillations are different. Wn

Period of Oscillations respectively, then the power spectral density of fra-

ctional frequency fluctuations is calculated as12 :

The first approximation in calculating the relaxa- <(6wn )2>  1 <(6y)2>
tion oscillator period is that rapid motions are insta- S yf) = = 2 (14)

ntaneous. If parasitic parameters are small the osci- <Wn

llating period may be calculated by integrating slow
motion equations (3) onto those parts of the limit cy- According to the quantum theory of I/f noise, it is
cle where slow motions occurlo. shown 12 that the variance of fluctuations of the

dissipative constant is:
To omit further calculations we are demonstrating 2 2

the case when slow motions in all parts of limit cycle <(6y)2> /<y> = A/f,
have the same velocity (see imaginary part of eqn.(7)
and Figs.6,7). At the same time this case, when osci-
llation frequencies on each slow motion segment of the where a and A are constants of the resonator material.

limit cycle are the same, gives the highest frequency
stability of relaxation oscillations. Namely when ope- Consequently, the flicker frequency noise is caused

rating conditions of a circuit active part are changed, by fluctuations of the total dissipative constant y.

the relationship between the slow motion parts of the Using eqns.(6),(12),(13) and assumption that rapid

limit cycle is transformed. This leads to the change motions are instantaneous, we calculate the value of

of frequency in all cases where the oscillating fre- the entire oscillator Q factor:

quencies on various limit cycle parts differ. (1 )2 1 1 -

From the above discussion and eqn.(7) the oscilla- - r R
n q(7thosil- Qeff (1 1 ))2 r

ting period for circuit under consideration is: ( r + Rr + R

b r 2 Consequently the power spectral density of fractionalS-(I ))
T r w Q2 b 2 = 2r, (10) frequency fluctuations is(14):

Li l- .r+R,4R4 
const. (1 -b--+'--4

SMrR 1
that is, in real time: Sy (f) t 4 fb2(
T= 24 R) (a) Quartz crystal unit Q factor is labelled by Q. From

r 4Q
2
(l-_)

2 
- b(l r )2 the last expression it follows that oscillators with

R -(1 R R optimal active part circuit characteristic (that is

Two very interesting conclusions stem from the last with b=O Fig.3), have the smallest level of the fli-

expression. First, that the high Q factor of the quartz cker frequency noise. This result is confirmed expe-

crystal unit decreases influence of circuit parameter rimentally o a crystal multivibrator with compleme-

(b,r,R) variations on frequency stability, and second, ntary switch . Optimal operating conditions are provi-

that the optimal nonlinear static characteristic of ded by R=2kf,r=128,b=52 and Q=2.1o
5
. The measured

oscillator active circuit must contain slow motion level of flicker frequency noise is: S (f)=5.o-
1
/f,

parts of the limit cycle in segments whose slope (that and the value calculated using eqn.(11 is:

is resistance) is zero. For the circuit under conside- Sy(f) = 1o-
2 1

/f . It confirms that 1/f noise of rela-

ration it means that b (Fig.5) has to be small. xation crystal oscillator with optimal nonlinear cha-
racteristic is determined only by quartz crystal unit
Q factor.

Crystal Multivibrator Flicker Frequency Noise

Conclusions

An empirical law relating the spectral density Sy(f)
of the fractional frequency fluctuations y = 6wr/r of
a quartz crystal resonator to the quality factor Q is The relaxation crystal oscillators were analysed
known: by phase plane method. This approach Is not familiar

to most engineers but it gives a complete insight into
circuit operation. In this paper, general electrical

S = 62 (11) and mathematical models of a crystal multivibrator and
y 77•.3)f its phase portrait were established. Based on these

results, oscillating condition, oscillation building

Recently, a simple derivation of this law and explana- up and period, and level of flicker frequency noise

tion of the nature of flicker frequency fluctuations of power spectral density Sy(f) were studied. It was

in quartz crystal oscillators were given in reference shown that relaxation crystal oscillators have the

12. The entire free oscillating system of the quartz highest frequency stability if the active part of the
crystal oscillator is modelled by equation: oscillator circuit has small resistance between con-trol inputs during slow exchange of multivlbrator state.
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Design conclusions may be easily drawn from the fo-

regoing analysis.
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ABSTRACT parameters, part screening levels, size, cost drivers,
and quantities required.

The Navstar Global Positioning System (GPS) is a
qatellite-based radio 'avigation and positioning INTRODUCTION
ystem being developed by the U.S. Government. GPS

will provide extremely accurate three-dimensional GPS is a satellite-based, L-band radio navigation sys-
position, velocity, and timing information on a world- tem designed to provide global, all-weather, 24-hour,
wide and continuous basis to an unlimited number of accurate navigation to an unlimited number of autho-
suitably equipped users. This paper reviews the status rized users. The three GPS segments; space, ground
of the overall GPS program and the Magnavox User control, and user equipment are under development by
Equipment Full Scale Engineering Development (FSED) the U.S. Department of Defense (DoD) and are scheduled
Program. The current schedule for the Space and Con- to become fully operational in 1989. In the interim,
trol segments are presented through the courtesy of 4 or 5 CPS satellites provide several hours of concur-
the GPS Joint Program Office. Technical difficulties rent signal coverage each day on a world-wide basis,
initially experienced by Magnavox have been largely depending on user location and receiver-to-satellite
resolved and the various host vehicle user equipment geometry. The current satellite constellation can be
sets are rapidly being made available for support of used for test and development purposes, and for mis-
the ongoing field test program. A substantial amount sions scheduled around the availability of the satel-
of informal testing and some formal testing have been lite signals. CPS provides highly accurate three-
accomplished. These initial test results are dis- dimensional position and velocity information along
cussed. The oscillator is a key item in the CPS with Coordinated Universal Time (UTC) to suitably
receivers. Its performance directly affects the navi- equipped users. The "real time" navigation/position
gation solution accuracies desired. This paper pre- determinations are based on measuring the satellite-
sents new information and test results of receiver to-user transit times of modulated L-band signals
performance in the laboratory and installed on mili- broadcast by the CPS satellites. For navigation, an
tary ships, aircraft, and land vehicles, of the latest absolute accuracy of 100 meters is planned to be made
production CPS Phase II equipment from Magnavox, available to general systems users. Higher accuracy,
including environmental effects on the oscillator, specified as position within 16 meters, velocity
Test results of the oscillator alone in the laboratory within 0.1 meters/second, and time within 100 nanosec-
are shown. Also discussed are the present baseline onds will be available to the U.S. and NATO military
CPS Phase II and Phase III oscillator performance and other users.
requirements and the requirements for other future CPS
oscillators, as the CPS program nears the Phase III Referring to Figure 1, the GPS concept validation pro-
production award. Discussed are key performance gram (Phase I) was completed in mid 1979. Full scale

PHASE I PHASE II PHASE III

CONCEPT VALIDATION PROGRAM FULL SCALE DEVELOPMENT FULL OPERATIONAL
AND SYSTEM TEST CAPABILITY

19731 1974 1 1975 1 1976 1 1977 1 1978 1979 1980 1981 1 1982 1 1983 1 1984 1 1985 1986 1987 1 1988 1 1989

A DSARC I A DSARC 11 A DSARC III

2-0 3-0

OPERATIONAL SATELLITE 10C FOC
SPACE IPROTOTYPE SATELLITE DEVELOPMENT1 DEVELOPMENTI

PRODUCTION 1IST BLOCK BUY 2ND BLOCK BUY

CONTROL DEVELOPM ENT OPERATIONAL CONTROL SEGMENT DEVELOPMENT SPCOM TO

_______________________PRE-PRODUCTION PILOT FL

USER ADVANCED DEVELOPMENT MODELS PROTOYESPD. PFOUCLIL

TEST AND EVALUATION !II E /ZOT&Ej

484-2167

Figure 1. CPS Program Schedule
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development and system test (Phase II) is scheduled SYSTEM DESCRIPTION
for completion in January 1985, after which production
of user equipment (Phase III) will begin. Initial GPS consists of three segments: the space segment, the
Operational Capability (IOC) will be reached In 1988 ground control segment and the user segment (Figure
when 10 to 12 of the production satellites are in 2). When the operational space segment is completed
orbit and two-dimensional navigation is achievable in in 1989, a constellation of 18 satellites will circle
most areas of the world. Full Operational Capability the earth in nominal 10,900 nautical mile orbits with
(FOC) is scheduled for 1989, when it will be possible a period of 12 sidereal hours. The constellation will
to achieve continuous, three-dimensional navigation, be configured in six 550 inclined orbital planes of
on a world-wide basis, as the number of CPS satellites three satellites each. The configuration of the con-
in orbit is increased to the full constellation of stellation has as its objective, direct line-of-sight
eighteen, navigation signals from at least four satellites to

any point on or near the surface of the earth on a
Magnavox is one of two contractors working on the continuous basis.
Phase II User Equipment Full Scale Engineering Devel-
opment (FSED) Program. Parallel contracts were awarded Each operational CPS satellite will have a mean mis-
in July 1979 and are resulting in a quantity of user sion duration of 6 years and a design life of 7.5
equipment sets from each contractor for testing on years. Electrical power is supplied by two solar
various military host vehicles by the Government. energy converting panels that continually track the
These tests will be conducted under formal Development sun and charge on-board batteries for use when the
Test and Evaluation (DT&E) and Initial Operational earth blocks the sun. Each CPS satellite has an
Test and Evaluation (TOT&E) ground rules. The User on-board propulsion system for maintaining orbit
Equipment development program has encountered substan- position and for stability control.
tial difficulties which have caused schedule delays.
Both contractors are now in the process of delivering Each satellite transmits navigation signals on two
various configurations of host vehicle sets for the L-band frequencies; Li (1575.42 MHz or 19 cm wave-
DT&E phase of the Government's test program. length) and L2 (1227.6 MHz or 24 cm wavelength). Both

Li and L2 signals are quadriphase modulated by pseudo-
Magnavox is currently supporting informal and formal random digital sequences consisting of a Precision (P)
field testing with one-channel, two-channel and five- code and a Coarse Acquisition (C/A) code. These pseu-
channel sets on various military host vehicles. Pre- dorandom digital sequences are used for ranging. The
liminary test results indicate excellent accuracy, signals also contain a navigation message which pro-
resistance to jamming, and quickness of signal acqui- vides satellite position, time (from an on-board
sition and reacquisition. Test personnel have atomic frequency standard), and atmospheric propaga-
expressed favorable reactions to the "user friendli- tion correction data generated by the ground control
ness" of the equipment, segment. The P-code is transmitted on two frequencies

to permit users to correct for frequency sensitive
The equipment has been designed to have minimum propagation delay anomalies.
installation impact on host vehicles and to be amen-
able to natural product upgrading, without major The current ground control segment has four monitor
redesign, as new technology becomes available. This stations located at Guam, Hawaii, Alaska, and Vanden-
is the result of Pre-Planned Product Improvement (P I) berg AFB in California. The Master Control Station
as well as specific product design features that and Data Up-load Station are located at Vandenberg.
reduce initial acquisition, installation, and total The monitor sites track the satellites via their
life cycle cost. broadcast signals as they come into view. The Master

Control Station collects the tracking data and gener-
Magnavox has built a CPS System Simulator - Multiple ates a navigation message which is uploaded to each
Channel Signal Generator (MCSG), which has been used satellite memory by way of an S-band telemetry link on
to support the development and evaluation of the GPS a daily basis. In this way, each satellite is able to
User Equipment. Intermediate Maintenance and Test broadcast an accurate description of its position as a
Sets (IMTS) have been built for use in check out and function of time. System time can also be derived
maintenance of the Phase II User Equipment. from these broadcasts.

SATELLITE SEGMENT ,,i $3? USER SEGMENT
0 18 SATELLITES IN 0 LAND BASED

SIX ORBITAL PLANES * SHIPBOARD
e 12 HOUR ORBITS OF 10,900 MILES * AIRBORNE

0 MISSILES
* SPACECRAFT

MASTER

,,-CONTROL

CONTROL SEGMENT

" PASSIVE MONITORS MONITOR
" UPLOAD CONTROL STATION

UPLINK

Figure 2. The Three Segments of the Navatar CPS
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The user segment may consist of ground-based, marine, four independent variables of 3-D velocity and user
airborne, or spaceborne platforms, equipped with GPS oscillator clock drift.
receiver/processors capable of tracking four satellite
signals either simultaneously or sequentially. The Navigation is accomplished via a Kalman Filter, which
receiver/processor selects the optimum four satellites propagates a continuous navigation solution based on
to track that provide the best geometry for accurate the TOA and doppler measurements. Use of the filter's
position/navigation solution. As the satellites con- propagation capability permits temporary operation on
tinue their orbits, the receiver/processor drops each fewer than four satellites.
satellite with marginal geometry as a different satel-
lite with better geometry becomes available. Position The oscillator is a critical item in the GPS receiver,
is computed by making time of arrival (TOA) measure- especially for military use. The requirements demand
ments on the P or C/A code transmitted from discrete state-of-the-art oscillator performance in stability,
satellite positions as defined by the navigation mes- phase noise, warm up, temperature, low power, and
sage. Each set of four TOA measurements permits vibration (g) sensitivity. Its performance has direct
calculation of the four independent variables of lati- influence on the GPS system performance as shown in
tude, longitude, altitude, and user clock offset Figure 4. Unfortunately, all parameters must be met
(Figure 3). simultaneously during some missions. The GPS Phase II

and Phase III requirement demands the best available
Velocity is computed by making doppler measurements on in each category. As can be seen from Figure 4 and
the transmitted carrier frequency. Each set of four Figure 5, the oscillator's characteristics have multi-
doppler measurements is processed to calculate the ple complex effects upon the GPS receivers.

" RECEIVE SYNCHRONIZED SIGNALS FROM SATELLITES

* MEASURE RANGE AND DOPPLER TO EACH SATELLITE

* COMPUTE THREE COORDINATES OF USER POSITION AND USER CLOCK
BIAS, AND DETERMINE VELOCITY

Figure 3. User Equipment Solves Four Simultaneous Equations to Determine Position and Time

OSCILLATOR

WAMU IE POWER AND@
W A R -U R A N EMO S I Z E

COST AS TRACK &SPECTRAL PHASE LONG TERM TS PS NETIT
DAANOISE & STABILITY &CD RCIGA
UL I NG-SENSITIVITY ( 15 MIN)HIHJSOPRTN

WITH <4 SATELLITESSHORT TERM MEDIUM TERM
STABILITY STABILITY

MEAS.EACCURACY.

CONSISTENCY FOROPRTNATHG
NAV PROCESSING FOR JS(E.ST)

SEQUENCING SETS.DEDRCOIGA

Figure 4. GPS Performance Drives Oscillator Requirements

343



ACCELERATION PERFORMANCE testing within the continental United States. This
test configuration is currently made up of five oper-

SHORTTERMSTABILITY-- IMPLEMENTATION LOSS ating satellites. Two of the seven operational satel-

DATA DEMOD lites have been turned off due to malfunction. The

LONG TERM STABILITY current plan is to maintain a minimum constellation of

iRANGE (ACCELERATION) five satellites for the completion of the test and

AM NOISE evaluation period for the system (Figure 6C).

In 1983 the DoD completed the award of a contract for
WARM UP TIME TTFF production of twenty-eight operational satellites.

REAC Present launch plans, by way of the Space Shuttle,
provide for a constellation of 10 to 12 operational
satellites by early 1988. At that time, a continuous,

Figure 5. CPS Sensitivity to Oscillator worldwide, two-dimensional, Interim Operational Capa-
Characteristics bility (IOC), with partial three-dimensional capabil-

ity, will be achieved. Full three-dimensional Final
Depending on the GPS user, these parameters can be Operational Capability (FOC) will be achieved in early
traded. The military use requires full performance 1989.
oscillators, while the commercial receivers can use
much lower performance and lower cost oscillators. With the introduction of these second generation GPS
There is also a possibility of using different per- satellites, the U.S. Government will have the ability
formance level oscillators for different platforms, to implement the selective availability of signals for
However, this complicates the logistics plan and is military and civilian users.
not compliant with the goal of commonality of modules
and parts across users and platforms that has been User Equipment Segment - Phase II
achieved in the Magnavox design.

The User Equipment Full Scale Engineering Development
PROGRAM STATUS Program provides for design, development and manufac-

ture of a quantity of user equipment sets. These sets
Space and Control Segments are allocated between various host vehicles. A C-141

aircraft and an M-35 truck are used to support the
The current schedules for the Space and Control seg- DT&E activities exclusively. The aircraft carrier,
ments have been provided through the courtesy of the UH-60 helicopter, manpack, M-60 tank, SSN submarine,
CPS Joint Program Office and are shown in Figures 6A F-16 fighter aircraft, B-52 bomber and A-6E attack
and 68. The CPS test constellation consists of a lim- aircraft are host vehicles for both DT&E and IOT&E
ited number of developmental satellites configured in activities. Test activities are divided into four
two planes, inclined at 630 with respect to the equa- basic phases; System Integration Laboratory (SIL),
tor. This configuration allows for approximately two Modification Center, Development Test and Evaluation
to four hours of testing each day in selected areas (DT&E) and Initial Operational Test and Evaluation
of the globe and is optimized to support government (IOT&E).

CALENDER YEAR

18 79 80 81 82 183 184 1 85 86

BLOCK I
SPACECRAFT
LAUNCHES ALAL hA A A AA A

BLOCK II
SPACECRAFT DEVELOPMENT

PRODUCTION

FIRST LAUNCH A

4842169
Figure 6A. GPS Space Segment Schedule
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CALENDER YEAR

82 83 84 85 86 87 88 89

I CS

OCS _T

SPACECOM
INVOL

FIRST

TRAINED
SPACECOM

MILESTONES A PERSA tA OCSA ATURNOVER
ICS OCS FOC
FOC IOC

JAN APR OCT JAN APR
83 84 84 87 87

DEVELOPMENT - CHECKOUT OPERATIONAL

484-2170 Figure 6B. GPS Control Segment Schedule

BLOCK I SATELLITES

NAVSTAR POSITION PRN

NUMBER NUMBER NUMBER ACTIVE COMMENTS

1 4 4 0 CRYSTAL OSC-DRIFT PROBLEM-HEALTHY

2 - 7 NO LONGER IN SERVICE

3 6 6 0 HEALTHY

4 3 8 0 HEALTHY

5 1 5 TURNED OFF - MAY REACTIVATE

6 5 9 HEALTHY

7 - 1 DESTROYED ON LAUNCH PAD

8 2 11 0 HEALTHY

9 13 LAUNCH DELAYED -AS REDD.

10 12 DUE FOR LAUNCH - AS REDD.

11 3 DUE FOR LAUNCH - AS REQD.

BLOCK II SATELLITES TO BE LAUNCHED BEGINNING OCT 1986 BY SPACE SHUTTLE

484 21rA

Figure 6C. GPS Test Constellation Status

Magnavox user equipment sets are currently being sup- NATO
plied for the various test host vehicles. Some of
these sets a.e still being integrated into their host
vehicle System Integration Laboratories (SILs). Others Phase lib equipment is also being manufactured at

are already installed in the operational host vehicles Magnavox in response to contracts with German and

and are being prepared for DT&E. Figure 7 shows the France Government customers. We are completing

general arrangement of the palletized GPS installation the final assembly and check-out of a 5-channel

in the C-141 aircraft for DT&E. Figure 8 shows the set for use on a German submarine and a 2-channel
sequence from SIL to a typical operational vehicle set for installation on a German Minehunter. For

(F-16) for Operational Readiness (OR) testing. At this France, we are building a 5-channel set for submar-

time, hardware units for the eight host vehicles are ine use, a 2-channel set for the Hydrographic Service

nearly completed and in various stages of final sys- and an Air Force transport aircraft, and a 1-channel

tems integration and test. set to be utilized for manpack and helicopter use.
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FRPA-3

CRPA

~2I-~ *~ ~-C-PALLET
- tPAU (FRPA-2) - T

-. FRPA-3

I 29 1 - ACU PAU (FRPA-3)

Figure 7. Initial Flight Testing Began in a C-141 Pallet installation

SYSTEM

INTEGRATION

DEVELOPMENT TEST AND EVALUATION
AND

INTERIM OPERATIONAL TEST AND EVALUATION

CRPA ANTENNA

CONTROL
UNIT

PREAMPLIFIER 
U

FRPA-3 i "I"

ANTENNA RPU-3

4"4'"9 MODIFICATION CENTER
Figure 8. User Equipment From the Factory is Checked Out in a System Integration Lab, then

Installed on the Host Vehicle and Tested Again, before Proceeding to DT&E, and/or IOT&E.

Magnavox currently has an approved manufacturing of the actual test results of the present HP oscil-
license with Plessey of the United Kingdom, TRT in lator used in OPS Phase II. It is an excellent high
France, Elmer of Italy, and Japanese Aerospace Elec- performance unit. The oscillator is tested in the
tronics (JAE) of Japan are working with Magnavox under laboratory during qualification and in the field on
individual Memorandum of Understandings which in time the vehicles at oscillator temperatures up to 81C and

will lead to manufacturing licenses for GPS User sine vibration levels up to 15 g's and random vibra-
Equipment in each of these countries. tion levels up to 0.3 g's/Hz at the oscillator. Oscil-

lators are also used in the CPS transmitter simulators

OSCILLATORS (WFGs) and the IMTS. These are not discussed here.

Magnavox has been testing and evaluating oscillators At present, the key performance parameters that limit

for GPS zfnce 1968 on the 621B, Timation, MX-450, GPS the GPS receiver's performance are the warm up at cold

Phase I, GPSPAC, and GPS Phase II programs. A previ- temperatures and the vibration g-sensitivity. The

ous Magnavox paper on the CPS oscillator requirements slower warm up time means that a user has to wait

outlIned the requirements for the Phase I Manpack longer for navigation solution. The g-sensitivity is

Set. Figure 9 shows the Phase II and Phase IiI more important and critical, in that the excellent

oscillator key parameters for User Receivers, ,'nd some oscillator static short term stability and phase noise
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PARAMETER o3 REQUIREMENT 02 CAPABILITY MAIN DRIVER(S)

WARM-UP TIME 1 x 10-7 IN 5 MIN/ 2.5 M @ 25 0 C TTFF & REAC
-40°C/+81 0 C 6.5 M @ -400 C (17W)

STABILITY

SHORT TERM 5 x 10-12 <2 x 10-12 NAVIGATION AND DELTA RANGE
0.1 - 100 SEC ACCURACY (2 CM)

LONG TERM <5 x 10
- 11  <3 x 10-12  M/V SUBSEQUENT FIX,

15 MIN OPERATIONS WITH 4 SATELLITES

ACCELERATION <5 x 10- 10 /G, <3 x 10-10 Y, Z LOW FREQ VIBRATION ON ARMY
SENSITIVITY 4- 100 Hz 2-9x 10- 10 X VEHICLES AND FIGHTER/

ATTACK AIRCRAFT

SPECTRAL PHASE <-115 dB/Hz @ 10 -136 dBc/Hz @ 10 Hz <50 TRACKING ERROR DUE TO
NOISE -125 dBc/Hz @ 100 -150 dBc/Hz @ 100 Hz OSC. JITTER

POWER OC LESS THAN 20 WATTS 17W PK MANPACK BATTERY LIFE
WARMUP: LESS THAN 4.5W SS @ -400 C
5 WATTS OPERATING

SIZE AND WEIGHT LESS THAN 0.7 LB 90Z MANPACK WEIGHT
ONE DIMENSION 2.8 x 2.4 x 2"
LESS THAN 2.8"

Figure 9. GPS Phase III Oscillator Requirements Vs Capabilities

are degraded when a GPS receiver is used on a user typ5 oscillators exhibited g-sensitivity of 10
- 8 

to
(military) with very high vibration (dynamic) levels. 10 /per one g. This study was done to compare the
Consequently, the GPS receiver navigation solution, GPS Phase II oscillator to various quality non-Phase
jamming resistance, and threshold sensitivity are II type available oscillators that are possible can-
degraded from the static performance solutions at high didates for future GPS handheld military and commer-
vibration levels (10-15 g at oscillator). Note that cial units.
the oscillator at 10.23 MHz is multiplied to L-band
(1575 MHz). This adds 44 dB to the phase noise plus Because of the associated g-sensitivities, the short
the synthesizer contribution, term stabilities degrade under random and sine vibra-

tion. This causes a navigation error. Similarly, the

Figure 10 shows the static vibration short term sta- phase noise degrades under random and sine vibrations
bility test results of various candidate oscillators, (simultaneous for military users). This causes an
for Phase III and future handhel and com.cial sets, increase in phase noise or jitter to the demodulator
ranging in stability from 10 to 10 and with costas loop, and degrades system RF sensitivity, and
prices from $10 to over $1000. The HP oscillator used anti-jamming ability. A carrier and code offset also
for GPS Phase II is at the bottom. Its short term occurs due to the same vibration induced oscillator
stability is actually much lower than various cesium error.
standards used on GPS for averaging times (T) from
0.01 to 1000 seconds. Most of the oven type SC-cut The stabilities of the oven oscillators are, in gen-
and AT-cut oscillators ex1bited worst axis vibration eral, not influenced by small temperature changes (say
g-sensitivities of 3 x 10 /per one g. The average HP 10*F) over short times (1-10 minutes) for tau's (r)
unit for GPS Phase II exhibited a worst axis vibration from .1 - 10 seconds. However, the TCXO types degrade
g-sensitivity of 5 x 10/per one g. Most of the TCXO over 10 to I with slight air currents or even smaller

temperature changes.

SHORT TERM STABILITY aoy(t)I1.F/F]
3 ALLAN VARIANCE In = 31)

GPS "SMALL HANDHELD UNIT "OSCILLATORS

1 x 10
8  MC COY CLOCK E8

3 CINOX K + L TCXOCINOX TCXO
10-9 JANEL OVEN1 1O

K+L
3- 3 MC COY

1 x 10
10  FTS FTSTCXO E10
5- J

N  L  '-
.- CTS-K OVEN

3 CTS

lx 1011 PIEZO 
E

3 VECTRON

I x 10
1 2  - HP E 12

HP-OVEN (02)
3

ix 10 13 . a I I I 1 1 -- aj I 1 11 E 
13

01 1 10 100S

AVERAGING TIME -rSECONDS184-655

Figure 10. Static Vibration Short-Term Stability Test Results

347



Figure 11 shows the warm up frequency characteristics Figure 12 shows the static short term stability
of the Phase II HP SC-crystal oscillator for the requirements for four different classes of GPS users:
required temperatures, The main features of the SC-cut
crystal over the AT-cut is the fast monotonic smooth Dash Number Class of Service
frequency pulling. The overshoot and frequency
reversal of the AT-cut oscillator during warm up is a -4 Space
slight problem to the GPS receiver. Note from the -3 Military
previous figures that GPS is a short term stability -2 Military/Industrial
driven system (.1 - 10 seconds are key), and average -1 Commercial
or long term stability frequency offsets are not
especially critical. This is in constrast to the Navy These are intended to go into the present Phase II/
Transit Satellite System where long term, especially Phase III product, but offering four grades of
15 minutes, is critical, performance.

Future GPS user receiver requirements for portable and Short term stability largely limits navigation per-
handheld type units will require even faster warm up formance, pseudorange and delta range. The flicker
with less power and size, while maintaining good short frequency floor is the key performance area with part
term stability. This is quite a challenge for the of the white FM, white PM and flicker PM regions
future, important for navigation and part of the random walk

F'= 0

-1 x 10
- 9  TEMP. RETRACE OFFSET +25

0
C

+5C 5o +250C -20 0C -40 0C
"= +75Oc +500°C

-10-1x 10-7 -40 .--

-40 0C 7

FLAG 3 x 10- TYP
-1 a-6 x '0 (USUALLY 1/2 - 1 M EARLY)

-1 x 1 0 -5 -2
0 C 1 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

TIME (MINUTES)

S.S.
T t PWR

-406C 6.5m 4.5w
-200C 5.5m 4.2w 0 = FLAG
+250C 3.Om 2.5w -o= 1 x 10

- 7

+500C 2.5m 1.3w Fo'= FREQUENCY AT TURNOFF
+75oC 0.5m 0.4w

"28V, NO. 102
16.8W PK

Figure II. Oscillator Warmup, Accuracy Flag, Power Vs Temp HP 10811B

I x 10-9

3 x 10
-9

_

I x -10 -- 2

' -x03-4
5 x 10 - 11

__ _ _ _ _

1 x 10-11 _ __ _

I x 10- 11

5 x 10
-12

3 x 10
- 12

Sx 10- 12
0.01 0.1 1.0 10.0 100.0 1,000.0

AVERAGING TIME. tSEC
I MINIMUM SAMPLE SIZE n >30 FOR = 0.01 - 10S. n 10 FOR I= 100S.

2. INDICATED REFERENCE POINT M AT WHICH ALLAN VARIANCE IS TO BE MEASURED
TO DETERMINE COMPLIANCE: 0.1, 1.0, 10.0, 100.0. AND 1,000.0 SECONDS.

Figure 12. Oscillator Short Term Stability
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FM region important for acquiring signals when a GPS -80
fix has not been done recently by the CPS user.

Figure 13 shows the allowed g-sensitivity assuming .1

radians or 5.7' of loop jitter error for four differ-
ent grades of oscillators. The allowed coefficient is -100

a function of sine vibration frequency and amplitude.
As can be seen, the low frequency region is the most -110
critical. The use of shock isolators is not practical
at the low frequency (4 Hz), and with the space avail- 1
able to mount the GPS receivers, especially in 120 -___

ai rcraft. 
-13

-130 -- 'I'

5E -8- 1,3 -140-

3E-9 _ _ 2 10 100 1K 20K
2E -9 IOFFSET FREQUENCY IN Hz FROM CARRIER, iF1.5 -2 /

- - -3 
Figure 15. Oscillator Phase Noise and5E-10,_ __Spectral 

Density
3E-10

STATIC(TURNOVER) (gS=0 g The receive has a loop bandwidth of 20 Hz, effectively

I-10 , __ L- at L-band (1575 MHz), thus the important zone for

4 10 100 1K 2K phase noise into the second order costas loop is 2-10
VIBRATION FREQUENCY, Hz Hz. This is due to random walk PM and flicker FM and

is equivalent to short term stability flicker of fre-
Figure 13. Maximum Allowed Oscillator g-Sensitivity, quency noise. Reasonable rolloff beyond 10 Hz to at

Each Axis (x,y,z) least 20 KHz is also required. The receiver error
budget is set for 0.1 radians of jitter maximum at the

The use of a "BVA" type crystal or of an accelerometer costas loop due to the oscillator and synthesizer.
corrected oscillator offers some hope to a system
solution, however, these types of oscillators are Note that the GPS receiver requires a different value
still in the Research Laboratory or are not economi- of phase noise performance (costas threshold) than the
cally practical for production, i.e., a rubidium type equivalent Fourier transform value of short term sta-
offers the good g-sensitivity and fast warm up, but bility performance (navigation pseudorange and delta-
the cost, size and power approaches that of an entire range) due to the different system requirements of GPS
GPS Manpack Set. in the receiver. Note the L-band synthesizer degrades

the phase noise and short term stability of the oscil-
Figure 14 shows dynamic test results of an early pro- lator into the receiver.

totype HP Phase II oscillator at J0 g vibration level.
The worst coefficient was 7 x 10 /g forl6 he x axis. Figure 16 shows how important the oscillator static
The y and z axes were less than 2 x 10 /g. Later short term stability is to navigation accuracy (P
productii units were better and hadn average K of code) during large dynamics. The reference stabili-
5 x 10 /g with a 1 u of 1.1 x 10 /g in the worst ties do not account for synthesizer degradation, and
axis. Vibration to 30-50 g's was done. thus the oscillator must be better to achieve this.

Also oscillator g-sensitivity is also not factored

The allowed phase noise for 0.1 radians (5.7o) of her?, As a result, the oscillator must approach 3 x
Jitter at L-band for four grades of oscillators, as 10

-
10 stability and have a g-sensitivity below 5 x

described before, for static conditions, including th! 10 for a receiver with minimum errors due to the
synthesizer error, is shown in Figure 15. The receive oscillator. For some users, this may not be cost

aF/F

Io

to - X

J x 10- 1 0 !

2 zVIBRATION 
=t Ig

6 Z z

3 -

6-

B

Figure 14. Phase I HP Oscillator g-Sensitivity Test Results (Prototype Unit)
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100.000 different GPS users. This philosophy allows the

I oscillator/component vendor to fill different needs

1.M... and improve his yield by using a lesser performance/

SIMULATED RMS HORIZONTAL quality level part in lower performance/cost userPOSITION ERROR

1.ITO LOSSOF receivers. Also refer to -1, -2, -3, -4 from previous

1.000 - r( -- - 450) TRACK figures. Frequencies of 10 and 10.23 MHz are candi-

dates for now with higher frequencies (86, 347 MHz), a

100 (50--) -5 - possibility for the future. A -5 and -6 unit will be

* (23) added for missile and range applications.

to 1-lO SEC
- HI ELEVATION ANGLE SATELLITE

1 - SINGLE CHANNEL SEOUENCIN RECEIVER, RPU-1 MANPACKU L
- P CODE QUALITY

i i I CLASS LEVEL TEMPERATURE WARMUP G-SENS.

3,10
- 12 3x 10

- 11 3x10-10 3.10
- 9  3x10-

8

ALLAN VARIANCE, IV SPACE -30 0C TO +610 C 30 MIN 3 x 10-9/G

III MILITARY -54 0 C TO +81°C 5 MIN <5 x 10-lI/G

IliA SPECIAL -40 0 C TO +710 C 5 MIN 3 x 10-9/G
Figure 16. Impact of Oscillator and MILITARY
Synthesizer Stability on Navigation

Performance During Flight Dynamics 11 INDUSTRIAL/ -30 0 C TO +71
0 C 7.5 MIN 1.5 x 10-9/G

MILITARY

I COMMERCIAL -21 0°C TO '-610 C 10 MIN 3 x 1-/

effective, and a small performance backoff may yield

significant dollar savings.

Without dynamics and vibration, the accuracies are

much better (10:1+). A static GPS Manpack receiver Figure 18. MIL-Parts With Large

can resolve a range of 2 meters and a change of posi- Commercial Base

tion of 0.02 meters (2 cm) on a 10,000 mile orbit

satellite.
The future of GPS receivers not only lies in the Phase

Figure 17 shows how various quality oscillators would II, Phase III U.S. Military product but in the foreign

affect a commercial GPS receiver with Li and C/A code military, industrial-military, handheld, missile,

only. The C/A code and a commercial GPS receiver in a space and commercial markets (civil, land, sea, air)

relatively benign vibration environment can give as shown in Figure 19. The projected quantities are

respectable results with lower quality performance in the 1000s to 10,000's for each of these for the

oscillator than required for the military Phase II next 20 years.
P-code type receivers. Figure 20 shows a wish list of oscillator specs that

Figure 18 shows the product family of oscillators and appear to be required for future new GPS system appli-

some key specifications using various grades for cations over the next 5-15 years. Magnavox plans to

1 TO 10 SECOND
STABILITY AND C/A CODE C/A CODE

EQUIVALENT FREQUENCY OFFSET 20 MINUTE DRIFT POSITION ERROR* POSITION ERROR

APPROX. POSITION ERROR AND EQUIVALENT AND EQUIVALENT WITH GCOP = 6, WITH SIGNAL LOSS

CLOCK TYPE $ COST (METERSI TIMING ERROR TIMING ERROR 4SATELLITES I.E., 3 SATELLITES

XO 75 1X 10-
8 -30M 1 x 10-6 - 300 PSEC Ix 10-7 -1. SEC BDM 500M

TCXO 300 1 10-9-3M 1x 1D- - 120pSEC 5x 10 -9 0.1 sSEC 50M 300IM

HIGH DUALITY 1,000 5 X 10
- 12  

- 1 M 1 x 10- 8 - 15 SEC I1 x -110 
- 0.001 pSEC 30 M so M

OVENIZED X0

HIGH DUALITY
OVENIZED XO + 1,000 5 X 10-

12
- 1 M 0 0 30M 30M

CESIUM STO. + 40,000
0 LOCK LOOP 2,000

43,000

*THIS ERROR IS PRIMARILY DUE TO NATURE OF C/A CODE
,C/A = (10 M x GDOP)/MEASUREMENT FILTERING FACTOR

58.4 25136

Figure 17. Performance and Product Implications of Using C/A Code User Equipment
Clock During Poor GDOP or Loss of Signal
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PRODUCT MAIN DRIVERS TIME PRODUCT DESIGN

GPSo3/MIL HI PERF., LOW G-SENS., COST 1985- 1995 Figure 21 shows the general user equipment set con-
cept. The configuration is revised, as required, for

GPSo3/ MED PERF, COST 1985-1995 specific users. For example, most users do not require
SEMI-MIL the Flexible Modular Interface (FMI) unit or its asso-

MILITARY SMALL SIZE, POWER, MED-HI PERF. 1985-1995 ciated software because the basic host vehicle inter-

HANOHELD face circuits are incorporated inside the Receiver
Processor Unit (RPU). Therefore, host vehicle sensors

MISSILEand displays, if any, interface directly with the RPU

SPACE HIPERF. COST 1986-2000 in most vehicles. Also, some vehicles use their exist-

COMMERCIAL MED-LO PERF., COST 1988-2XXX ing control/display units in lieu of the GPS Control/
Indicator Unit (CIU) shown. Figure 22 shows the fam-
ily of Line Replaceable Units (LRUs) that satisfy this

set concept for the current field test vehicles. Other
set configurations of these same LRUs will address the

Figure 19. Future Oscillator Requirements hundreds of host vehicles to be fitted with CPS during
Phase III.

insert new technology into GPS receivers, such as a
smaller oscillator, to lower user cost and size of the Receiver/Processor Units (RPUs)
receiver, whenever practical.

By choosing between the three RPUs shown in Figure
The detailed oscillator requirements are called out in 23, the user can select a unit that has performance
the Magnavox Oscillator Specification. adequate for his needs without the cost burden of

WARM UP TIME 30 SEC

VIBRATION SENSITIVITY 1 x 10- 10/g

SHORT TERM (1 S) 5 x 10- 12

LONG TERM (24 H) 5 x 10-10

POWE R < 0.5 W

WEIGHT 4 OZ.

SIZE 0.5 - 2 IN3

684 3095

Figure 20. Requirements (Wish List)

ANTENAYRTEMSL

SOFTWARE SOFTWARE

ANTNNAPROCESSOR INDICATOR

ELECTRONICS UNIT a m a UNIT
(RPU) (CIU)

SFLEXIBLE

MODULAR HOST

INTERFACE VEHICLE
UNIT DISPLAY

(FMIU) SUBSYSTEMS

HOST VEHICLE FMIU

SENSOR SOFTWARE
SUBSYSTEMS

Figure 21. Generalized Block Diagram of a CPS User Equipment Set
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MEDIUM
R MO TABLE DYNAMICS INTERFACE UNIT

P T A TORS 
RECEIVER FOR SHIPS

HIGH ANTI JAM ANTENNA SHIP OR SUBMARNE HIGH
SUBSYSTEM CONSOLE DYNAMICS

AIECCIAER
N~AVY A 6

CONT
ROL

INDICATOR

i NIT

F RO AG f j MANPACg

MECTWMGND WC( MA I, V~. vH, F
PULSE PROTECTION ANTENNA POWER ( jT

FOR A!RCRAF T ADAPTER

CONTROL INDICATOR UNIT

1283 7022
101182 31

Figure 22. GPS User Equipment Family of LRUs.

RPU-1 RPU-2 RPU-3

" LESS THAN ONE 'G' a LESS THAN TWO 'G' 9 UP TO NINE 'G'

" LIGHTEST WEIGHT/ * BEST PERFORMANCE/ * MAXIMUM
SIZE COST RATIO PERFORMANCE

" UNAIDED * AIDED * AIDED

* SEQUENCES * TWO CHANNELS * SIMULTANEOUS
BETWEEN GIVE TWICE THE TRACK OF FOUR
SATELLITES MEASUREMENT CARRIERS
WITH RCVR RATE OF SINGLE WITH SEQUENTIAL
CHANNEL CHANNEL CODE TRACK ON

PAO FIFTH CHANNEL

Figuro 13. tejnamics, Reaction Time, Weight/Size, and Performance/Cost Establish Three Receiver Types

¢vj.eive performance. Thus, the manpack and land Common Modules
vehicle- lioer has a single-channel, low-cost, light-
weipht ,et, while higlh dynamics fighter, attack or Figure 24 shows the modular architecture of the RPUs.
;tr;iteglc air-raft have a five-channel set with atten- One of the attributes of Magnavox user equipment that
!art rnodeiato increases in cost and weight. The sub- has delighted service personnel involved in the field
marine user ;also requires a five-channel set, even tests is the easy interchangeability of circuit boards
though It is a low dynamic situation. The five-channel between units and between card slots within each unit.
st in the cas;e ot the S'N provides very fast acqui- During field tests, RF and baseband printed circuit
,oiti',r and fix tlme, a,; required to minimizr, exposure boards (there are five baseband modules in a 5-channel
of t e intenna ab,,ve the ocean's surface, set) have been lifted out of their slots and swapped
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MANPACKNEHICLE AIRBORNE/SHIP
SINGLE CHANNEL RECEIVER FIVE CHANNEL RECEIVER

I RPU-3 ]RF. .osc UT IN&~ "

SSSNTHESIR BASEBAND REF. OSC & 0 ER]

HLICOPTER/SHIPER/

DUAL CHANNEL RECEIVER

ANTENNA5SUBSSTE SYANTH EESIZR 2x-F

SBYTU-2 UPPER swCHNL BASEBAND

CODERERFACE 1LOWER IF,

484-2161

Figure 24. Modules are Interchangeable Between the Three Receivers

with similar boards from other slots in the same shows the location of the oscillator for RPU-1, 2, and

recever/processor, or from a different recever/ 3. This location was selected for low temperature

processor, and the unit has continued to operate with- rise and low vibration amplification.

out adjustment after the interchange. Once a circuit

board leaves the factory, it can be used in any of the Software Adaptation

3 receiver/processor units regardless of number of

channels, and without any "tweaking" between instal- The software for all vehicles that use a given class

lations. The same oscillator is used for all three of receiver processor unit (1, 2 or 5 channel) resides

RPUs. The Phase II oscillator is at 10.23 MHz, but 10 in that unit along with a table that defines the

MHz will also be considered for Phase III. This com- proper software and signal interface configuration for

monality among all RPUs has been designed with the each vehicle. This table is triggered to the appro-

user's reliability, maintainability, and logistics priate configuration for any given vehicle by jumper

concerns in mind. wires in one of the vehicle's interface plugs. Thus

units can be swapped between different vehicles and

Host Vehicle Interfaces between vehicles and maintenance centers without spe-

cial stocking or adjustments to match them to the

The electrical signal interfaces of thirty host vehic- unique host vehicle.

lea, from manpack to aircraft carrier, were analyzed

to establish an equipment architecture that would Integration With Other Sensors

readily adapt to each vehicle with the least number of

"black boxes." Thrty-eght unique signals were Three distinct navigation modes were developed to

identified of which 17 were analog and 21 were fully exploit the multitude and types of sensor data

digital. By allocating the circuitry necessary for available within the interfacing constraints imposed

these interfaces across ten plug-in circuit boards, by each host vehicle specified for GPS. The mode

the interface requirements for all thirty vehicles selection is microprocessor controlled by the host

were met. More significantly, 70% of all fve-channel vehicle identification code. Vehicles which have

requirements were met with only one of these circuit their sensors fully integrated with CPS allow calcula-

boards and 55% of all two-channel requirements were tion of a more accurate navigation solution. However,

met with another one of these circuit boards. As in the absence or failure of host sensors, sensor-

shown in Figure 25, these two interface boards are unaided operation (loose coupling) is automatically

built into their respective GPS receiver/processor selected. The three modes are as follows:

units, thus eliminating the need, in the case of most

host vehicles, for any extra black boxes or add-on 1. Acceleration Coupled: In this mode, which

modules for electrical interfacing. Currently, the provides the most accurate navigation per-

only vehicles that have required additional interface formance, the GPS set is fully integrated

units are those with special data processing added to with an INS, such that the IMU-provided

their normal interface requirements. These include acceleration data are used directly to

the Cruemian A-6E attack aircraft with its unique propagate the navigation states.

requirement for GPS controlled weapon delivery, and

surface ships and submarines which require special 60 2. Velocity Coupled: In this mode, the set is

Hertz synchro signals and processing for fault isola- integrated with an INS, doppler, or speed-

tion to the Shop-Replaceable-Unit (SRU). Figure 25 and-heading sensor, and the host vehicle
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RPU-1 REQUIRES 49098 I/0 CARD 1553 I/0 CARD
NO ADDITIONAL AND SUPPORT FIRMWARE AND SUPPORT FIRMWARE
I/O CARDS FOR RPU-2 FOR RPU-3

RPRPU-

OSCILLATOR
ONE CHANNEL TWO CHANNEL FIVE CHANNEL

LOW DYNAMICS MEDIUM DYNAMICS HIGH DYNAMICS FAST ACQUISITION

MANPACKS, TRUCKS, TANKS, HELICOPTERS, FIGHTER & ATTACK AIRCRAFT,
JEEPS, RIVERINE VEHICLES SURFACE SHIPS SUBMARINES AND

TRANSPORT & RECONNAISSANCE STRATEGIC AIRCRAFT
AIRCRAFT

100% OF 1 CHANNEL 55% OF 2 CHANNEL 70% OF 5 CHANNEL
REQUIREMENTS REQUIREMENTS REQUIREMENTS

UNIVERSAL ARINC-575, MIL-N-49098 1553 AND UNIVERSAL
INSTRUMENTATION AND UNIVERSAL INSTRUMENTATION PORT
PORT INSTRUMENTATION PORT

684-3124

Figure 5. The Majority of Host Vehicle Interfaces are Accommodated Without any Extra Interface Units

s isor velocity data is used directly to ACCELERATION VELOCITY LOOSE
pr)pagate the navigation states. When an USER TYPE COUPLING COUPLING COUPLING
T - is available, the best performance is

achieved by the previously mentioned MANPACK &
a celeration-coupled mode. However, since LAND VEHICLE
otiputs for acceleration data are not always
a ailable in certain host vehicles, it is HELICOPTER (UH-60)
F metimes necessary to employ the velocity ATTACK AIRCRAFT (A-E) y
c'upled mode.

FIGHTER AIRCRAFT (F-1) _1/
3. L ose coupling (unaided): In this mode,

h, st vehicle sensor data are not used for STRATEGIC BOMBER (B-52) ,,/
state propagation. The filter estimated SURFACESHIP(CV) V/
v locity (and acceleration for high-dynamicsI
. hicles) is/are used to propagate the navi- SUBMARINE
g tion states in a self-contained manner.
rst vehicle sensor data, If available, are
u ed as level-of-dynamics indicators and as Figure 26. Acceleration Coupling Provides
a ternate measurements by the Kalman Filter. the Most Accurate Performance of the Three

rthermore, host vehicle sensor data are Sensor Coupling Modes and is used in the
c librated during "good" GPS tracking to High-Dynamic Vehicles
fcilitate rapid reacquisit4 ,n in case of
signal loss. which it is mounted. A low-profile omnidirectional

antenna is available for moderate to high speed
Figure 26 shows the use of these three modes across aircraft.
the spectrum of IOT&E vehicles.

A single, seven element, low-profile, null steering
Antennas antenna is used for those applications from manpack to

supersonic fighters, where severe jamming is expected
The same omnidirectional antenna that is used in man- to be encountered. This use of common antenna designs
pack GPS sets is used for land vehicles, aircraft car- across many different vehicles (see Figure 27) is one
rier and helicopter installations and, indeed, in any of several system design features that contribute
Installation where aerodynamic drag is not a serious toward reduced life-cycle cost.
factor. This same antenna with a pressure-proof
radome is being delivered for submarine installations Adaptation To Shipboard Environment
of certain NATO forces. It has the attribute of an
excellent hemispherical reception pattern with rela- The GPS LRUs are fundamentally aircraft units designed
tive independence from the type of ground plane upon to MIL-E-5400 environmental requirements. However,
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2- PATTERN ANTENNAS PATTERN ANTENNA

Figure 27. Four GPS Antennas Satisfy all Operational Requirements

they are adapted to the severe shipboard environmental involving the GPS user equipment. The MCSG models the

requirements of MIL-E-16400, such as shipboard shock, combined effects of control segment functions, space

vibration and hammer blow, by mounting within protec- segment functions, host vehicle characteristics, mis-

tive console units as shown in Figure 28. These con- sion dynamics and environments. The MCSG also pro-
soles also provide intra-system wiring harnesses and vides the repeatability necessary for effective test-

accommodate additional Navy requirements, such as 60 ing and training. From data recorded during a simula-

Hz power, thermal protection, battle-short switches, tion, the MCSG is capable of producing system perform-

and master/slave controls and indicators. The master/ ance and mission evaluation data. The MCSG is cur-

slave modes allow operation of a single set from two rently being used in the design and evaluation of the

remotely located Control/Indicator Units (CIUs). GPS user equipment being built as a part of Phase lIb

(see Figure 29). Each of the six WFG transmitters
The previously mentioned automatic software recon- simulates the GPS satellite and can be driven from its

figuration includes lockout of airborne displays and own oscillator or each can be phase-locked together

functions, such as true airspeed and vertical navi- and driven from a GPS cesium standard at 5.115 or

gation, and substitutes shipboard functions with 10.23 MHz for improved long term stability.

appropriate nomenclature such as speed-thru-the-water

and sea and set drift. Set Maintenance

GPS System Simulator Magnavox has designed and built a field support test
set which detects and isolates faults to a Shop

Magnavox has designed and constructed several sets of Replaceable Unit (SRU) for all line replaceable units

GPS system simulators called the Multiple Channel (LRUs) including RPU-1, RPU-2, RPU-3, CIU and FMIU's.

Signal Generator (MCSG). The MCSG generates six This equipment was designed to meet the military

independent GPS RF signals from a GPS Waveform Gener- intermediate maintenance requirements during the Phase

ator (WFG) and host vehicle data link signals which II testing of the user equipment and is known as the
simulate anticipated operational missions scenarios Intermediate Maintenance and Test Set (IMTS). its

" SHIPBOARD SHOCK, VIBRATION

" HAMMERBLOW TEST LOCAL &
REMOTE

* OVERHEAD MOUNTING OR BENCH ClU

MOUNTING CONFIG-
URATION

* 60 HERTZ POWER

* NO EXTERNAL NIGHT ILLUMINATION "-
SOURCE

* MIL-E-16400 TEMPERATURE AND OLS

CIRCUIT PROTECTIVE DEVICES

* SHIPBOARD NOMENCLATURE
FMJ

" DUAL CIU OPERATION MASTER

" MASTER/SLAVE OPERATION CONSOLE
U NIT

" SEPARATE WAYPOINTS FOR EACH CIU

684.3102

Figure 28. LRUs Adapt to Sea Environment Through Use of Shipboard Housings

355



Figure 29. GPS Multi Channel Signal Generator (MCSC)

ruggedized construction, portability, ease of opera- overall capability at modest cost without affecting
tion and functional capabilities will enable its use existing or future host vehicle installations. The
in a variety of circumstance, from routine flight line Magnavox CPS user equipment is pre-planned for future
check-out to maintenance support for remote base oper- improvements and is configured to capture the inevi-
ations. The IMTS can be operated from a 115 VAC power table benefits of the improving technology inherent
source, or from an internal battery. This equipment to LSI, VLSI and beyond (see example in Figure 31).
is currently in use at Magnavox Torrance, California Product reliability and overall performance will
and at several of the field test sites (see Figure improve with each technology insertion and lower
30). The oscillator in the IMTS can be used to teSL overall life-cycle cot will prevail as older sets
the oscillator in the CPS Phase III user equipment or are upgraded through P I (see example in Figure 32).
to transfer frequency from a cesium to the user
receiver via the IMTS. The P I ground rules which will be applied to CPS

Phase III are quite simple:
Pre-Planned Product Improvement (P

3
1) 1. Freeze the basic hardware and software

The Magnavox GPS user equipment was designed from the architecture at the beginning of Phase III.

outset for insertion of new hardware technology as it 2. Rigidly maintain two-way interchangeability
evolves, without the need for major redesign with each at the SRU or Shop-Replaceable-Unit (e.g.,

insertion. Printed Circuit Board), and the LRU or Line-
3 Replaceable-Unit, (e.g., Black Box).An aggressive but disciplined p31 program, with pro- 3. Test new, technology inserted, SRUs for

gressive technology insertions, will reverse the nor-

mal trend of increasing cost of subsequent production two-way transparency before delivery into

buys of military electronic equipment. This decreasing any existing or new LRUs.

cost will come in spite of factors that tend to add 4. Control Form/Fit/Function at the LRU/SRU
cost, such as inflation, or component obsolescence, level to ensure that the last product
Furthermore, if the pre-planning is properly carried delivered is compatible with the first
out, past and future deliveries can be improved in product delivered.

190

31M41

N3 17U

Figure 30. Intermediate Maintenance and Test Set (IMTS)
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Figure 31. Technology Trends
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44 CPU/MEM EXAMPLE
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INTERFACE

284 990

Figure 32. System Architecture & Software Remain Constant While Unit Production
Cost Comes Down Through Technology Insertion
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5. Insert new technology only when economically collect new ephemerides while the helicopter is sta-
justified. tionary near a surveyed bench mark. At 1330, the

helicopter takes off and proceeds to the first of two
Transparency Verification waypoints that are 15 kilometers apart. Four minutes

are lost from the plot (1330 to 1334) between take-off
P
3 
1 implementation can be self-defeating without a and laser-tracker acquisition. The remainder of the

rigorous test program to verify the forward and bach- plot shows the accuracy performance as the helicopter
ward compatibility of technology insertion. Under P I flies back and forth between the two waypoints. The
ground rules technology insertion should be imple- error peaks on the plots coincide with the turns at
mented only if it proves totally transparent to the the waypoints. The CPS set under test has software
various platform and user applications, improvements incorporated to eliminate the previously

mentioned bias error and to perform ionospheric cor-
Progressive tests for transparency are performed rection. In Figures 35 and 36, it can be seen that
starting with parts quality and environmental tests at it was a good day for the GPS set, but not one of the
the module level. Such tests are followed by func- space segment's better days. In any case, this unaided
tional verification tests in a laboratory simulation set demonstrated errors which were typically less than
of full environment requirements to include SRU 5 meters from ground truth. In a later test that day,
acceptance tests, regression tests compared to the the set was flown with doppler aiding (not shown).
pre-established baseline, and maintainability tests to The set performance was essentially the same as shown
ensure the integrity of test sets and IMTS, and the in Figure 35 except that the error peaks in turns were
integrity of operational maintenance procedures, eliminated. These tests include the effect.s of the
Finally, testing is done in the field with in-place oscillator stability during vibration.
resources as well as with user platforms to verify
that the new modules do not affect equipment perform- Test results in other vehicles are still anecdotal in
ance in the actual environment and that operator nature. For example, the aircraft carrier navigator
interaction and equipment interfaces have not changed. began to use the GPS derived position data in his

hourly log instead of the multi-sensor data he nor-
FIELD TEST RESULTS mally used. This happened after it was discovered

through crosssensor checking and radar measurements
The field test program is being conducted using the that the CPS accuracy was better than that of the
C-141 and K-35 platforms exclusively for DT&E testing, system planned for measuring GPS accuracy performance.
while the remaining host vehicles (manpack, M-60 tank, Army helicopter pilots for a period of time, routinely
CV aircraft carrier, UH-60 helicopter, F-16 fighter flew IFR cross-country missions in the New Jersey area
aircraft, B-52 bomber, A-6E fighter/attack aircraft using a Magnavox two-channel set to drive the pilot's
and SSN submarine) are used for both DT&E and IOT&E flight director indicators. The GPS equipment has
activities. Thus far, tests on Magnavox GPS sets have typically guided the aircraft to within a few meters
been conducted in the C-141, M-35, manpack, M-60, of enroute checkpoints, including nap-of-the-earth
UH-60, and CV-63. flights where VOR signals drop out, and during flights

through very heavy rain and low visibility.

Testing to date has concentrated on host vehicle inte-
gration confirmation and on set performance verifica- Acquisition Time
tion in such areas as static/dynamic navigation accu-
racy, acquisition/reacquisition scenarios, jamming As shown in Figure 37, initial acquisition times under
performance, antenna pattern verification, and human dynamic conditions are consistently below the 5.5 min-
factors. Magnavox sets have demonstrated compatibil- ute specification limit. Field tests of a single chan-
ity with the host vehicle interfaces to the extent nel set in the M-35 truck resulted in a mean time of 4
that testing on the t-60, CV-63, and M4-60 have been minutes 26 seconds with standard deviation of 36 sec-
carried out on the actual platforms. The preliminary onds. The minimum acquisition time from a cold start
test results are reported in the following paragraphs. was 3 minutes 27 seconds with a maximum of 5 minutes

Accuracy 31 seconds. Ninety percent of initial acquisitions
occurred within 5 minutes 15 seconds of start. Simi-
lar results have been obtained, but not yet formally

Initial testing in the C-141 during February 1983 lrrslshv enotiebtntytfral
Iniialtetin i th C141durngFebuay 183 documented, in two-channel helicopter and aircraft

revealed both random and bias errors in the Magnavox carrie iels.

equipment. By June, the random errors had been reduced carrier sets.

within the specified limit for the system, and by Jamming Performance
November 1983, the bias error was successfully iso-

lated and eliminated. Figure 33 shows one of the
early tests of a two-channel set at Yuma Proving Tests were conducted on the C-141 aircraft, alter-
Grounds before the bias error had been eliminated and nately using a Controlled Reception Pattern Antenna
also before ionospheric correction of the satellite (CRPA) and a Fixed Reception Pattern Antenna (FRPA).
signals had been incorporated. At the start of this The aircraft was flown on a descending path directly
plot, all four satellites are acquired while the host over a field of jamming transmitters, while making
vehicle (M-35 truck) is moving at approximately 15 banking maneuvers to expose the GPS antenna to direct
MPH. At 0244 hours, the truck comes to rest and jammer radiation.
the remainder of the plot shows static performance.
Figure 34 shows the "ground truth" errors that pre- Closest encounter was approximately 1500 feet. While
vailed during this test. Ground truth is that part of the measured performance data are classified, we can
the position bias error due to the space segment. state that the Magnavox equipment exceeded the specif-
Ground truth information is obtained from a calibrated ication requirements for maintaining signal lock by
GPS receiver located on a surveyed bench mark in the several dB of jammer-to-signal ratio. The null-
immediate vicinity of the test range, steering antenna (CRPA) with its Antenna Control Unit

(ACU) successfully nulled several jammers simultane-
Figure 35 shows a recent test (January 1984) of the ously. When jammers were able to cause break of lock
two-channel set In a UH-60 helicopter. Figure 36 on the CRPA or FRPA equipped sets, the satellite sig-
shows the ground truth plot for this test. As the nals were reacquired within seconds after the aircraft
test begins, the set is relnitialized and commanded to banked away from the successful jammer's antenna beam.
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Figure 33. Position Error Plots, 2-Channel OPS Set on Ml-35 Truck.
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Figure 34. Ground Truth (Satellite Induced Error) Plot During Test
of 2-Channel GPS Set on M-35 Truck
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Figure 36. Ground Truth (Satellite Induced Error) Plot During Test of

2-Channel GPS Set in UH-60 Helicopter

- SPECIFICATION LIMIT pilots exhibit an overwhelming preference for the new
5.5 MINUTES FROM START GPS equipment over the older on-board navigation sys-
FOR 90% OF STARTS tems. Military personnel have demonstrated rapid

2 1 learning times after first exposure to the equipment.2 IE3 I4FI(IU 7)Soldiers have become proficient in the use of MagnavoxTIME TO FIRST FIX (MINUTES) Manpack/Vehicular equipment with one or two hours of

coaching by field engineers.
MEAN: 4'26"

STANDARODEVIATION 0'36" Army helicopter pilots, already trained and accustomed

MINIMUM 3'27" to the control/display unit of their AN/ASN-128 Dop-
MAXIMUM 5'31" pler Radar, have little difficulty transitioning to

the GPS control/display, which fits in the same loca-
90%OFTESTS <5'15" tion and uses the same sunlight-readable incandescent

displays as the doppler's original control/display
unit. In addition to physical compatibility, the GPS
equipment expands the helicopters' navigation capabil-

Figure 37. Time to First Fix, Distribution ity from a 10-waypoint, 2-dimensional, dead-reckoning
of Field Test Results, Single Channel Set area navigator, to a 200-waypoint, 3-dimensional,

position fixing area navigation system. All of the
Environmental Performance original capability of the doppler is retained,

including the doppler itself as an aiding and back-up
Vibration conditions on board the UH-60 helicopter and navigation sensor.
M-60 tank caused initial problems of a non-structural
nature which were quickly resolved. For the most part Similarly, shipboard personnel already trained and
these problems have not reoccurred. However, an accustomed to Transit, Lorai, and Omega/VLF systems,
Instrumentation Buffer Box (IBB) and a Digital Tape find the Magnavox GPS equipment easier to use and pre-
Recorder (DTR), located on the floor of the M-60 tank fer its large incandescent displays over the CRT dis-
turret, encountered a particularly severe shock and plays of some of the older equipment, for across-the-
vibration problem. While both the IBB and the DTR are room viewing in the chart room and for viewing in sun-
for instrumentation purposes during the DT&E and IOT&E light conditions on the bridge.
phases of the program and are not intended for actual
operational use, it is Imperative that they be able to The Magnavox approach to human engineering for the
survive and adequately perform within the environ- military user is based on the assumption that his mind
mental conditions which will be experienced throughout is occupied by more important duties than supervising
the test program. Combining minor internal modifica- the operation of a navigation system. Accordingly, a
tions with a substantial improvement to the shock and simple command approach to control and data access is
vibration isolation design resolved these problems. used in lieu of the more complex teaching machine,
Successful testing in the M-60 tank is now underway. interactive, menu-driven, double-function-keyboard
rhe CPS test facilities on-board CV-63 (the Kitty approaches. Using the Control/Indicator Unit (CIU)
Hawk) are being transferred to CV-64 (the Constella- shown in Figure 38, soldiers simply turn a rotary
tion). As a part of this move, the Controlled Recep- switch to one of twelve positions to select logical
tion Pattern Antenna (CRPA) and Antenna Control Unit pairs of data, such as latitude/longitude, range/bear-
(ACU) were removed from the mast. Detailed examind- ing, etc. Sailors and airmen have no difficulty in
tion of the removed units revealed that sea air cor- accessing :ver fifty different parameters for display
rosion had advanced more rapidly than expected. Anal- by simply pressing one of seven data category buttons
ysis of each unit is underway and resolution of this until they see the data thley want. For example, all
problem is expected before the nrxt sea air exposed three vectors of the classical navigator's wind tri-
installation is carried out. angle are available with three presses of the VELOCITY

button.
Human Engineering

Similarly, data in the categories of POSITION, TIME,
Reports from the field have been generally favorable. MISSION, VERTICAL NAVIGATION, AREA NAVIGATION and
Soldiers, shipboard personnel and Army helicopter STATUS are rapidly accessed. Off-nominal conditions,
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A TIME AND FREQUENCY REFERENCE SYSTEM
FOR THE TACAMO AIRCRAFT

T.C. Jewell and J. D. Geist

Frequency and Time Systems, Inc.

Beverly, MA

Summary TACAMO - an acronym for "take charge and move

out" - consists of a squadron of C-130's and
The Navy's Tacamo program employs a time and associated communications equipment. One aircraft can

frequency reference system consisting of two identical be airborne at all times, ready to relay the emergency
crystal standards -- each capable of fifty hours of action message (FAE) to the submarine fleet. The
battery operation -- and a satellite time reference Tacamo aircraft is a communications center whose
capable of receiving UTC from the Navy Navigational function is to receive the RAM via UHF, HF, or VLF
Satellite System (NNSS). The latter instrument from a ground, airborne, or satellite source and
contains an integral rubidium frequency standard for retransmit it via VLF to the submarine fleet.
calibration purposes. In use, such a system allows a Transmission of the RAM requires an accurate time and
triple redundancy in the timing signals necessary for frequency reference. This requirement has been met by
the operation of the Tacamo System, and additionally Frequency and Time Systems (FTS) through its develop-
allows the crystal standards to be battery operated ment of a time and frequency reference system for the
(which gives protection against nuclear electromag- Tacamo program.

netic pulse damage). In case of loss of the NNSS
signal the system not only remains functional using Tacamo Message Transmission
the crystal clocks but in addition, one of the crystal
clocks can be used to obtain time at a ground ility Efficient wide-area radiation from a VLF antenna
through its use as a portable clock with fifty icur of course requires an antenna whose dimensions are
battery operation. This paper describes the design large compared with aircraft dimensions. This is
and function of the Tacamo Survivable Time System. accomplished in the C-13O by trailing a wire of about

six miles in length and continously flying the
-he Satellite Time Reference is a multiplie aircraft in a small circle so as to form the antenna

function rack mountable instrument that provides UTC into a rough helix. Because of the short depth of
through recertion of the fiducial time mark broadcast penetration of VLF as compared to LF, the receiving
by the NNF'S satellite constellation. The STR displays submarine is required to trail an antenna of its own,
time of day and provides a serial time code output, some two thousand feet in length. The submarine can
both derived from an internal i pps which is derived stay submerged at some depth, but the trailing end of
in turn from the 5 MHz provided by the STR's rubidium the antenna must be within about thirty feet of the
standard. A number of other functions are available, surface for reception.
These include the capacity to compare external time
and frequency sources to each other and to the Time System Configuration
internal oscillator. The major functions of the
instrument are performed using a 6802 microprocessor. The time and frequency reference system on board
7ITC can be acquired and maintained to within the aircraft is configured to be triply redundant.
approximately 30 microseconds. The system consists of three instruments - two

identical Frequency Standards (FS) and one Satellite
The Frequency Standard is also a multiple Time Reference (STR). Each FS contains a quartz

function rack mounted instrument; it employs as its oscillator - the FTS 9105 - whose aging is better than
internal reference a version of the FT! 9000 five parts in 10(1 per day. The STR is a
oscillator qhich features stab$ity in the 0-  satellite receiver whose function is to receive data
range and aging of parts in 10 per day. The from the Transit satellite system, adjust it for
instrument displays time of day and is capable both of range, and correct the instrument's internal clock.
synchronizing its clock output to an external signal Roth devices - the FS and the STR - make available a
and of advancing its i pps output using front panel variety of digital and sinusoidal signals for use by
controls. Internally, the instrument contains clock aircraft systems.
buffers and time circuitry as well as automatic switch
over capability to protect against loss of its Aircraft use occurs in the Tacamo system
internal or external frequency reference signals. In according to a specific deployment cycle, and the time
addition, it contains batteries and a multifunction system has been designed to fit within the constraints
Tower supply capable of oneration from various power of that cycle. One cycle consists of seven missions
sources. of ten hours each, with a fifty hour layover between

missions. The frequency standards are required to be
Introduction portable and to operate on battery power when

necessary. The STR remains fixed on the aircraft.
chere exist various methols which have been During each layover period, One FS is housed in a

proposed to satisfy the Navy's need to communicate ground facility; at the beginning of a mission, it is
with its iubmarines w they are underwater. Among updated with UTC ant brought to the aircraft. With
these are the FLF sys" , whose major drawback is that aircraft engines on, primary power is now available
it cannot be implemented as a hardened system without for the STR which now has time transferred to it from
the possibility of major environmental impact; a sys- the FS that has just been carried on board. The
t-r involving the uso of laser in the blue-green remaining FS may also receive a time update.
range mounted on a satellite; and the method to be
dliscussed in this paper - th' V[F TACACMO survivable During a mission, satellite time updates are from time
system.. to time available through the STR. When this occurs,
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the orerator has the option to transfer tine from the The STR needs positional information to calculate
72 to the 

t
wo frecuency standards. AT the end of a slant range; this is provided by the aircraft INS in

,isi-cn, aireraft power is shut down, one PP is standard ARINC data format. Front panel indicators
removeA ~from *he aircraft: the remain~ng PS runs on provide information about this and other functions;

etery Lower for the length of the layover period. addtional indicators show fault status of various

monitored internal assemblies and functions.
Transit

The Freouency Standard

-ra. '- more formally, the Navy Navigtion Satellite

- is a conste!'ation of five satellites The FS (block diagram: Figure 2) is a multiple
r n -rar orcits of a radius of about 4021) function, multiple output instrument using the 7.s
ch satell te concicously transmits time and 9105 oscillator as its internal reference. The

er'e r- !aca. avii-ational use of the system instrument displays time-of-day derived from its i pps
io esesae rec'tion from one satellite and output, and is capable both of synchronizing its I pps

ccf n...a.rc on the time and output to an external I ops and of advancing its pps
-!rtllite rostion dats the satellite has itself output using front panel controls.

r e . . 'emeris data Leiv se'' lli te nosi;tion

within f; m time iota r-ives time to within Provided are a total of six sinusoidal outputs.
r,3 x .7t- s. Tn navigstion; use, two or more Four are 5 MHz; the other two are I MHz and 10C kHz.

-,- os ro the same satellite are used to Six pulse outputs are provided; there are three ippm
nr:it, a hpnge in satellite slant range. Using an outputs, two I pps outputs, and a time code output.

at!-sion me nod, eoveral ranoe chances are The time code is a 24 bit serial SfC word.
zsei t4ietermrine - fi)x.

The internal 5 MHz crystal oscillator normally
7e information is trn-i' ted b..hesellite Provides the reference for the instrument, but an

of a "fiducial time mark" which occurs external 5 Ylz source can be switched in from the
4nte course of a satellite mass. front panel. 'pon the loss of this source, the

* : .h '' '- '. !c-atioc can he used to compute instrument automatically switches back to the internal
c lelac hetweon the satellite and the reference.
s, in- "is is r fact the principle of
e '-'' Calculation of rosition in not The front canel time-of-day display is settable

. e ,m is presently realized; via pushbuttons and a thunbwheel switch. The time
n 4in, =r, -d n ci!. b- entered automatically via code output provides the time shown by the time of day
ink " te airraft inertial navigation system, display. A set of thumbwheel switches allows the I
r ot can entered manull:., from the front pps to be advanced, in I us increments, from 0 to

999, 999 's. Additionally, a front panel jack is
mrovided to allow synchronization of the internal

'e atellite Time Peferencp I pps to an external i pps. The time of day display
and time code output both move forward to agree with

- e primarv nurnose of the STR (block diagram: the I pps output after it has been advanced or
in to deliver tNN S-derived TC to the user synchronized.

'/, a ' ti'e code output and a pps output.
Tere i front canel time-of-day display, various "'he FS is capable of operation from a variety of

a"'-' "e-e"'r-' outnuts, and a variety of additional power sources, and the instrument automatically varies
f"no''""s controlled through front ranel switches. its use of power, dropping or adding non-essential

m truts include rps, i ppm, and the time functions, depending on the power source. Power
coIe. Trce in also a F ,z sinusoid output. The source selection is automatic - upon loss of AC power,

' rei;encv reference is an internal rubidium external DC power will be switched on; if neither
'tandiard, although it is possible to switch to an external PC or AC are available, the internal battery
ezter' 'INz reference. Automatic reference will take over. Battery capacity exceeds 75 hours at

4wi cover is provided to prevent loss of time due to 25"C. The internal battery is recharged automatically
"" ref-recnce . if external AC or DC power in available.

,r. :ie, time in kent by a microsecond clock Conclusion
Ir i;nh th, 5 MIz reference. The microsecond clock
cr 'i th" I ppm and in read when necessary by the The Tacemo time reference system makes available

r'.4 rocr,:cesor, a (DC?. After satellite message 5 MHz, i pps, and time code from each of the three
rece,tien and avernrir of "everal satellite instruments for use by aircraft systems. Because of

ntactc'. , '2'"' nicroprocessor ,'ake9 a decision about the strategy of powering one frequency standard on
data vali~ " ,'asj on the statistical distribution of batteries while on ground, the system is rendered
r~ct ':4-' crretion-. The oceratar is then alerted resistant to power-line PMP transients. The system

a recticr. han been calculated, and can at his has been designed to allow time to be transferred back
t '2-c a<"w th" micru;rccesoor to correct tte and forth between all instruments: failure of as many

as two instruments will destroy its time-keeping
effectiveness. It can be seen, then, that the Tacamo".11%toa functions o: the 273' include time and frequency reference system has been designed

'as .r,,an* 'f 'cc" and frequency difference. Tine for flexibility and reliability, and will find

ii ff'err, e I"tdeen the instrument'a internal I Tps and applications outside of its original purpose as a
an, .-trn, ] ;a :an he measu red to within I1. timekeeper for the Tacamo aircraft.
'rei, -cY.! i neroce t."tween the internal rubidium

an!',cr 'ad an external U !Iz source lan be measred
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NEW APPROACH OF FAST WARM UP FOR CRYSTAL RESONATORS AND OSCILLATORS

J.P. Valen-in, M.D. DLcailliot and R.J. Besson

Ecole Nationale Sup~rieure de M~canique et des Microtechniques

La Bouloie, Route de Gray, 25030 Besangon C~dex, France.

Summary for crystal behaviour when the resonator is submitted

to temperature variation (this includes warm-up).

In fact, for proper use of this advance, a model

inis paper thermal exchanges in resonators for temperature and temperature gradient repartition

ar' first considered from a general -4int of view. in the very crystal material is needed. Until

now, the model used was the model introduced by

Incernal heating of B.V.A. type quartz resonators R. Holland ' in 1974. This model consists in

c an be used im conjunction with regular heating an infinite plane plate exchanging thermal energy

inside an oven. Internal heating takes advantage with outside world through the two limiting planes.

of high vibration levels (typically I to 60 mw) Acoustic energy is considered as uniform throughout

and happens inside the very bulk material : as the plate. The only thermal gradient supposed

a result thermal gradients are fairly low. In addition to appear is parallel to the plate thickness.

warm-up time can b- reduced and the oven design A new model taking into account energy trapping

can be sonewhat simplified. It turns out that the and radial dimpnsions of resonator has recently

frequency overshoot, usually observed during warm-up, been proposed ' . This model shows evidence of

disappears. Warm-up time finally depends almost a radial thermal gradient which turns out to be

only or, the oven characteristics. Internal heating important since the thickness thermal gradient

is also very interesting if a resonator highly can be usually ignored in a first order approximation.

isolated thermally is used. Then the resonator Using this new model a theoretical understanding

allows thc use of very poor ovens, leading to size of crystal dynamicab behaviour is proposed elsewhere

and cost reductin. in these proceedings .

Heating caused by dielectric losses, in every In this paper, the main results leading to

niccopic volune of the bulk material, under a radial thermal gradient model are presented
effect of microwave electric field, can also be and discussed. As a consequence, thermal conduction

used for fast warm ip applications, through electrodes can usually be ignored. Thermal

energy location is taken into account, the resonator

A new type of crystal has been designed which beeing considered as a Fabry-Perot acoustical

includes a B..A. type regular crystal installed interferometer. Thermal energy provided by acoustical

in a quartz reentrant high Q cavity. The high Q energy degeneration inside the very vibrating

of the cavity acts like a multiplier of electric crystal is calculated (it is very close to electrical
field. In the paper, the total device is described energy applied to electrodes). This enexq can

(basic type is a 5 MHo: miniature unit using a 3.6 be used for internal heating of crystal ' and
SHz microwave field) and different possible solutions consequently can be used to reduce warm-up time.

are reviewed. Electrical characteristics are given Only this last aspect is considered here. Then

for the microwave oven and source. This new type a new type of crystal including a B.V.A. type

of crystal unit allows very fast warm-up characteris- regular crystal installed in a quartz reentrant

tics and, at the same tir;e, drastically minimizes high Q cavity will be presented.

tnoermaI gradients. Under certain conditions, the

varatiron of temperature with time can be made

very animar for quartz and electrodes materials. Calculation of various thermal conductances

As a result an excellent therma' balance is obtained

for the unit.

Traditional resonators

Experimental results on laboratory fast warm-up

unis are given, yielding wart-up times versus Heat transfer occurs by conduction through
nicrowa' e power and various characteristics including residual gas and solid material. It also occurs

frequer,cy behavio)ur Ind overshoot reduction. Warm-up via radiation. Gaseous condtition can always

'im!o rn the order .f ]i"Y s can be achieved with be ignored in ordinary resonators

,microwave powers in th order -f 2"13 mw. Two modes
o~f operat )on an' described.

Solid conduction. It occurs through electrodes

As a conclusion, potential alvaintages obtained and fixations and through the quartz material

wt: ,n'or a 1A y hela ed units or mirr,,wave fast itself. The first conducti n usually corresponds

wir- p ryatals are discussed, to less thar 0.5 % of the conduction through

quartz itself (see Fig. 1).

1 NTP(ODJCT I ON . Conduction due to radiation processes.

Ref 8 shows that, provided temperature difference
An i mport rant advance has been accomplished between quartz and crystal enclosure is small,

in in lerstandirg of dynamic thermal phenomena with thermal conductance is given by

in
t 

rod.t
t 

norn of a phnomenolojical dynamic coefficient 4£ F 0 T
3

by -lot , and '1mg . This coefficient is evaluated - 0 i A

sr'parateiy f, each crystal design and accounts Ed1 - (1 - e)( - E ) (1)

q 2e
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where Ee and E are the emissive factors of crystal energy density may be considered as constant along
eq

enclosure and quartz body, a is the STEFAN's constant, thickness (at least as a first approximation).

S and Sq the surfaces of enclosure and crystal, Thermal energy

and T the temperature of the crystal.

For example, let us consider a glass or ceramic The electrical power P applied via crystal

enclosure surrounding a resonator 15 mm in diameter, electrodes is dissipated :

electrodes beeing 10 mm in diameter and temperature - by Joule effect in crystal and connections (P

beeing 350 K. We obtain :1

- between electrodes and enclosure : Y = 5.8 10-5WK - - by dielectric losses in piezoelectric medium (P2

r - by electromagnetic radiation (P3

- between crystal and enclosure : Yr - 1.7 10 WK - by internal viscosity (P4)

Obviously, P and P4 are dissipated inside
It turns out that radiation exchanges through the bulk crystal medium. Orders of magnitude can

electrodes are relatively very small, readily be obtained :

- Joule effect can be ignored in crystal

Comparison of exchanges through different

processes. Fixations conguctance of a 5KHz _T but not in connecting wires. Hence 10

or SC crystal is usually close to 2.2 10- WK . P

I. that case, exchanges occur roughly for 50% - depends on the quantity R C tg where

through fixations and for 50 % via radiation processes

(see Fig. 3). R is the motionnal resistance and C the static

capacitance of crystal. For regular units
° 

F ranges
In the particular case of golden enclosures -6 -3

radiation conductances are dividied by 10. Radiation from 10 at 5 MHz to 10 at 500 MHz.

exchanges only represent 5 % of total thermal P

exchanges. - - turns out to practically equal-- (from
P4 P,

5 MHz to 500 MHz).
B.V.A.2 Resonators

1 0  
- P4 turns out to almost equal P (with a

B.V.A.2 is the most usual B.V.A. design 10 approximation) in usual frequency ranges.
Electrodes are deposited onto quartz disks on

each side of the vibrating crystal. Distance between
electrode and crystal is in the order of 10 3. m. Finally, thermal power dissipated in crystal

is extremely close to electrical applied power

Solid conduction. It goes through 3 quariz Po"

bridges and typical conduction is 4.2 10 WK -. In conclusion, an internal heat source of

Conduction by radiation processes. Due radius r (Fig. 5) located under electrodes delivering

to the symmetry of Eq (1) the result is identical the thermal power P can be considered as a first

to the result obtained for a classical design. approximation. Heat °flux flows to fixations (Fig.
7). In the electrode zone thermal gradient is

Comparison of various exchanges. On Fig. radial and does not include a component along
thickness. In the ares external to electrodes,

4 the various contributions to thermal exchanges due to t presse teral gradientrdes

are summarized. due to radiation processes, thermal gradient does

include a thickness component. Hence the main

vibrating zone (radius r /'2) only shows a radial0
thermal gradient.

Energy location

Internal Heating
Vibrationnal energy

A plano-convex quartz resonator can be compard Electrodeless B.V.A. type resonators stand

to a spherical Fabry-Perot optical interferometer very high vibration levels without important degrada-

When an overtone (n, o, o) operation is considered, tion of aging (exemple a 5 MHz fifth overtone

acoustical energy is located in the central area crystal drien at 2.8 mw yields typical aging

according to a gaussian law of 3.5 10 /day). Traditionnal WARNER'S technique

2 electroded resonators are always driven much lower
- r(in the microwatt range) : as a consequence, internal

r thermal energy available is negligible. This is

qkr) - e no more the case with B.V.A. electrodsless resonators

Fig. 5 shows a vibration equivalent in energy driven at power levels more than 10 larger. Then,

but exhibiting a constant energy _U on a circle thermal energy interaly available can be used

of radius r . Usually r is one third of the radius for warm-up purposes . Two different types of

of the total
0
resonator. o application are now discussed.

A - Obtaining turn-over point via Internal heating
In fact vibrations in the crystal cause thermal

sources to appear inside the bulk material. Those
heatsoucescorespnd o vbraionmods (ig.In 1979, we discussed a highly isolated electro-heat sources correspond to vibration modes (Fig. deless resonator and showed that the drive level

6 shows - tnird overtone repartition). Since thickness ded o resonto a shwe that the rea le
sosneeded to Keep it at turn over was reasonable.

of resonator is small compared to other dimensions,
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~t, .rs> hiotly isoL.teJ resonators are laboratory crystal in conjonction with internal heating.
unit'> I te u xpe:, 11at do not stand high Experiments are still carried on but p" liminary
Vi-', e S. results show warm-up time reduction from 37 minutes

down to 25 minutes.
S :e o: t rs of the classisa . V.A.

S i g , W i 1e 1 osi wt y a few changes Reduction in size of B.V.A. electrodeless units
r 1. _n, u aterial w built.
C i .. c c o 2 SC, 1D 3New H MHz B.V.A. crystals have beer, designed.

IrysI t 17 C 0 i cci of :'he crystal he total diameter of crystal (external ring
A o mino--{ tioe onstant. :he crystal included) is 13.2 mm. Then, ordinary 5 MHz resonator
• ̂ s sr',>y ,i~-ed tic e,,,:r .. urn. over (-.o'C) enclosures can be used. This reduction in size

-)or, only by internal proved to be extremely helpfull.
t2 t V 1 C ,,: s si i ov -r;. The oven 'as

:-p icmJ my , :..xtrr.,3 a s-illaror delivering First, using AT cuts crystal, it ws possible
v.iy e worm--ptir. osi - to reach the frequency within 3 10 after 9

Osloosdesigni- minutes starting from ambient temperature and

after 11 minutes starting from -40'C. A simplified
oven was used for this preliminary experiment
and the oven wiring was directly in contact with

-5=.; on of w-rm-u. time via internal hleatine the crystal can.

e ,r of war-p time is an extremely Since the former result is interesting
Jifft. - pI !ha--mpe. ,.e experienced several steps small SC cut electrodeless crystals have also

rezuction -lways using SC cut electrodeless been designed. It is planned to use them in conjunc-
.rsomitors. .,b a first step ordinary (large) tion with internal heating. Warm-up times in

*. .A. -rys ths were used, then internal heating the order of 3 minutes are expected (starting
, n t 1i r,,f - rt f r iu, t ion in size from ambient).

rf .i ts was used. "Yuch work is still
o Jn- b yt interesting indicaticns can

Crdy se WLven. TIe warm-up time necessar In conclusion, we believe the preliminary
re c:.e fr-quency with an accuracy of IC results to be encouraging. However further improve-

wil 1s"> osered, t . ments can be of interest. Especially the power

used for internal heating should be an adequate

function of time. For best results, several heating
i? <rinary 0..A.C cut electrodeless crystals sources will probably have to be used together

'power applied on resonator, power on classical
/Os q uble quartz crystal oscillators usually oven and/or power used for internal heating ...

need minutes to reach the frequency within
A I a'curacy. s im, g it. .A. units do not signifi-
car,'>y changes thims result. However, using a Heating quartz material via dielectric losses

' HzSC cut. third overtone crystal, inside
a -oJified commerial unit allowed a warm-up Dielectric losses occur in every microscopic

of 3 minutes (see Fig. 8). Modifications volume of the bulk material. Hence, this process
of ,te unit basically concerned electrical features is homogeneous and independant from thermal
if Qhe oven. The crystal was driven at a 210lw conductivity of the crystal. The power P delivered
!l~t-." . per unit volume UI is given by

AIding internal heatin c 2
-- : 1T F C tg6 E

Preliminary experiments were performed using
th- type of- crystal described in section A inside where E is the electric field, F the frequency,
a commetcial iltrastable oscillator. The crystal C the permittivity and 5 the loss angle.
was driven at a p p w level. The warm-up time
n.:ce sary was 102 minutes, and small overshoot In the microwave frequency range choosen
was recorde-d see fig. 0;. Then internal heating (from 2 GHz to 4 GHz) we measured (by classical

wa-s aded using an external oscillator delivering perturbation methods)

;2, -1w during 2), 30 or 40 minutes. Fig. 9 shows
t results obtained with internal heating over tg 6 2.5 10

4, minutes. As it can be seen warm up time is
rtd :-. t, 7 min' to,, . Moreover frequency overshoot Hence, at F-- 4 GHz
disappears. This last important result is due

cor.pensati,., inside the brilk material, of -- 10 - 3 E2

t 
, 

hermal gradient. caused by the oven. Then, U
it ia possible to pet rid of dynamical temperature

oeffient effects. But, if we wish a temperature increase of I0C

Another experiment was also carried out per second- has to be

with the same crystal but. the oven wiring was
wired directly -n the crystal enclosure in contact o , 3
with the. temperature sensor. The warm-up time - .s )C W'm
turned out to b,, 70 minutes. Adding internal From which we derive that. the power needed to
heating yielded a warm-up time reduction down obtain a temperature increase of 1PC/s in
to 31, minutes. small B.V.A. perfectly isolated unit (0.1 cm

in volume) is ?00 mw and corresponds to an electric
Experiments have been recently undertaken field of 45.10 V/m.

using the unit and an ordinary BVA SC cut
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A new type of crystal has been designed
14  

From central part to edge the field variation
which includes a B.V.A. electrodeless crystal is only 4 %. It is necessary to point out that
installed in a reentrant high Q cavity. The B.V.A. the external ring of the B.V.A. resonator sits

resonator is 13.2 mm in diameter (external ring also in the microwave field so as to cancel out
included) and electrodes deliver at the same time thermal gradients in the B.V.A. quartz structure.

the microwave frequency and the metrological 5 Using the parameters listed previously (in particular

MHz. Since the reentrant cavity can usually be Q is now 650), and since a 3 gaps cavity is conside-

made with a loaded Q of 500 or larger the generator red,3 it can be seen that an electric field of
power necessary to obtain a temperature increase 5010 3V/m is obtained for a microwave source of

of 1°C/s is reasonnable. In the case of the previous lw corresponding to PC = 100 mw on the crystal.

crystal (1.1 mm in thickness), P is close to
200 mw and only needs a generator of 1.5 W* In FUJISAWA calculations are only valid under
fact it is easy to show that the high Q of the given assumptions. So we used a method developped

cavity acts like a multiplier of electric field, by JAWORSKI and extended by RAULIN to the 3
gaps cavity. In particular it could be seen that

Fig. 10 shows an experimental reentrant cavity power appearing by Joule effect in cavity was
that was used to check the possibility of fast approximately equally shared between electrodes
warm-up applications, and cavity enveloppe.

The various important dimensions are Finally, the resonator is heated up by dielectric
losses and the electrodes and external enveloppe

r = 6.6 mm r 1.4 mm h = 13.5 mm by Joule effect due to induced currents. Moreover,
o if the electrodes and external cavity enveloppe
gap = 1.1 mm 2 = 6.1 mm are properly designed, the variation of temperature

with time can be made very similar for quartz
The cylindrical body (D of cavity is thin and electrodes materials.

(0.3 mm) golden brass and acts also as the usual
crystal enclosure. The vibrating quartz wafer Preliminary calculations

18  
showed that 45 %

is placed inside central gap 0 . Electrodes slightly of power is dissipated in the external enveloppe
press on the external ring of B.V.A. crystal. of cavity, 46 % in electrodes and 9 % in quartz.
Electrodes are metallic hollow cylinders whose Since thermal capacity of resonator is 0.224
faces are recessed from vibrating crystai surface J/K thermal capacity of one electrode has to
by approximately 20 p m. Two gaflon rings isolate be 0.560 J/K which, for brass, means a mass of
and maintain electrodes. Microwave are introduced 1.5 g. In the same mamer the mass of the external
in cavity by capacitive coupling ( . Two tiny enveloppe of cavity was optimized to 3 g.
wires ( connect electrodes to 5 MHz crystal oscil-
latrr. So as to prevent microwave losses those Experimental verifications showed that temperatu-
two wires are placed inside small cylinders elec- re difference between quartz and electrodes was
trically connected to cavity body in areas where actually less than 0.11C. As a result an excellent
electric field is null. thermal balance is obtained for the unit and

thermal gradients are drastically minimized.

Electrical characteristics for microwave oven

and source Experimental set-up

Reentrent cavities with one gap are used The microwave operation is shown on Fig.(12).
each time that intense microwave field is needed A V.C.O. type generator working between 2 and
in a narrow space. Those qvities have bere studied 4 GHz is used together with an amplifier (22
in particular by FJISAWA and JAWORSKI leading dB) delivering a maximum power of 2W. A circulator
to equivalent electrical circuits. However we separes incident wave from wave reflected by
were needing a cavity with two isolated electrodes cavity. Control is obtained by detection of reflected
so as to allow a .V.A. type mount. Then a cavity wave.
with 3 gaps 'hence equivalent to 4 identical
cavities with one gap) was choosen (see Fig. The crystal used is of cours- a 5 MHz third
I1). In that case the central gap (without crystal) overtone SC cut small B.V.A. electrodeless crystal.
is twice thicker than thel two other gaps. The B mode is used as temperature sensor with a linear
Sectior. planes at - and 4 are planes of null slope of -161 Hz/

0
C. Several experiments were

electric field. perfurmed to obtain :

The equivalent electrical circuit of the temperature of quartz and electrodes versus
gaps cavity is shown on Fig. ii. Measured values time

f variouq parameters are listed below :- warm-up time necessary to obtain the resonator

3.246 GHz C_ 4.9 0.2 pF C 1C 0.8 * 0.3 pF frequency
01 03

- evidence of dielectric warm-up.
L 0.8 nH Q 650 R 1C.6 ki r - 0.025 Qs

It is easy to see that - of total energy stored Experimental results

is located in central gap. Fig. 13 represents the quartz wafer temperature

Uniformity of electric field has been carefu}y increase versus time for different values of
determined by a method already used by CARR . the output power P of generator. B mode of SC

cut resonator is used for temperature measurement.
Calculations valid for Q - 500. The cavity is thermally insulated and placed

in vacuum. When P = 2W, turn-over is obtained
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quartz temperature and electrode temperature are Microtechniques. Besaza,%.n 1980.
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If the mass of each electrode is 6 g, quartz
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tric warm-up in the bulk material. 15. K. Fujisawa, I.E.E.E. transactions on microwave

theory and techniques, vol MTT 6, pp 344-350
Finally, heating caused by dielectric losses t. 1958.

turns out to be fast enough with reasonable powers.

Moreover, the heating process is very homogeneous 16. Jaworski, I.E.E.E. transactions on microwave
and able to cancel out temperature differences theory and techniques, vol. MTT 26, n0 4,
between the quartz wafer and his immediate environ- April 1978.
nement. This means that almost perfect thermal 17. P.H. Carr, The journal of the Acoustical
insulation of the vibrating crystal is possible. Society of America, vol. 41, n01, pp 76-83,

(1967).

Conclusion 18. Ph. Raulin, "Chauffage microonde des r~sonateurs
A quartz". These de Docteur-Ing~nieur. Ecole
Nationale Sup~rieure de M6canique et des

Internal heating is possible with B.V.A. Microtechniques. Besangon, Mars 1984.

units already commercialy available. It can reduce
warm-up time roughly by a factor of 2. It also
prooved to be very helpfull in -vershoot reduction.
Reaching frequency within 10 is possible in
25 minutes. Preliminary results show that this
warm-up time could be reduced down to less than
5 minutes by proper design of small crystal B.V.A.
electrodeless units.

Microwave ovenized resonators have been achieved
as laboratn'- prototypes only. The crystal can
be heated .o turn over within lOOs with a microwav6
power of -40 mw. Frequency reaching within 10
is possible in 9 minutes. This warm-up time can
probably be much reduced. Of interest is the fact
that temperature difference between quartz resonator
and h- environnement can be cancelled out. So,
microwave ovenized resonators are excellent candidates
for very fast warm-up applications. Nevertheless,
much work is still to be done especially to obtain
industrial production.
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SPACE QUALIFIED HIGH PERFORMANCE

DIGITALLY TUNED QUARTZ CRYSTAL OSCILLATORS

R.M. Garvey, D.A. Emmons and A.F. Beaubien
Frequency and Time Systems, Inc.

Beverly, MA

Summary Model 9120

Two new oscillators for space qualified The Model 9120 employs a third overtone SC-Cut
application have been designed, fabricated and tested, swept quartz resonator operating at 5 MHz. Tuning is
These devices incorporate digital tuning interfaces, provided by a 14 bit R-2R network which is driven from
allowing the frequency to be controlled by telemetry. a latched parallel data word. A crystal filter in the
Provision for radiation immunity via shielding and output circuitry provides reduced phase noise at
component parts selection are additional design frequencies greater than 100 Hz from the carrier. The
features. oscillator design incorporates hardening for both

natural orbital radiation levels as well as for
The composite requirements for high resolution enhanced artificial levels. Magnetic shielding is also

(i x i0-1 1 /bit) digital taning coupled with provided.
extended device operation (>> 10 years) in a spacecraft
radiation environment place stringent restrictions upon Performance
both oscillator and tuning circuitry designs. The
oscillators employ a 12 or 14 bit digital tuning Pertinent performance characteristics for the 9120
network comprised of either two overlapping resistor are shown in Table I. Note that the magnetic field
networks with parallel latching data or an integrated response is a result of the residual sensitivity of
DAC and associated circuitry to receive and latch a inductors in the oscillator circuitry. Phase noise
serial data stream. performance is shown in Figure 1. Resonator drive

levels in the 9120 are maintained at a reasonably low
The crystal resonator is an SC cut fabricated from level to provide low aging behavior and low phase noise

swept quartz. Additional radiation shielding for the close to the carrier. These design considerations
resonator has been incorporated. A crystal filter in typically result in phase noise levels of -i40 dB for
the output circuitry provides enhanced phase noise frequencies greater than 100 Hz from the carrier. In
performance. order to provide enhanced phase noise performance far

from the carrier (i kHz) a crystal filter has been
The design employs a parts complement which incorporated into the oscillator output amplifier

provides immunity to radiation effects as well as high circuitry. This filter, a two-pole monolithic swept
reliability. Reductions in power consumption and quartz filter, provides approximately 30 dB of
weight while preserving high performance in terms of attenuation 5 kHz from the carrier. This yields the
thermal senstitivity have been incorporated, required -168 dBc phase noise performance at 10 kHz.

Introduction The 500 ohm characteristic impedance filter, is
placed in the tuned output of the cascode isolation

Quartz crystal oscillators for spacecraft stage in the final buffer amplifier. It is followed by
application require high reliability in parts selection the double-emitter follower which in turn drives an
and in design, as well as high performance in terms of output transformer. The source impedance of the final
stability and aging behavior. The FTS 9100 oscillator, output is 50 ohms.
which wpq developed for and is used in the Global
Positioning System satellites, has demonstrated aging bility in the time demain is shown in Figure 2;
of less than 10"1 1/day. A calculated mean time the Allan variance approaches 3 x i0-13 for
between failure for this design is approximately 2 averaging times of 3 to 1OO seconds.
million hours in a space flight environment.

Digital Tuning - 9120
Two new oscillators have been designed for space

flight application. They are derivatives from the 900 Frequency tuning of the 9120 is accomplished
design and employ provision for integral digital through latching magnetic relays which switch a
tuning. The oscillator electronics are contained precision R/2R resistive ladder network for digital-to-
within a glass dewar which provides a high degree of analog conversion. The relays are MIL approved style
thermal isolation resulting in low environment and provide upset immunity as well as a non-volatile
sensitivity. The dewar and oscillator electronics have storage of the tuning command. The relays are driven
been qualified to vibration levels in excess of in parallel by commands through the interface
20 g rms and to pyrotechnic shock levels of 2300 g. connector.

The oscillator is comprised of a low-noise The extended mission lifetime requirement of 17
sustaining stage with its associated AGC circuitry. A years combined with a tuning resolution of
Low-noise buffer and the oven control circuitry +5 z 10-12 place severe requirements upon the
complete the ovenized portion of th oscillator. A oscillator digital tuning network. In order to satisfy
tuned cascode amplifier followed by a double the lifetime and resolution requirements a 14 bit DAC
emitter-follower provides load isolation and a well was implemented using two R/2R resistor arrays. A 12
defined 50 ohm sinusoidal output for the instrument, bit array was employed for all but the two most-sign-
An integral volatge regulator provides immunity from ficant bits. These two MSB were implemented by means
power supply fluctuations. of a separately packaged R/2R network having additional

CH2062-0184/0000-037451.00 (C 1O4IEEE 374



Conclusions

Digitally tuned oscillators with state-of-the-
art performance in noise and aging are available as
signal sources for sophisticated satellite
applications. The packages are rugged mechanically and
can withstand harsh nuclear environments. Reliability
in iesign and in parts selection provide the assurance
of extended mission operation.
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TABLE 1.

9120 PERFORMANCE

FREQUENCY 5 MHz

-1l
AGING 5xlO1 /DAY

THERMAL IxlO-12/0C (-20 °C to +50 'C)

POWER (25 'C) 2.2 WATTS

SUPPLY VOLTAGE SENSITIVITY 3.4xlO-12 /VOLT

MAGNETIC FIELD SENSITIVITY 4.0xlO-12 /GAUSS

LOAD SENSITIVITY 1.2xi0-12/+ 1%

SIZE 7.6x7.6x19.3 cm
(3x3x 7 .6 in)

WEIGHT 1.4 kg (3.0 Ibs)

TABLE 2.

9125 PERFORMANCE

FREQUENCY 5 MHz

AGING IXI -O /DAY (10 DAYS)

THERMAL <IxlO1 I/ C (-20 'C TO +40 'C)

POWER (25 'C) 1.6 WATTS

SUPPLY VOLTAGE SENSITIVITY <2xlO-1 /VOLT

SUPPLY RIPPLE SENSITIVITY -110 dBc/100 rmVptp

LOAD SENSITIVITY 5x10 1 10%

SIZE 1O.2xlO.2x19.3 cm

(4x4x7.6 in)

WEIGHT 1.09 kg (2.4 lbs)
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MANUFACTURING METHODS AND TECHNOLOGY FOR TACTICAL MINIATURE CRYSTAL OSCILLATOR

D. Brown, E. Laszlo, R. McGill, P. Stoermer

Allied-Bendix Aerospace

Bendix Communications Division

Baltimore, Maryland 21204

The Tactical Miniature Crystal Oscillator, TMXO, The mechanical design of TMXO was also signifi-
features small size, fast warmup, low power dissipation cantly changed. The revised design is simpler and
and excellent frequency stability. It is intended for more repairable. Assembly time has been significantly
use in tactical communication, navigation, and position reduced to make the TMXO producible at a lower cost.
location applications where a precision frequency or Materials research has resulted in modifications to
time source is required. Earlier papers have described the mechanical structure which improve both thermal
the TMXO characteristics and various imnrovements made and vibration performance.
in the design to optimize performance.

1 ,2

To date, fifteen engineering samples of TMXO have
It is the intent of this paper to describe the been assembled and are presently under evaluation.

present Manufacturing Methods and Technology, MM&T,
program and its impact on TMXO design, manufactura- Mechanical Configuration
bility and performance. Primary objectives of the MM&T
program are enhanced performance and reliability of Thermal analysis of various TMXO designs indicated
the oscillator while achieving reasonable cost in that optimum frequency stability could be achieved by
manufacturing. To date, fifteen Engineering Models thermally controlling a crystal resonator at its upper
incorporating new processing techniques have been turn temperature in vacuum. By minimizing the amount
fabricated and evaluated. Their performance will be of heat lost from the crystal, the temperature grad-
reviewed. ients could be reduced and improved frequency stability

with changing ambient temperature would result. With
ImprovjR~ts in the TMXO design and generation of this in mind, a hybrid microcircuit was designed which

production 'WKing and processes on the MM&T program would provide electrical interface to the crystal and
promise availability of TMXO in the near future, accurately control the crystal set temperature.

Key Words (for information retrieval) Figure 2 is a simplified illustration of the TMXO
T'MXO, Oscillator, Crystal construction. The crystal-hybrid assembly is supported
Temperature Control, Frequency by six wires within an evacuated enclosure. In order
Stability, Vacuum, Hybrid to minimize the thermal radiation losses of the elec-

tronics assembly a radiation shield encircles the
Introduction electronics. Further reduction in radiation losses is

accomplished by gold plating the metal parts in the
Bendix' involvement with TMXO development assembly (figure 3). This includes the hybrid cover,

programs began more than ten years ago as a result of the electronics radiation shield, the header radiation
Bendix' independent research with temperature control- shield, and the vacuum case. Spectral reflectance of
led microcircuits. Since that time major technical the gold plated parts between the wavelengths of 0.7
problems associated with TMXO have been resolved. The microns and 2.5 microns in the infrared region in
purpose of the present program is to develop manufac- 97-99%.
turing methods and techniques (MM&T) for the production
of TMXO (figure 1). At the completion of the program, Inconel Alloy 625 was chosen for the apport wires
a demonstration of production capability will be because of its low thermal conductivity, h gh stiff-
conducted and the TMXO will be incorporated in ness, and good weldability to Kovar. F,tr polyimide
MIL-O-55310. rods which press fit into tubes on t?, .ybrid package

are used for providing lateral supp'.t to the electron-
Development models of the TMXO were expensive, ics assembly. The Vespel rods act to rigidize the as-

requiring painstaking individual construction, assem- sembly so that mechanical resonan-es are minimized or
bly, and test. It was therefore decided early in the eliminated in a vibratory environment. Vespel material
MM&T program that major mechanical and electrical was chosen because of its very low thermal conductiv-
design improvements were necessary to achieve the ity, good structural resistance, and compatibility
objectives of the program. with high vacuum.

Basic to the resultant improved design was the The six support 'iies are welded to tubes brazed
incorporation of the crystal oscillator circuit and in the ceramic vacui::n header. A radiation shield is
the temperature control circuit in a sealed hybrid, used to cover the exposed ceramic of the vacuum
assembled, screened, and tested to the requirements of header. A zirco'-lum-graphite getter is welded to two
MIL-M-38510 level B. In addition, the hybrid must be pins which extend through the header (figure 4). After
capable of fast uniform heating of the crystal, and vacuum enclosure welding and vacuum baking the getter
must be sealed to prevent leaks in excess of ixlO

-10  
is activated providing vacuum maintenance after pinch-

std atm cc./sec. To that end, a custom ceramic hybrid off. This non-evaporable getter is capable of sorbing
package was developed. Several prototype hybrids, H2, N2, 02, H20, CO, and C02 in appreciable quantities.
incorporating an improved electrical design, were then The output buffer circuitry, islocated on the exterior
assembled and evaluated in engineering. The new surface of the vacuum header. Leadless chip compon-
circuit and hybrid package proved successful, and (:its, including a CMOS buffer are vapor phase reflow
twenty five engineering samples were manufactured by soldered to header metallization.
Bendix' hybrid manufacturing facility.

Acknowledgement: This work was done under Contract with the
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I , 'er"'- 1 ia iJ- st rate st. ichi. located between. circuit maiinta ins al~ ruximatel y 2"' Ie u Seonl t Lcip C I a

:. c:r,'i' K I I so akaqe floor. Figure G 5110-55 ture slew rate independent of heater supply over a
tl, htrates and package. voltage range of 15 to 18 volts. When thermistor -'

u~tttl~. nt rtesto the package floor ils reaches the set temperature, heater current is cootrol -

e;5x'. iref :. rms. A thermititor i,4 located in led by thermal feedback From heate'r transistor Qr- to
Ir tI2 le to a',t e liil i poxied to the beryllia thermi stor RT, and maintains crystal temperature within

ho-at -ij radier. +5r) m
0
. nif the set temperature over a ranqe of ~5

to +750C ambient temperature.
All ''emi-e'ord'ictors, thin film resistors and

capacitors ate attached to the substrate with epoxies The National semiconductor tiMl device performs

and 'hen w-ire bonded into the circuit. Thick film the functions of voltage reference and comparator for

re---istorts are laser trirmmed to value, the oscillator supply voltage, as well as high gain
amplifier for the thermal control circuit.

At the present time each crystal has a somewhat
,Iifferrtit arper turn temperatlure reguiring a hybrid i..ZriIFahricatuioi.
with a matching th.'ermistor, In order to maintain the
identi-; of the hybrid thtrouigh processing, serializa- In general, the processes used in fabricating thre

t ii" i; i cc:omplished by laser marking the hybrid as TMXO hybrid have proven to be very reliable on other

:shosoinfiur The Iact provides a permanent and Bendix programs. The use of epoxy for component attach-

very clear, method of marking ment, 100% wire bond pull testing, resistance seam

welding and hybrid burn-in insure reliable hybrid fab-

A, binary ordered capacitor array used for tuning rication. Two unique hybrid processes developed in

t he oscillator to frequency is wirebonded to hybrid this program are pulsed heat bonding of the thermistor

pacIkage feedtrhrough- which are accessible from the and inductor leads and the use of a laser for serializ-

pac kage exteorior (figure hI. Gold ribbons are welded ation. The thermistor leads are 0.0254 mm diameter

frojm capacitor pads toi ground pads to facilitate final platinum wires and the inductor leads are comprised of

oninig >eforr" Farkaging. 1tackaqe hermetic sealing is insulated .127 mm diameter copper wire. Both leads are

ascophoed y resistance seam welding a Kovar step welded directly to gold metalization on the circuit

lid to the hybrid package sidewall. Metalization substrate, welding of the copper wires is accomplished

p~r';ildes a solderalile surface for crystal attachment, directly through the insulation, that is, the wires are

An attractiveo fc'atuare of this; construction is that not stripped before welding.

the hybrid or cryIstal cat be salvaged if one or the
otir' shojuld fail. soldering

(:icui 'n fig urat i on The metalized crystal package is directly soldered
to the bottom of the hybrid package. After both the

In. the TM/h MMT program, an effort to simplify hybrid and crystal are presolder coated with pure tin-

c irc~uitry wan, iliderrAk'~n. both to enhance manufactura- lead eutectic preforms and cleaned, they are attached

bulity, asl well a': to support a mechanical config~ura- together using vacuum reflow soldering. The hybrid and
t ion wherein circuitry was confined within a hybrid crystal are loaded into a fixture on a hot plate in a

package of ' izf? comparable to the ceramic flat pack vacuum oven capable of 28 inches fig vacuum. The oven

crys;tal. The following paragraphs describe circuit is evacuated while the parts are heated to approximate-

dotai I s . ly 200
0
C. When the solder melts the vacuum is released

and the components are allowed to cool at atmospheric

pressure resulting in a solder bond with minimal void

formation. Not only is a very good mechanical and
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enc[:; Ire to the "-icum header. Once the vacuum
,- - ;,re ha, (-,-' mated to the head-er, the assembly Fiqure I' depict, the power lts ipa.tei within the
it ir-serted inm -per tixtrlrinq in a miniature lathe vacuum enclo-ure, to maittain the cr'-,tal at set temper-
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0
C/watr thermat leakage resistance.

at a flow rate of 0.2 liters/minute and is ionized by Variation between units can be associated with the -
a contitu,'u" yiot arc within the torch. The resulting differences in turn temperatures of the specific

thermal plasma established allows a pulsed arc to crystals used.
tratsfer from the cathode to the workpiece and create
a uniform weld an the part is turned. A 9'% Argon - Figure 2() shows typical frequency stability versus
7s Ft'dtoen shield qas is used to constrict the arc, ambient temperature attained by the current models
improving wettability of the metals and minimizing The specification requires frequency stability better
c'ontamination. Figires 14 and IS show the lowerinq of than +i/Ilt- 8 over the ambient temperature range.
the torch assembly into the weld zone and the pulsed
mict Eqlasma welding of the TMXO vacuum enclosure Figure 21 and 22 show typical short-term and phase
respectively, noise spectral density performance. For these measure-

ments, the oscillators are compared with reference
Cleaning and Vacuum Processin3  oscillators having superior stability.

All assembly processes for the TMXO with the Several engineering model oscillators are presently
exception of soldering and vacuum baking are done in undergoing frequency aging evaluation, and appear to
a Class lh0,l{r) clean room facility. Gross contamina- meet the specification limit of +2xl0-i() per day.
tion such as finger oils, salts and particulates are

remo,.,-t rom TMXO components by chemically cleaningi Crystal Test Facility
in TMS Freon, deionized water, and methanol. All
components except the Vespel rods are thet, cleaned in The purpose of the crystal test facility is to
an argon plasma before final assembly. Finger cots or ensure suitability of crystals for use in the TMXO.
clean gloves are used for all handling. Subassemblies It consists of a temperature controlled holder providing
are stored in dry nitrogen boxes. Once the final intimate thermal contact to the crystal, and circuitry
assembly has been completed, the TMXOs are attached to cause oscillation at series resonance. The holder
to an ion pumped vacuum system using the copper evac- temperature is slewed through a range that includes the
uation tube. Heaters are clamped to the enclosures lower and upper turn temperatures. The frequency/
to facilitate 150

0
C baking for a minimum of 60 hours, temperature characteristic of the crystal is then

The final step before pinch-off is activation of the measured to determine the values of the upper turn
getter. This is accomplished by forcing a high Iec- temperature (UTP) and corresponding frequency offset
trical current through the getter's internal heater. (. Ft. A typical representation of this data is given
The getter heats up to approximately 500

0
C and liber- in figure 23.

ates hydrogen. After activation the getter surface
absorbs gases liberated within the TMXO vacuum enclo- The UTP value allows selection of a hybrid ther-
sure. The getter can be reactivated to extend the mistor of approximate value, while the frequency offset
ten year life of the oscillator provided the pressure value AF is used in the final oscillator tuning routine.
within the TMXO is less than 10 microns. Following
getter activation, the copper evacuation tube is Hybrid Testing
"pinched off" using special tooling. The cold weld
is subsequently protected from mechanical change by This test is used to evaluate the performance of a
a small cover which is epoxied over it. The "pinch newly constructed hybrid. The crystal is represented
off" process is shown in figure 16. by a resistor of value in excess of maximum crystal

tolerance. Current consumption, internal voltage reg-
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conclus ion:;

with the improvements in dleiiijn and the develop-
ment of prodluction projcesses and tooling, which have
taken) place in the last year, the TMXO offers small
size, foot warmup, low power consumption and high
stability, and is; able to he produced consistently
and reliably with simple procedures and facilities.
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Figure 1. Tactical Miniature Crystal Oscillator

3 18-, 3 O!,,,

- VACUUM
-11 ;C HOFF HEADER Figure 5. Hybrid Microcircuit

GETTER

OUTPUT
BUF FER

CIRCUITRY

H-YOI
SUPPOR T

C.RYS7AL VVIRIES

V ESPEL VACUUM RADIATIONIN
LATERHAL ENCLOSURE SHIELDS
SUPPORHT

Figure 2. Simplified Ti\XO Construction

Figure 3. Internal Construction Figure 6. Hybrid Construction

Figure 4. Vacuum Header, Header Shield. and Getter Figure 7. Hybrid Later Marking
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Figure 8. Hybrid and Crystal Figure 12. Spot Welding
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Figure 9. Oscillator Configuration Figure 13. Plasma Weld Equipment
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Figure 10. Thermal Control/Voltage Regulator Circuitry
Figure 14. Plasma Welding

Figure 11. External Buffer Circuit Figure 15. Plasma Welding
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ABSTRACT In Section II of this paper we review the effort
to identify the primary failure mechanism of the low

The results of various studies concerning the power Rb discharge lamp. The development of the
lifetime and reliability of the rubidium discharge calorimetric technique to measure the elemental Rb
lamps used in rubidium atomic frequencys standard are content in a lamp is discussed in Section III, while
reported. The primary life limiting process in these the analyses of Rb consumption measurements and Rb
lamps involves diffusion of the rubidium atoms into lamp life tests are discussed in Section IV. The
the glass envelope of the lamp making them unavailable prospects for having an accelerated lamp life test or
to the discharge. The rate at which rubidium atoms quality control test are presented in Section V.
diffuse into the glass is dependent on lamp conditions Although this report concerns only the Rb discharge
including: lamp size, type of glass, lamp temperature lamp, it should be pointed out that the results
and rf drive power. The calorimetric technique to presented here apply also, in varying degrees, to
measure the elemental rubidium content in a lamp and other electrodeless discharge lamps containing such
its use for quality control in the lamp manufacturing elements as sodium (Na), potassium, cesium, mercury,
process are discussed, and the like.

I. INTRODUCTION II. LAMP FAILURE MECHANISM IDENTIFICATION

The discharge lamp is 3 critical component of the A typical elec rodeless discharge lamp
1
'
2  

is
rubidium (Rb) gas cell atomic frequency standard displayed in Fig. 1. The lamp consists of a glass
(clock) and other optically pumped devices. The envelope whose front we designate as the lamp face and
conventional lamp used in devices such as the gas cell the opposite end as the tip-off region. Glasses that
atomic clck is of thl type described by Bell, Bloom have been used for the lamp envelope include: Corning
and Lynch and Brewer consisting of a glass envelope 7740 (Pyrex), Corning 1720, Schott 8436 and Schott
containing a charge of the appropriate metal, e.g. Rb, 8437. The glass envelope contains the metal charge
and a buffer gas under a pressure of a few Torr. The along with a buffer gas. The buffer gas provides a
lamp is usually ignited by an rf coil that surrounds source of electrons to sustain the rf induced plasma
the glass envelope. The spectral emission properties and is required to limit the mean free path of the
of the lamp have long been recognized as extremely electrons. Typical buffers presently used are either
important in the operation of the opticjly pumped krypton or xenon at a pressure of a few Torr. The
devices, and have been thoroughly studiedt - On the excess metal charge is constrained by thermal
other hand, with one notable exception, almost no gradients in the tip-off region. The tip-off is
consideration appears to have been given to the life- formed when the glass lamp is "pulled" off the vacuum
limiting factors and hence the reliability of this manifold. The lamp envelope is mounted in a metal
type of lamp. This situation changed drastically in base with a thermal potting material. The thermal
early 1979, however, due to lamp fal ures in some of potting material facilitates the transfer of heat from
the Rb clocks aboard the satellites of the NAVSTAR the base, which is the point of temperature control,
Global Positioning System (GPS). As a result of these to the glass envelope. The metal atoms in the vapor
lamp failures, an effor was begun to develop a long- are due to the saturated vapor pressure above the
lived sapphire Rb lamp. Additionalj6 , at about the metal charge, which is determined by the temperature
same time, an extensive investigation of the failure of the metal, and thus good temperature control is
mechanisms of glass lamps was Initiated. This latter essential for stable lamp operation. A plasma is
investigation identified the primary failure mechanism sustained in the lamp by means of an rf field.
of the low-power, electrodeless Rb discharge lamp to Typically the rf frequency is around 100 MHz at powers
be the diffusion of Rb atoms into the glass envelope ranging from tenths to tens of watts.
of the lamp. The rate at which the atoms diffuse
into the glass then controls the life of the lamp. We Several possible lamp failure mechanisms were
report here studies that have been concerned with Rb investigated in response to the failures o% the Rb
consumption in discharge lamps aimed at quantifying atomic clocks on board the GPS satellites. These
various aspects of lamp life and lamp reliability, mechanism included: quenching of the excited Rb
'lased on these studies, estimates have been made of atoms; Rb reaction with impurities; and the
the dependence of lamp life on parameters such as: interaction of Rb with the glass. We briefly
initial Rb content, lamp size, lamp operating summarize the results of that investigation.
temperature, rf drive power and the glass type used to
construct the envelope. The parametrization of lamp
life that we present can be used to estimate lamp and
hence device reliability.
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A. Quenching of Excited Rb Atoms 1. Secondary Ion Mass Spectrometry (SIMS)

Studies

The possible role of quenching in the failure of To obtain the highly accurate penetration

discharge lamps was investigated by studying the profiles needed to analyze Rb permeation of glass the

spectral emission from both normal and failed lamps, technique of SIMS was applied to cross-sectional

In the failed lamps only emission lines present in pieces of Rb-exposed lamp walls. In the SIMS

normal lamps werL observed. No emission lines from technique a 1.5 pm diameter beam of oxygen ions is

possibly outgassed materials that could quench excited aimed at the sample. Secondary ions sputtered from

Rb atoms, such as hydrogen (H2 ), nitrogen (N2 ) or the surface are mass spectrometrically analyzed
oxygen (02) were detected. These results are allowing determination of elemental compositions.
consistent with the absence of quenching species. Lamp envelopes were broken and analysis performed

along the fracture so that profiles of the Rb

B. Rb Reaction with Impurities penetration into the glass could be obtained without

the necessity of having to sputter away large
Another postulated mechanism for the failure of quantities of glass. Our tests were performed on Rb

the Rb lamp was the loss of Rb by reaction with lamps with envelopes constructed out of various

species outgassed from the envelope to form non- glasses and operated under various conditions
volatile rubidium oxide (Rb2O). The most likely including heating with no lamp ignition. Varying the

reactions are: lamp conditions allowed the sensitivity of particular

parameters of lamp life to be tested.
2Rb + H20 + Rb2 0 + H2, and (1)

Figure 2 shows raw SIMS profiles of silicon
4Rb + 02 + 2Rb 20 . (2) (Si) and Rb for a lamp that had been operated. Zero

micrometers is the inner surface of the lamp wall.
Experiments which tested for the presence of H2 in The gradual increase of Si and Rb concentrations near
failed lamps proved that reaction with H20 is not zero is due to the finite width of the SIMS beam.
significant. Rf-induced emission spectra from a Treating these data as simple one-dimensional

series of standard lamps containing H2 and Xe were diffusion allows fitting them to the form I

analyzed to obtain a detection limit of H2 in the C(Xt) . X
presence of Xe buffer. Comparisons of these spectra C eric (3)

with those of failed lamps indicated that the pressure o
of H2 in the failed lamps was less than I Torr. where X is the penetration depth, t is the exposure
Removal of H from the vapor by either the formation time, C_ is the Rb concentration at the wall, and D is
of RbH or through permeation through the glass was the dif usion coefficient.

also ruled out. The loss of Rb through this mechanism
was set at about 10 pg or less, which is small Experimental Rb data along with fit curves
compared to the normal charge in a lamp of between a for lamps made of Pyrex glass are shown in Fig. 3.
hundred and a few hundred micrograms. Based on the The data displayed in Fig. 3a were obtained from a
fact that reaction with H20 was not significant, sample run under typical lamp conditions while the
together with literature sources indicating that H20 data in Fig. 3b were obtained from a sample run under
should evolve from the glass envelope much more similar conditions as that for Fig. 3a but in the
readily than 02, it was argued that the second absence of an rf plasma. In both cases displayed in
reaction was also not important in the failure of the Fig. 3 the diffusion 1 oefflcient is found to be
Rb lamp. However, as will be discussed in Section approximately 3 x 10 cm /a. This is in good
III, there does seem to be a reaction of the Rb with agreeent with high temperature diffusion coefficient
some impurity in the lamp consuming between 10 and data extrapolated into the low temperature regime
20 pg. Although this amount of consumption is not (about 140-C).
significant in terms of the total charge of Rb, we
show that it must be taken into account to properly The SIMS Rb penetration profiles indicate
predict the Rb consumption rate and hence the life of that Rb has penetrated many micrometers into the
the lamp. glass. This is particularly clear in Fig. 3b, whose

sample was exposed to Rb vapor for a longer period of
C. Interaction of Rb with Glass time than that of Fig. 3s. The depth of Rb

penetration cannot be attributed to a smearing of the
To determine the disposition of Rb in lamps that true profile resulting from the finite width of the

had been in operation for some period of time, various SIMS ion beam. This beam, which is only approximately
surface analysis techniques were used. Previous 1.5 pm in diameter, would smear a surface layer to a
studies that considered the reaction of Na with glass depth of at most 2 Om. In fact, in Fig. 3b the amount

employed techniques such as absorption spectroscopy, of Rb that has diffused beyond 2 Pm is greater than
magnified examination of the glass cross section or the amount found in the surface region.
wet chemical etching. These techniques were suitable
for studies concerned with Na-glass 'ateractions 2. Electron Spectroscopy for Chemical Analysis
because of the rate at which Na and glass react. In !ESCA) Experiments

contrast, the reaction of Rb with glass under The chemical form of the Rb within the glass
conditions similar to that found in discharge lamps is was investigated using ESCA. In this method the
orders of magnitude slower than of Na. To extract surface of the sample is exposed to monochromatic X-
physical information concerning the Rb-glass rays and the photoejected electrons are energy
interaction, it was necessary to study the functional analyzed. The resulting core electron binding
form of the Rb penetration profile in the glass. (ionization) energies are characteristic of both a
Because of the extremely small amount of Rb that is given element and its chemical form.
consumed, simply studying the bulk penetration depth,
as is typically done with Na, was found not to be Rb-exposed lamp walls were analyzed along
adequate. To study the Rb penetration profile the with pure samples of rubidium-hydroxide (RbOH) and
following surface analysis techniques were used. Rb20 as reference standards. The glass samples

typically had a yellow-brown discoloration as long as
they were kept in dry atmospheres. However, upon
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exposure to moist air they became colorless in a failure and then post analyze, typically with either

matter of seconds. The rapidity of this change in atomic absorption (AA) or neutron activation analysis

discoloration indicates that Rb exists in a colored (NAA), to determine the initial Rb fill in a lamp. In

form on a thin surface layer, probably less than this manner a Rb consumption rate for a particular set

0.1 Pm thick. The results of our ESCA studies suggest of lamp operating conditions can be derived. There

that this colored form is Rb20. From the SIMS data it are many disadvantages to this procedure, including

was seen that most of the Rb had diffused into the the enormous amount of time that it takes to generate

glass many micrometers. While the surface layer is any information. During the course of work performed

colored, our studies found that the majority of the Rb in support of the CPS program, it was suggested that a

is in the bulk glass in a colorless form, most likely differential scanning calorimeter (DSS) could be used

as Rb-silicate. The disappearance of the colored to measure the amount of Rb in a lamp. Because this

layer when the glass samples were exposed to the technique has proven to be so successful and has

ambient environment is believed to be due to the significant implications for future lamp work, the

conversion of Rb 20 to RbOH in the presence of water following description is given.

vapor.
In DSC, sample and reference objects are both

Figure 4 is a diagram summarizing the heated such that their temperatures increase at the

results of our investigations into the Rb-glass same rate. Heating rates are measured in degrees

interaction. Near the inside surface of the lamp, Rb Celsius/minute. The instrument measures the heat

is found in the form of Rb2 0, which gives the lamp its flow, in calories/minute, required to maintain this

yellow-brown color after some period of use. The heating rate for both sample and reference. The

amount of Rb 20 is found to decrease with increasing difference between these two heat flows is the
distance into the glass. The total amount of Rb in instrument output, which is typically plotted versus

this surface layer has been determined to be small in time.

terms of the total Rb consumed in a lamp over many
years of operation. In the bulk glass Rb is found in If the sample and reference are identical there
a colorless form, most likely as a Rb-silicate. The will be no differential signal. Typically, though,
penetration profiles of the Rb in the bulk glass have the reference is an inert material (e.g. sand) and the
been found to fit quite well to a diffusion form. sample is the material of interest. If the sample
Based on these results we have concluded that the does not undergo a phese transition while being
primary failure mechanism for low power, Rb discharge heated, the difference signal will be proportional to
lamps is a diffusion of Rb into the glass walls. The the difference in heat capacities of the sample and

amount of Rb that is consumed over many years of reference. This signal may be electronically nulled
operation is very small compared with the amount of out. When the sample undergoes a phase transition,
glass in the lamp envelope, thus there is no satura- for exavmple melting as is the case for Rb, additional

tion effect and the Rb consumption continues, for all heat is required to maintain its heating rate due to
practical considerations, forever, the heat of the phase change. This increase in the

differential signal will appear as a peak on the dif-

III. CALORIMETRIC DETERMINATION OF Rb CONSUMPTION ferential signal versus time/temperature plot. The
area under the peak will equal the additional calories

Simye diffusion in glass has been extensively required to melt the sample. After the phase
studied. In principle one should be able to use the transition the differential signal will return to a
diffusion law to predict the amount of Rb consumed in nearly constant value again reflecting the difference
a specified length of time or conversely determine the in heat capacities of the sample and reference
lamp fill requirement for a desired lamp life. In objects. This differential signal may be slightly
simple diffusion the total mass of the material different from the signal prior to the phase

consumed, M, penetrating the glass as a function of transition as a result of a change in the sample's
time, is given by Eq. (4) heat capacity.

M - 2AC (.V/2 t , (4) In the present Rb consumption studies DSC was
o D used to measure the heat required to melt the Rb

where A is the surface area, Co is the density of the contained within a discharge lamp. This heat, when
penetrating species at the glass surface and D is the divided by Rb's heat of fusion, 6.14 cal/g, yields the
diffusion coefficient of the penetrating species for amount of elemental Rb. A typical DSC curve is shown

the particular glass. The difficulty with Eq. (4) is in Fig. 5 for a lamp containing approximately
in obtaining precise knowledge of both C and D in the 300 pg of useable, elemental Rb. Depending on the
lamp application. The density of Rb at the glass quality of the calorimeter, sensitivities in the

surface certainly depends on the temperature of the Rb microgram range can easily be realized.
reservoir that controls the Rb vapor pressure in the

lamp. However, based on a mathematical model of the The advantages of the DSC technique for lamp
discharge lamp the density of Rb at the lamp wall is measurements are easily seen. The DSC measures only
also predicted to be a strong function of the rf drive elemental Rb, i.e., useable Rb in the lamp. Once Rb
power applied to the lamp. Unfortunately, at present has reacted with the glass or other material, it no
it is not possible to model the exact functional longer melts at the same temperature as metallic Rb,
dependence of Rb density on lamp drive power. and thus does not contribute to the DSC signal. DSC

Additionally, the diffusion coefficients for Rb in the can thus be used to monitor the rate of disappearance
glasses of interest are not well known. The SIMS of the elemental Rb from the lamp reservoir. The fact
analyses that we have performed on various lamps have that a consumption rate can be determined for an
not provided detailed enough information concerning individual lamp implies that the DSC techniques can

the diffusion coefficients. The best way, to date, to potentially be used to monitor quality control in the
determine the rate of Rb diffusion into the glass lamp manufacturing process. The DSC technique is also
envelope of a lamp is by performing Rb consumption non-destructive, unlike AA, and can be accomplished in

measurements under the lamp conditions of interest, considerably less time than NAA; 3 to 5 DSC scans of a

lamp can be accomplished in about an hour, whereas the
One way to evaluate the rate of Rb consumption in turn-around time for a single NAA measurement is about

a discharge lamp is to operate numerous lamps to 3 to 5 months.

389



At EG&G, Rb lamp fill measurements are made using difficulties with these results were: 1) the power

a standard Perkin-Elmer Model DSC-2C Differential laws that were derived did not have a simple physical

Scanning Calorimeter and a Hewlett-Packard Model 3390A explanation, and 2) each lamp seemed to exhibit its

Reporting Integrator. The latter instrument gives a own consumption law. It was found, however, that all

numerical reading of the amount of Rb in a lamp. the Rb consumption data could be fit quite well and

After an initial calibration, the measurement process quite consistently if one assumed that in addition to

is very straightforward. The most critical aspect is simple diffusion of the Rb into the glass, there was
"chasing" the Rb to a spot on the face of the lamp also a mechanism by which a small amount of Rb was

(see Fig. 6) so that it all makes good thermal contact consumed almost instantaneously at the outset of lamp
with the calorimeter pan. A dummy (empty) lamp is operation. In this model one predicts the Rb consump-

placed on the other pan. A small amount of thermally tion to obey a law of the form

conductive grease is used between the faces of the
lamps and the pans. Typical repeatibility between M Rb(t) - R Vt + B. (6)
measurements is ±0.5 ug, both for the same "chase" and

when the Rb is redistributed and rechased into a new The first term on the right hand side of Eq. (6)

spot. Absolute accuracy is dependent on the calibra- corresponds to simple diffusion, see Eq. (4), and the

tion procedure and is believed to be about ±10%. It second term represents some immediate consumption of
is the repeatibility that is of most concern for the Rb. Fitting the data shown in Fig. 7 to the form of

Rb consumption measurements. Eq. (6) yields

IV. Rb LAMP LIFE INVESTIGATIONS MRb(t) - 1.09 .t + 24 ug, (7)

Over the past several years there have been a which is represented by the solid line in Fig. 7. It

number of efforts undertaken to specify the is not unreasonable to consider that the Rb could
requirements to ensure reliable operation of the Rb getter some small amount of impurity in the lamp, see

discharge lamp. These studies have included three Section II. As long as the awount of the impurity is

types of glass; Corning 1720, Schott 8437 and Schott small and more impurity does not evolve from the lamp

8436. With the Corning 1720 glass lamps, two walls as a function of time, this initial clean-up
different lamp operating conditions have been studied, process in the lamp could take place almost

which correspond to those used in the Efratom and EG&G instantaneously. One feature of this model is that
Rb frequency standards, respectively. These lamp each lamp could have a different quantity of Rb
conditios are shown in Table I. Circumstantial consumed in the clean-up process. The amount of Rb

evidence''
16  

indicates that it is possible to consumed should depend on the impurity level in the
"overfill" a lamp, thereby generating excessive lamp particular lamp, which in turn should depend to some
noise. A possible physical mechanism for such a extent on the particular processing to which a lamp

phenomenon is the displacement of excess Rb in a lamp was subjected during its manufacture.

by thermal and/or mechanical forces which produces
changes in light intensity with concomitant frequency Averaging the results from ten lamps, where

instability when the lamp is used in a Rb clock. A some individual lamps had operating times over 10,000
quantitative understanding of Rb consumption allows h, the following Rb consumption law for Corning 1720

the lamp fill to be chosen so as to minimize noise glass lamps of the Efratom design operated under the
while oroviding adequate life for the intended normal Efratom conditions, see Table I, was obtained

applicacion. The results of the various lamp studies
follow. MRb(t) Z (1.4 ± 0.4) /t + (18 ± 6) ug. (8)

A. Corning 1720 Glass The factor of approximately 18 vg reflects both the
proposed instantaneous consumption of Rb and the error

1. Efratom Operating Conditions in the calorimetric measurement. The measurement

errors should tend to cancel on the average over ten

An extensive effort was undertaken at The lamps. Thus the 18 vg is the quantity of Rb that one
Aerospace Corporation to measure the Rb consumption would expect to see consumed on the average upon the
rates in Efratom-type, Corning 1720 glass lamps using initial turn-on of this type of lamp.
the calorimetric technique. Lamps of the Efratom

design, manufactured both at Efratom and at Aerospace, Previously a life test of Rb lamps

were studied. All the lamps were operated in constructed out of Corning 1720 glass was conducted at

oscillators built by Efratom to ensure that each lamp Efratom. The test involved lamps that were operated

was subjected to the same rf drive power. Figure 7 to failure and then analyzed using NAA to determine
shows typical results of Rb consumption in this kind the initial Rb fills. The results of that study are

of lamp. In Fig. 7 the log of the Rb consumed is displayed in Fig. 8. A fit of the data shown in Fig.
plotted versus the log of the lamp operating time. Rb 8 to the form of Eq (6) yields the relation

consumption is measured in units of micrograms while
the lamp operating time is given in hours. Fitting to Rb(t) (1.45 ± 0.1) / , (9)

a linear function on the log scale yields the power
law relation for Rb consumption in time. For this which is shown in Fig. (8) as the solid line through
particular lamp, the fitting process yielded the data points. Because in this test only one

consumption point in time per lamp could be acquired,
MRb(t) - 10 t

0 26  
(5) i.e. total lamp life and initial Rb fill, the second

term in Eq. (6) could not be evaluated for the

with MRb(t) the mass of Rb consumed in micrograms in a individual lamps. Since the amount of Rb that may be

time t, in hours. This fit is shown as the dashed instantaneously consumed could be different for each
line in Fig. 7. lamp, fitting lamp data from life tests to the form of

Eq. (6) can not, a priori, be Justified. However, if

Eq. (5) is clearly not of the diffusion form all the lamps had been processed in a sufficiently
given by Eq. (4). Measurements on other lamps yielded identical manner then one could claim that life test

other power law relationships for the amount of Rb data would yield the same information as the

consumed in a specified lamp operating time. Two consumption measurements. In this particular case,
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the instantaneous consumption factor seems to have B. Schott 8436 Glass

been vanishingly small, implying that the processing

of these lamps was quite good. The fit to these Rb consumption measurements have been performed

particular life test data then is sensitive only to for a small sample of Schott 8436 glass, Efratom-type

the diffusion process. Comparing Eq. (8) with Eq. (9) lamps operated under the Efratom normal conditions.

shows that there is excellent agreement for the factor The consumption measurements to date are shown in Fig.

describing the rate of diffusion of the Rb into the 10. The solid line in Fig. 10 is a fit of the

glass, consumption data to the form of Eq. (6). The
resulting Rb consumption law was found to be

2. EG&G Operating Conditions MRb(t) -(0.9 ± 0.15) rt ± 7 g. (1)

Studies of Rb consumption, using DSC, in

lamps of the EG&G design and operated under the EG&G The fit shown in Fig. 8 is noteworthy, in that it

normal conditions (see Table I) have been conducted at indicates that the model used to describe Rb

both EG&G and Aerospace. The consumption data consumption in Corning 1720 glass lamps is valid also

exhibited features similar to that found in the for the Schott 8436 glass lamps. The seemingly lower

studies conducted with Efratom-type lamps in that diffusion rate for the Schott 8436 glass lamps tends

power law fits to the data yielded time dependencies to indicate that this glass is more alkali resistant

much slower than that of simple diffV.oi. Typical in the lamp application than the Corning 1720 glass.

consumption data yielded MRb(t) - 3.7t . Assuming

that the Rb consumption results from two processes, C. Schott 8437 Glass

simple diffusion and rapid, initial clean-up, provides

consistent fits to almost all the data for the EG&G Schott 8437 glass was used for the lamp envelopes

lamps. The EG&G and Aerospace studies gave of the early GPS Rb clocks. The failures of lamps on

essentially the same results, with the uncertainties the early GPS satellites prompted a change from Schott

in the Aerospace data being somewhat larger duelp the 8437 glass to Corning 1720 glass for the lamp

poorer quality of the DSC used for that work. Rb envelope. However, it was felt that it would still be

consumption in the EG&G lamp, operated under EG&G important to understand the Rb consumption phenomenon

normal conditions, can be described by the relation in the Schott 8437 glass lamps to insure that the
optimal glass choice had been made.

M b(t) = (0.2 * .05) /E+ (14 ± 3) g . (10)
Rb All the envelopes for lamps involved in this

In Fig. 9 we show a composite plot of all the Rb particular study were manufactured by Efratom

consumption data measured at EG&G. For the sake of Elektronic, GmBH in Munich, Germany. The low-filled,

clarity, the factor representing the instantaneous Rb short lived lamps were filled by Efratom California,

consumption, the factor B in Eq. (6), was determined Inc. for special purpose testing at the time of the

for each lamp represented in Fig. 9 and subtracted GPS failures; the other lamps exhibiting long life

from the consumption data for each lamp before plot- were filled in Munich as part of Efratom's regular

ting. The data in Fig. 9 represent Rb consumption lamp production and testing. These particular lamps

through diffusion only. Each symbol in the figure were manufactured and put into tests before the

represents a different lamp. From Eq. (10) it is seen technique of calorimetry had been developed to measure

that the term representing the rapid consumption of Rb initial Rb lamp fill. Efratom California, Inc. had

in the lamp appears to be about the same size as that analyzed lamp life versus lamp fill for the sample of

found in the Efratom lamp. This fact seems to short-filled lamps by operating the lamps to failure

indicate that the phenomenon is inherent in the lamp and then using either NAA or AA to determine the

manufacturing process. The fact that the term initial Rb fill. Some of the normal production lamps,

describing the diffusion of the Rb into the glass is i.e. those filled in Munich, however, are still

smaller for the EG&G case compared to that of the operating after eight years of almost continuous non-

Efratom case can be readily understood by referring to accelerated life-testing and thus it was necessary to

Eq. (4) and Table I. From Eq. (4) it is seen that the determine the amount of Rb that had been consumed

diffusion term depends on the inner surface area of during the operating life to date. For these lamps

the lamp, the density of the Rb at the walls and the both the total Rb, i.e. the initial Rb fill, and the

diffusion coefficient for the glass. Since both types amount of Rb remaining in the reservoir had to be

of lamps were made of Corning 1720 glass we expygt the determined. NAA was used to determine the initial Rb

diffusion coefficients to be nearly identical. The fill and DSC was used to measure the Rb mass still in

inner surface area for the EG&C lamp is seen from the reservoir.

Table I to be about a factor of two less than that for

the Efratom lamp. Additionally, the rf drive power of g wing to the nature of the glass envelope, only

the EG&G lamp is about a factor of 2 or 3 smaller than the ' Rb content in the lamp can be determined using

that for the Efratom lamp. Eckert's lamp model
14  

NAA. Because a noy-natural isotopic fill is used in

would predict the Rb concentration at the walls to be the Efratom lamps,
I9 

a precise determination of the

smaller for the EG&G lamp, because the rf drive power isoptopic ratio had to be made before the total Rb

is smaller, than for the Efratom lamp. Thus both could be determined from the NAA reuIlts. A laser

factors, the surface area and the rf power, are such excitation fluorescence technique for this

that one would predict a slower Rb consumption rate measurement was emg~oye 5which provided an accuracy of

due to diffusion in the EG&G lamp than for the Efratom about 4% on the Rb/ Rb ratio. This ratio then

lamp. Unfortunately, Eckert's model
l  

is not allowed computation of e total Rb fill from the NAA
sufficiently developed for a quantitative comparison determination of th& 

8
Rb content. Error bars were

to be made between the results of the consumption/life assigned to the Rb determination based on the

tests and the model predictions. We believe that it resuls of a previous study of the accuracy of
is clear, however, that the Rb consumption in Corning NA. '

2 2  
The errors quoted for the total Rb fill in

1720 glass lamps is well described by an initial rapid Table II, incorporate both the uncertainties in the

consumption followed by long term simple diffusion, isotopic ratio measurement and the assumed

inaccuracies in the NAA evaluation. To ensure that

there were no systematic effects in the NAA results,

other lamps, not shown in Table II, were included as a
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check. The Rb fills in these lamps were known with diffusion processes: one that controls the Rb

high accuracies through previous NAA and DSC diffusion through a thin surface layer, and a second
measurements. No evidence for any systematic errors process in the bulk of the glass. Under this model,
in the NAA results was found, the thin surface layer controls the rate of Rb

consumption in the short term and the bulk glass

The DSC results are affected by two major error controls the consumption process in the long term,
sourcenj the uncertainty in the "glass correction" i.e., after the thin layer has been saturated. In
factor and the repeatability of a lamp measure- Fig. 12 we re-plot the Schott 8437 lamp data together
ment. A glass correction factor is applied to the DSC with a prediction of Rb consumption under this "two-

measurement to account for perturbations in observed glass" model, assuming a diffusion coefficient in 1h
DSC signals due to the lamp's glass envelope. Lamp fi5 st layer, with thickness 2.5 um, of - !I 19
Nos. 604 and 613 had failed during their operation and cm /s and for the bulk glass of - 5 x 10 cm /a.

thus we identically assigned zero to their Rb The model is seen to fit the data fairly well with
reservoir contents. For completeness we verified that diffusion coefficients that are of the correct order
the DSC yielded no detectable Rb signal, of magnitude. However, there are no dati in thz

critical transition region, i.e., between 10 and 10
We display in Fig. 11 a plot of lamp operating h, and thus the experimental support for this model is

times versus Rb consumed for all Schott 8437 lamps weak.

involved in life testing. In Fig. 11 each point
represents an individual lamp; points represented by The origin of a two-glass condition in
an 'o' with no error bars are lamps that were life these lamps can be physically understood in a number

tested at Efratom. These lamps were operated until of ways. A cleaning process in the manufacture of the
failure and then were analyzed by either NAA or AA to lamp, e.g., an HF or some other rinse, might alter the
determine the initial Rb fill. No error bars are characteristics of the glass in a narrow region at the
indicated because of insufficient information on their inner surface. Additionally, the plasma could
analyses. Points for which error bars are displayed possibly change the glass properties to some depth.
represent those lamps that were analyzed for consumed This may be sim-lar to the brown surface layer that
Rb. There are five points in Fig. 11 that correspond occurs during lamp operation. On the other hand, we
to lamps that have not failed and thus those points have not seen an analogous phenomenon for the Corning
represent Rb consumed over the operating time of the 1720 or Schott 8436 glasses. It may be that a similar
lamp. One of these lamps has operated for 25,000 h effect occurs for these lamps, but takes place after a
and the remainder have operated for about 70,000 h much longer time and thus simply has not been observed
each. yet. Because we have no information concerning the

manufacture of the Schott 8437 lamps, we must present

Rb consumption in lamps with Corning 1720 glass the two-glass model as speculation.
and Schott 8436 glass envelopes was found to be well
understood in terms of diffusion of the Rb into the b. Simple Diffusion
glass plus an initial rapid consumption. The life
test data from lamps with Schott 8437 glass envelopes, In Fig. 13 we display fits of the
however, does not definitely support that model. Schott 8437 lamp data to simple diffusion forms.
Although the Schott 8437 life test data do not allow a Because the data naturally break into two groups*
definite description based on a single model, they do short-lived lamps, with operating times less than 101

provide us insight into the following Rb consumption h; and kong-lived lamps, with operating times greater
models, than 10 h, we show two diffusion fits. A possible

explanation is that the data below 10, h result from
1. Alkali Interdiffusion subjecting the lamp to some anomalous procedure during

manufacture which resulted in a high rate of Rb
In some studies of the alkali attack on consumption. Fitting the long-term data to a simple

glass, in particular with Na, it has been shown that diffusion form yields
the process of alkali atoms or ions diffusing into the
glass structure is accompanied by a reverse migrati MRb(t) Z (0.8 ± 0.2) It (12)
of the alkali atoms already present in the glass.
Schott 8437 glass has a Na content of about 2% by In this fit, the initial rapid consumption term given
weight. Under this model, we would expect a one-for- in Eq. (6) was found to be insignificant and hence was

one exchange of Rb for Na during the operation of the neglected.
lamp. As Na diffused out of the glass envelope, a Rb-
Na amalgam would form. The amalgam would then affect The fact that the Rb consumption in
the quality of the DSC scan since a pure Rb melt would both Corning 1720 glass lamps and Schott 8436 glass
no longer be seen. No effect like this was observed, lamps is well described by essentially simple
which would have been quite pronounced in lamps Nos. diffusion, makes the short-term lamp life data for the
397, 400, 633, 718 and 881-3; consequently, we believe Schott 8437 glass lamps and hence the two-glass models
that this process does not significantly contribute to somewhat suspect. Additionally, lamps for both Schott
Rb consumption in these lamps, glasses exhibited about the same Rb consumption rate

in the long term which is what one would expect based
2. Rubidium Diffusion on the presumed similarities between the two

glasses. More experimental work would be needed to
Because the data presented in Fig. 11 do not determine whether the Schott 8437 glass lamps are

definitely support the model that we used to describe exhibiting either a different consumption process or
Rb consumption in Corning 1720 glass and Schott 8436 simply a manufacturing anomaly. Finally, whether the
glass lamps, we propose two alternative explanations two-glass model or simple diffusion is the correct
to describe these data. picture is not critical to long term lasp life

prediction. In the long term, greater than 10 h, the
a. The "Two-Glass" Model lamp life predictions, derived from the consumption

data fits to each model, converge.
Assume that the Rb diffusion into the

Schott 8437 glass is described by two different
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D. Summary of Empirically Derived Consumption Laws consumption rates in these lamps were determined using
DSC. Lamp lifetimes for a "standard" initial Rb fill,

Rb lamp tests have yielded the followlug for this analysis we arbitrarily considered an Infelml

consumption laws for various lamp conditions: fill of 400 pg of Rb, were then extrapolated for the
specific operating conditions.

1. Efratom, Corning 1720 Glass Lamps:
MRb(t) - (1.4 ± 0.4) Yt + B The lifetime of Rb discharge lamps is limited by

the reaction of Rb vapor with the glass envelope of

2. EG&G, Corning 1720 Glass Lamps: the lamp. In this section we show that there is a

MRb(t) Z (0.2 ± 0.05) /' + B good analogy between this type of reaction and the
reaction of a gas with a quiescent liquid. The

3. Efratom, Schott 8437 Glass Lamps kinetic theory of the latter type of reaction has been
(consumption law based on the long-lived well developed by P. V. Danckwerts, and the same
lamps only): mathematical description may be applied to the

MRb(t) = (0.8 ± 0.2) Ft + 8 lamps. The theory has some adjustable parameters
which may be used to fit lamp lifetime data and,

4. Efratog, Schott 8436 Glass Lamps: therefore, the theory may be used to predict the
m (t) - (0.9 ± 0.15) it- + B effect of temperature on lifetime and the time

dependence of Rb consumption. While this description

The factor B represents the small amount of of the lamp behavior is simplified and incomplete, it

initial Rb consumption that we believe occurs in these provides a useful conceptual framework for the further
lamps. This initial Rb clean-up typically involves up understanding of lamp behavior, and shows the
to 20 og of Rb. We have at the present time no way to limitations of accelerated lifetime testing.
predict, a priori, how much Rb will be initially
consumed in a particular lamp; however, we think that The traditional picture of glass is that it is
any initial consumption much greater than 20 vg most simply a liquid of very high viscosity. While this
likely indicates an anomaly in the lamp processing, view is now regarded as oversimplified (and we shall

show one way in which it fails), it is very useful as
The various empirically derived consumption laws an analogy for reaction kinetics across a phase

show the effects of the different parameters in Eq. boundary. The theory of gas-liquid reactions has been
(6). Comparing the Corning 1720 results from Efratom well developed for certain simplified cases, arA we
and EG&G lamps demonstrates the effects of both lamp shall apply the version given by P. V. Danckwerts to
size and rf drive power on Rb consumption. Efratom the reaction of Rb vapor with Corning 1720 glass, The
uses a larger lamp, with greater rf power than does theory gives a physical picture of the nature of the
EG&G. The consumption rate of Rb in the Efratom la~ap reaction, and permits the prediction of consumption-
is consequently higher. The results from the Efratom versus-time curves as a function of temperature from a
Schott glass lamps compared with those from the limited set of data.
Corning 1720 glass lamps seem to indicate that both of
the Schott glasses, at least in the long term, have The theory incorporates just two phenomena:
lower diffusion coefficients for Rb than does Corning diffusion and reaction. In the version employed here,
1720 glass, the diffusion problem is simplified to include only

diffusion in the condensed phase. This is justified
Although the empirically derived consumption laws because gas both phase diffusion and the sticking

give strong support for the validity of Eq. (4), it is probability of the gas on the surface are sufficiently
not possible at the present time to use Eq. (4) to rapid that the rate of the overall process is not
derive the Rb consumption rate for an arbitrary set of limited by gas processes. Thus, in this theory, it is
lamp conditions. The biggest single problem concerns assumed that an arbitrarily thin surface layer of the
the exact dependence of the Rb concentration at the condensed phase is in Henry's law equilibrium with the
lamp walls on the rf drive power. The analytical partial pressure of the gas phase reactant, and that
model of the rf discharge is not sufficiently the overall transfer of gas across the phase boundary
developed to allow more than a qualitative description is governed by diffusion into and ieaction with the
of the lamp. Additionally, there are no good condensed phase. The diffusivity of the gas in the
measurements of the Rb diffusion coefficients for the condensed phase, the solubility of the gas, and the
glasses of interest. The consumption measurements reaction rate constant are the parameters required by
thus provide us with the best characterization of lamp the theory, although these parameters have different
life and reliability, temperature dependencies that must also be included.

V. ACCELERATED LAMP LIFE The theory predicts that the consumption of gas
PROCEDURE/QUALITY CONTROL TESTING 25  will vary as the square root of time if diffusion is

the dominant process in the condensed phase, and that
Accelerated life testing is an extremely useful the consumption will vary linearly with time when

technique for deteraining device reliability. In an chemical reaction dominates. In the region where both
accelerated test, the operating life of a device is processes are competing, the theory predicts an
compressed by some means into a time much shorter than initial square-root-of-time behavior, followed at long
the normal lifetime. Performance characteristics can times by a linear behavior. It must be pointed out
then be monitored for a statistical sampling of that the validity of this theory rests on the
devices and estimates for the normal reliability of assumption that there are no glass saturation
the device can be made. Equally important is quality effects. While this is a very good approximation for
control testing to ensure that particular components Rb, it would not be as good for more rapidly reacting
have been manufactured properly and will perform species such as Na. Once the reaction between the Na
according to the prediction of the statistical and glass has saturated, consumption will change from
sampling. To investigate possible means of linear to square root, implying a diffusion-lialted
accelerating the life of a discharge lamp, Rb lamps, process.
all of the Efratom design and constructed out of
Corning 1720 glass, were operated under various In the case of the Rb-plus-glass reaction, we
temperature and rf drive power conditions. Rb have shown experimentally the consumption of Rb to
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have a square-:oot-of-time dependence at low tempera- A* - 2 x 10- 3 moles/cm 3  (18)
tures and a linear time dependence at high
temperatures. This implies that chemical reaction Clearly, the two systems are not tke same. The only
does not set in until high temperatures are reached, justification for this choice of A is that the 2 M
and therefore, the chemical reaction has a low pre- figure seems to be constant for a wide range of
exponertial factor and a high activation energy. The conditions.
pattern of diffusion at low temperatures and reaction
at high temperatures has b n geen for other alkali- For the diffusivity, we use values obtained
mptal-plus-glass reactions. 2 experimentally from the surface analyses, as described

Section II. For a liquid there is an Inver
We 1I follow the nomenclature used by relationship between viscosity and diffusivity,19

Danckwerts with some minor simplifications. The however, that relationship was empirically found not
equation for diffusion and reaction in a condensed to hold for this glass over the entire temperature
phase is: range of interest. The failure of the empirically

determined diffusivity to follow the viscosity showsD d a _ da + ka (13) that the glass-liquid analogy fails in at least thisdx2 dt aspect, but this failure need not invalidate the

where D is the diffusivity of the gas in the condensed model.
phase, a is the concentration of gas in the condensed
phase, x is the distance from the surface, and k is The chemical reaction rate is the most arbitrary
the first-order chemical reaction rate constant. The of the three parameters. We have treated the rate
boundary conditions are: constant and its temperature dependence as adjustable,

a Aand fit them to two points on the high temperature end
a - A x - 0, t > 0 (14a) of the lamp lifetime data. High temperature lamp

lifetime data were obtained by operating lamps both at
a 0 0, x > 0, t = 0 , and (14b) high temperature but with no rf discharge, and at high

rf discharge powers. Lamps operated under high rf
a - 0, x - -, t > 0 , (14c) power were found to achieve high envelope temperatures

as a result of rf heating effects. Lamp drive powers
where A is the concentration of the gas right at the of 5 to 10 Watts resulted in lamp temperatures of 200
surface, given by Henry's law and assuming equilibrium and 300°C, respectively. Because there was no way to
with the partial pressure of gas present in the bulk separate rf and temperature effects in this model, we
gas phase. The solution to this equation with these simply lumped all the data together, characterizing
boundary conditions is: each lamp by some temperature. Although not entirely

* D 1/2 / kt 11/2 -kt correct, it is not totally unreasonable to think that
Q - A (R), (Ckt +-1) erf (kt) 2 + (-)-e (15) each lamp might have a characteristic temperature that

would allow Rb consumption to be appropriately
where Q is the integrated consumption of gas, in moles described by the combined effects on diffusion and
per square centimeter of surface, t is the time, and reaction. The constant so obtained is:
erf is the error function. The exact solution is 13 6 000 1
plotted in dimensionless form in Fig. 14. For times k = 1.6 x 10 e T a (19)
shorter than those shown in the figure, the
consumption is a function of the square root of time: Alkali metals are not thermodynamically capable of

D 2reducing pure silica to give Si plus a metal oxide,Q - 2A* (.-2 kt << 1 (16) but they are able to produce more alkaline glasses and
Si:28

for times longer than those shown in the figure, the
consumption has a linear relation with time: 4Na + 3 Na2Si205 - 5Na 2SiO 3 + Si,&G - -98.6 kcal (20)

Q - A (Dk)2 t kt >> 1 (17) Rb is very likely to exhibit this same kind of
reaction, although the free energy change will

All intermediate values must be read off the probably be different. This kind of reaction may
dimensionless figure. The two approximate solutions continue until 2.0 weight % metal has been absorbed.
may be used for fitting experimental data, with the Thus, the reactivity exceeds the solubility - a
short time form approximating little chemical reaction feature required by the solutions to the theory. The
and the long time form approximating rapid chemical exact nature of the reaction and its thermodynamics
reaction. are not required by the theory, however.

Three parameters are required by the theory: A , In Fig. 15 the actual lamp lifetimes as a
the concentration of dissolved gas at the surface; D, function of temperature are given. The solid curve is
the diffusivity of gas in the condensed phase; and k, the exact solution to the theory when employing the
the first-order reaction rate constant, parameters chosen in the previous section. A lamp

* lifetime is defined for this analysis as the time
For the value of A , we have found no direct required for a lamp to consume 400 tig of Rb, and in

measurements for Rb in the glass of interest, Corning many cases, this was determined by extrapolation.
1720. In these experiments, the Rb vqpor pressure is Using the internal surface area of an Efratom lamp we
held more or less constant at 2 x l0-  Torr, which is find that this lifetime corresponds to:
the eouilibrium vapor pressure at 1350C. Our estimate
for A is made by analogy with the solubility of Na Q f 1.18 x 10-16 moles/cm2 . (21)
vapor in glass, which Is typically 2 weight percent
for glasses at 3029ty0400*C in equilibrium with Na at Although the data shown in Fig. 15 have a good
that temperature. I For a glass of density of 2.6 deal of scatter about the fit line, we believe that
g/cm3, this corresponds to two moles of Na metal per the qualitative agreement between the data and the
liter of glass. We have arbitrarily assigned the same model is quite good. The scatter is due at least in
molar concentration to Rb in our glass. Two moles per part to the uncertainties in the temperature
liter gives: measurements end a possible Inhomogeneity of the lamp
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envelope temperature. Figure 15 indicates that the lifetimes in excess of ten years can easily be

reaction process between the Rb and the glass starts guaranteed. This type of reliability makes these

to become important above 2DO°C. To properly lamps well suited for use in Rb atomic frequency

accelerate the life of the discharge lamp, i.e. standards designed for use in satellite applications.

increase the rate of Rb consumption without changing

the primary consumption mechanism, lamp temperatures VII. ACKNOWLEDGEMENT
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Table 11. Lamp Measurement Results
For Efratom 8437 Lamps

Total Rubidium Rubidium Operating

Rubidium Reservoir Consumed Time
from NAA from DSC (vg) *700 (h)

Lamp U (ug) (ug)

881-3 397 ± 40 300 * 20 97 ±45 25 x 103
,Rb

604 184 ± 20 0 184 * 20 50.6 x 103

613 220 ± 22 0 220 ± 22 57.8 x 20300 0-0

39 21 2 3 19 2 694 130 10 20 30 40 50 60 70 80

397 221 21 53 ± 5 169 :± 22 69.4 x 10 PENETRATION DEPTH, micrometers

400 233 ± 23 39 * 4 203 * 23 69.4 x 103

633 229 ± 22 64 j 5 165 i23 69.4 x 103 Figure 2. Rb penetration into a Pyrex glass surface
from SIMS analysis. The surface occurs at

718 266 ± 26 28 ± 2 238 ± 26 69.4 x 103  0 urm. The sharp decrease and increase in
Rb concentration near 4 um is believed to
be due to inhomogeneities in the glass and

not related to the penetration
mechanism. The vertical axis is relative
elemental concentration. Because of

TYPICAL RUBIDIUM LAMP differing SIMS elemental sensitivities the
relative concentrations between Rb and Si
can not be directly compared.

10I

FGLASS ENVELOPE PYREX PLASMA No I
0.8 EXPOSURE TIME: 336 hrs

6 SIMS DATA BEST FIT DIFFUSION

-09 cm COEFFICIENT 3 10-14 cm2 sec

-0FACE 0.4 BEST FIT CURVE

;\\ 0.2

CC:1 0.0
-MEIAL BASE 0 10 20 30 40

C, zPENETRATION DEPTH (micrometersl
,HUBIDIUM METAL RESERVOIR 1.0 I I

POTTINGP Off MATERIAL 
SIMS DATA PYREX NONPLASMA No. I

0 EXPOSURE TIME: 6300 hrs

Figure 1. Typical Rb discharge lamp. Lamp consists M 0.6 -BEST FIT DIFFUSION
of a glass envelope which contains excess * COEFFICIENT 3 10-14 cm2'sec
Rb metal and a buffer gas. An rf coil, E 0.4 BEST FIT CURVE
not shown, surrounds the exposed portion
of the glass envelope and sustains a
plasma in the lamp. Figure after Ref. 0.2
(9)."

0.0
O 20 40 60

PENETRATION DEPTH Imicrometersl

Figure 3. Experimental Rb penetration from SIMS
analysis data (0) and fit curve ( ---- ) for
Pyrex glass samples (a) with discharge

present and (b) without discharge.

397



ANALYSES OF Rb CONCENTRATION IN LAMP ENVELOPE

SURFACE
2! REACTIUN,

PRODUCT I GLASS ENVELOPE

r LAYER I

[-Rb2O0

IRb SILICATE 6 4 e
1) 1U 1 5 2 0 2 5 30

APPROXIMATE PENETRATION DEPTH INTO SAMPLE, nm

Figure 4. Rb-glass interaction. Rb atoms are found !
to react with oxygen atoms near the glass , SI t N
surface and then diffuse into 

the glass as

Rb2O. Unreacted Rb atoms also diffuse FI T R 01 L ] [A MP
into the glass and react to form Rb-
silicate.

Figure 6. Photograph of EG&G lamp showing Rb metal
_ _ _ _ _ _driven to front face in preparation for

calorimetric measurement. The Rb metal
- SAMPLE: Rb LAMP 8793 must form a tight, compact sample to

Rb MASS: 282 Ag achieve best measurement with calorimeter.

RUBIDIUM CONSUMPTION
CORNING 1720 Rb LAMP A1-3

200 7 -

h100-

38 39 40 8

TEMPERATURE, !°Ce 2 60

Figure 5. Calorimetric measurement of the Rb content
of a Rb lamp. The differential heat pulse 20 --

is displayed versus temperature for a
typical Rb lamp measurement. The area
under the pulse can be integrated to 10 1
determine the total energy that was 1 1  102 103 104
required to melt the Rb sample and thus Log LAMP OPERATING TIME, hr
determine the elemental Rb content of the
lamp.

Figure 7. Typical Rb consumption data for Efrato.

lamp operated under the gfratom normal
conditions. Measurements are denoted by
the symbol, "e" . The dashed line is a
power law fit to the data while the solid
line represents a fit to the diffusion
law, see Eq. (6) in the text.
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RUBIDIUM CONSUMPTION RUBIDIUM CONSUMPTION
EFRATOM LIFE TEST LAMPS, CORNING 1720 GLASS EFRATOM LAMPS, SCHOTT 8436 GLASS00200 

1 1 4 ° o100

0 0
~ 100

0r1 E so0

0

,o 0

102 103  104  10V

Log LAMP LIFE, hr 101 102 10

Log LAMP OPERATING TIME, hr
Figure 8. Results of the lamp life test conducted by

Efratom for Corning 1720 glass lamps.
Each symbol "e" represents a lamp that was Figure 10. Composite plot of Rb consumption in Schott
operated to failure. Total operating life 8436 lamps of the Efratom design operated
is plotted on the horizontal axis versus under Efratom normal conditions. Each
the initial Rb fill of the lamp on the symbol represents a different lamp Solid
vertical axis. line is a diffusion law fit to the data,

see Eq. (6) in the text.

RUBIDIUM CONSUMPTION RUBIDIUM CONSUMPTION

50 EG&G DATA EFRATOM LAMPS, SCHOTT 8437 GLASS
40-

E30 - 3LMPO0 = LAMP 599 10 = 1
E - = LAMPE_ <

10 U =LAMP 60 C
E• LAMP 602 A n

• =LAM P 603 o .2
C= 1001 2

o = LAMP 631 10
A, = LAMP 635 V .:. I

L.. .

0 C03

101 102 03o 1 

Log LAMP OPERATING TIME, hr 1 101 102 103 110 4  105

Figure 9. Composite plot of Rb consumption data for Lag LAMP OPERATING TIME, hr I yr 5yr l0yr
EG&G lamps measured at EO&G. Solid line
represents a diffusion law fit to the
data; see Eq. (6) in the text. The Figure 11. Rb life/consumption data for Schott 8437
initial Rb consumption factor has been glass lamps. Total operating times verses

subtracted from the data for each lamp either total Rb fills, if lamp has failed,

before plotting, or consumed Rb, if lamp is still
operating, are plotted for a number of
lamps with Schott 8437 glass envelopes.
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DANCKWERTS SOLUTION

RUBIDIUM CONSUMPTION 10
("TWO GLASS" MODEL PREDICTION)

/r

F= PREDICTION OF TWO GLASS " MODEL
02

GLASS EGE - I 2
GLASScm 2 s BULK GLASSE-DG

] I1 2

2.5 Am 0.1

1p1 102 100 '104 0

Log LAMP OPERATING TIME. r rI yr 5 yr 10 yr

001 1 1
Figure 12. Schott 8437 glass lamp data with a fit, 0.1 1 10

solid line, to the two glass model of Rb
consumption. Inset shows the two Figure 14. Solution of Eq. (13) is shown as a
different diffusion regions in the glass; function of the dimensionless
a narrow region characterized by a parameter kt. The time at which Rb
relatively large diffusion coefficient for consumption begins to be proportional to
the Rb and the bulk glass which has a time depends on the strength of the
lower diffusion coefficient, reaction. This Is not seen to occur for

the Rb lamps studied under the normal
operating conditons out to times
approaching 10 yr.

RUBIDIUM CONSUMPTION
(SIMPLE DIFFUSION FITS) LAMP LIFETIMES

1400 microgram FILL)

SiMPLE DIFFUSION, SHORT TERM DATA
- C '3 0 6),T-\ Q 0

102 a C 8 4
-I -

Log LAMP OPERATING TIME, hr I Iy I r1 r'3

0!{0

1@ I I
Figure 13. Schotc 8437 glass imp data fit to o

SIMPLE DIFFUSION,

diffusion model. Because the data seemed
to break up into two distinct groups, two
fits were performed. Compared with the
longer-lived lamps, the short-lived lamps Figure 15. Exctrapolated Rb lamp lifetim versus lamp
show a much increased diffusion rate, temperature for lamps of the Efratomdesign constructed out of Corning 1720

glass. Rb lamp lifetim here is
arbitrarily defined to be the time it
takes a lamp to consume 0 g. Solid
line is model prediction based on some

adjustable parameters. Above 200"C the Rbconsumption process is seen to change from
diffusion to reaction. This change
severely limits the degree to which lamp
failure may be accelerated.
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ANALYSIS OF DICKE NARROWING IN WALL COATED AND BUFFER GAS FILLED CELLS
WITH APPLICATION TO GAS CELL ATOMIC CLOCKS

R. P. Frueholz and C. H. Volk
Chemistry and Physics Laboratory

The Aerospace Corporation, P. 0. Box 92957, Los Angeles CA 90009

ABSTRACT contribution, to be approximately 40 Hz/p, where p is

the pressure of the buffer in Torr. In a few Torr of

Spectral lineshape narrowing of atomic vapor buffer gas then the Dicke narrowed contribution is

emission in a bufferless, wall-coated absorption cell only a very small fraction of the total linewidth. In

has been analyzed using the same formalism developed the usual experiments the major contributions to the

to describe sub-Doppler linewidths, Dicke-narrowing, linewidth arise from the effects of the optical pump-

in a buffered cell. Dramatic linewidth reductions in ing radiation, the microwave field, magnetic field
the bufferless cell, compared to the buffered cell, gradients and the like.

occur because of the high probability that Doppler

shifts before and after a particular wall collision It is also well known that sub-Doppler linewidths
will cancel each other. The formalism described can be obtained in absorption cells containing no

allows more physical insight than the classic one- buffer gases, rather having wall coatings, such as

dimensional box model previously invoked to explain paraffin, to minimize the relaxation effects of lyal
spectral narrowing in bufferless, wall coated cells, collisions on the atomic spin orientation.

Additionally, this formalism reveals a correlation Microwave linewidths as narrow as 118 Hz have been

between post-collision velocities and intercollision observed in some of these experiments. The spectral
times in the buffered cell resulting in modifications narrowing of the rf or microwave lines in these buf-

of the standard Dicke analysis of these cells. ferless, wall coated cells have been explained by

Finally, the computational power of the technique is appealing to the example of an emitting atom confined
demonstrated. The effects of varying cell size on Rb to a one-dimensional box. In this model with an atom

and Cs hyperfine lineshapes and the results of the confined to a box of dimension, a, travelling at

presence of an inhomogeneous magnetic field within the constant velocity V, and being allowed only to rebound
cell are analyzed. elastically, reversing direction upon a wall colli-

sion, it can be easily shown that for non-integral

I. INTRODUCTION values of a/X the atom emits at the normal unshifted
frequency plus at sideband frequencies determined by

The phenomenon of producing sub-Doppler spectral its velocity. For an ensemble of atoms with a

linewidths in atomic emissions by confining atoms with Maxwell-Boltzmann velocity distribution confined to a
a buffer gas is well known. This line-narrowing one-dimensional box, one finds the lineshape to be

effect was first analyzed by R. H. Dicke and is composed of a central spike at the normal unshifted

typically termed Dicke-narrowing.
I 

Dicke considered frequency, and a broad pedestal built up from the
atoms confined by a non-perturbing buffer gas of velocity dependent sideband frequencies.

sufficiently high pressure that the mean free path of
the emitting atom was much less than the wave2.gth of In reality, however, atoms confined to buffer-

the emitted radiation. Subsequent analyses'- have less, wall coated cells are not well described by the
relieved this constraint and have produced a formalism one-dimensional box model. All real cells are three

that predicts a Doppler broadened Gaussian lineshape dimensional. Simply generalizing the one-dimensional
in the limit of low buffer gas pressure and reproduces model to two dimensions changes the physical problem

Dicke's result, a narrowed Lorentzian lineshape in the significantly. First, the distance that the atom may
limit o high buffer gas pressure. One of the most travel between collisions is no longer fixed, rather

dramatic realizations of Dicke-narrowing is observed it is distributed from zero to the diameter of the

in the magnetic dipole transitions of the hyperfine cell. Additionally even if the atom is assumed to be
levels of alkalY atoms. 13fhe ground state hyperfine emitted from the cell surface with a fixed speed, S,

transitions of Rb and Cs, at frequencies 6.8 GHz from the observer's point of view a range of velocity

and 9.2 GHz, respectively, have been extensively components is possible as the atom rebounds randomly

studied because of heir applications in atomic fre- within the cell. In two dimensions the well defined

quency standards. - In Fig. I we compare a typical sideband emission frequencies disappear. Due to the

lineshape that might be P served for the ground state range of velocities, sideband frequency power is

hyperfine transition in Rb in the presence of a few spread over all frequencies between ± Sw /2wc. Aver-

Torr of buffer, with a calculation of the full Doppler aging these lineshapes over a Maxwell-Boltzmann dis-

profile. Typically observed linewidths are about 300 tribution results in a center peak resting on a non-

Hz with only a small fraction of that due to the Doppler pedestal. Furthermore, purely elastic col-
residual Doppler contribution, while the full Doppler lisions with cell walls, allowing atoms to bounce with

width is computed to be around 10 kHz. no change in speed, are not truly realistic. In fact,

coated cell walls tend to be somewhat sticky. Atoms
The lineshape derived by Dicke is given by:

1  
that collide with the coad wall sack 1% r 14 some

period of time, between 10 and 10 a, and
1(w) 2 D/2 then are re-emitted at some random angle and random
1 )2 + X2. (1) velocity governed by the respective angle and velocity
10 (-n)

2 
+ (2w D/X

2
)2 distribution functions. Relaxing the condition of

elastic collisions at the wall in the one-dimensional

where D is the diffusion constant of the atom through model also results in a sharp central spike resting on
the particular buffer gas, and X is the wavelength of a clearly non-Doppler pedestal because once again each
the transition, X - c/2ww . 1 e full width * half atom experiences a number of different velocities over

intensity of the line is LwD/A (rad/s). For Rb in its lifetime and thus would emit at numerous sideband
a typical noble gas buffer, e.g. Kr, one computes the frequencies so that the spectral power is spread out

residual Doppler width, i.e. the Dicke- narrowed leaving the greatest intensity at the normal unshifted
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frequency. Finally, upon close inspection it seems speed of light, and A a constant. For the time

strange that one should need two distinct formalisms between the (i-l)th and ith collisions with the buffer

to describe spectral line narrowing under collislonal gas atoms, T(i), the radiating atom has a fixed

confining. Dicke's criterion is that the emitting velocity, Vx(i). This allows rewriting Eq. 2 as

atom suffer collisions that do not perturb the6atom's

internal state. As pointed out by Vanier , the w N
mechanism of a wall collision is identical to tiat of x(t) - A cos [w t + E V,(i) T(i)], (3)

a gas collision, and thus an atom should not really il
know if it is confined by a buffer gas or a wall.
However, a naive application of the line-narrowing with N being the number of collisions in time t.

formalism to the bufferless, wall coated cell com-

pletely fails. In Fig. 2 we plot the full width at Typically the post-collision velocities and
half ntensity of the residual Doppler contribution to intercollision times are treated as independent,

the Rb microwave lineshape at 6.8 GHz, as2-pgedicted stationary, random variables. The autocorrelation
by the complete line-narrowing formalisms, versus function of the oscillator, F(T) is given by

20

the dimensionless parameter, a/l, where a is the mean
free path of the atoms. The area to the left of the F(T) = < x(o).x(t)>, (4)

dashed line in the figure indicates the region of
applicability of Dicke's result. To the right of the where the brackets indicate stochastic averaging over

dashed line, the linewidth is seen to smoothly go to the random variables, V and T. To perform the avers-
the full Doppler width, as expected. In addition, we ging the probability density functions for the random

have also plotted in Fig. 2 the estimate of the variables are required. For the radiating atom sur-

residual Doppler contribution to the linewidth rounded by a buffer gas the post-collision velocities
observed in Ref. (18), denoted by the symbol, "+". In are distributed according to the Maxwell-Boltzmann

this particular case we took the mean free path of the distribution while the intercollision times are

Rh atoms to be the radius of the absorption cell. It assumed to be dist~ibuted according to a simple
is quite apparent that the standard formulations of Poisson distribution. In this model the velocity and

line-narrowing fail dramatically in this situation, hence the Doppler shift after a collision is assumed

to be completely independent of those prior to the

We have investigated the line-narrowing phenome- collision. The Fourier transform of the autocorrela-
non in a bufferless, wall coated absorption cell tion function is the oscillator's power spectral

following the same formalisms developed for the buf- density or in this case more appropriately termed the

fered cell. We have found that although the trajec- transition lineshape. Linewidths obtained using this

tories that the atom has over its hyperfine state procedure yield the solid curve plotted on Fig. 2.

lifetime have a statistical nature, because atoms
striking the coated w il are adsorbed for a finite A. Analysis of Notional Narrowing in the Wall Coated

time onto the coating '13 and then re-emitted ran- Cell
domly with a cosine angle distribution, there still is
a very high probability that the Doppler shifts before It has been shown that the naive application of
and after a particular wall collision are of opposite the results of the standard buffer gas analysis to

sign leading to an effective cancellation of their motional narrowing in the wall coated cell does not

effects. Additionally, analysis of the atomic Ira- yield the correct linewidth. Carrying out a more

jectories in a wall coated cell demonstrates a cot- detailed analysis of the wall coated cell case within

relation between post-collision velocities and inter- the stochastic averaging framework is not straight-

collision times. While not of great significance In forward. First, while the post-collision velocities

these cells, a similar correlation, albeit much will undoubtedly be distributed in a Maxwell-Boltzmann

weaker, exists in the buffered cell. This correla- form it is not obvious that the intercollision times

tion, which has been completely neglectel -n previous are still distributed according to a Poisson distribu-

analyses of the line-narrowing phenomenon will lead tion. Additionally, the assumption that there is no

to additional narrowing of the residual Doppler con- relation between the velocity and Doppler shift before

tribution beyond that given in the standard analy- and after a collision is no longer even approximately

sea. A major value of our new analysis Is that correct. In a coated cell there is a high probability

spectral line-narrowing due to confining collisions that the velocities before and after a collision will

can be explained by a single formalism despite the have opposite signs and their Doppler shifts will tend
origin of the confining collisions. Finally, the to cancel. In effect a Markoffian relation exists

analytical value of the technique is demonstrated in between the velocities before and after a collision.

Section C where the effects changing cell size and Aspects of the effects of 2imilar rjstionships have
magnetic field inhomogenelties are quantitatively been discussed by Anderson and Kubo with regard to

analyzed. motional narrowing in NMR spectra. However, attempt-

ing to apply their analyses to this problem is quite

II. ANALYSIS AND RESULTS difficult.

An effective method of analyzing certain aspect An alternative to these standard stochastic

of radiation problems, as pointed out by Weisskopf,'" analyses is to explicitly obtain x(t) as a function of

Is to treat each radiating atom as a classical oscil- time and then perform its Fourier analysis. To carry
lator. This technique has been exploited in previous this out it is necessary to generate a series of

analyses of 4ine narrowing for an atom surrounded by a Vx (i)'s and T(i)'s as would be observed in a wall

buffer gas. The displacement of the oscillator, coated cell. This has been done by calculating the
x(t) is given by, classical trajectories of a particle in the wall

coated cell. For computational simplicity a two

W t dimensional circular cell was used to approximate the

x(t) - A cosiwot +--q f V (i)df], (2) actual spherical cell. We do not feel this is a
0 c o particularly restrictive approximation for this

initial analysis as the agreement between our computa-
with to the atomic transition frequency, Vx  the tional results and prior experimental studies will be

velocity component leading to the Doppler shift, c the shown to be very good.
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Starting with a particle at a random location on Typically the lineshapes presented were the result of
the cell wall two random variables are used to specify averaging lineshapes from several different trajecto-
the particle's path until its next collision with the ries. This eliminates the possibility of an artifac-

wall. 0 is the angle of particle emission from the tual G(w) resulting from a single peculiar trajec-
cell wall while S is its speed upon emission. 6 ranges tory. Additionally, this averaging results in a much
from -fr/2 to n/2 with respect to the direction normal smoother more accurate lineshape.

to the cell wall at the point the particle has 87
impacted. It is well known that in collisions between Application of this procedure to Rb at 25°C in
alkali atoms and cell walls coated with materials like a wall coated cell with radius 3.63 cm matching tt
paraffin the colliding afoms are physically adsorbed experimental conditions of Robinson and Johnson

and then re-emitted. 
t

'rb Thea2 3ale, 0, has been yields the lineshape shown in Fig. 3. The linewidth
found to be cosine distributed.

2
' The emission is approximately 10 Hz indicating that in the wall

speeds were assumed to satisfy the Maxwell-Boltzmann coated cell Dicke narrowing effectively removes all

speed distribution. Generation of random variables Doppler broadening yielding the linewidth specified by
satisfying these disSi tions were performed using the radiating atom's coherence lifetime in the cell,

standard techniques. ' Once a particular S approximately 0.1 s. This result is in excellent
and 9 are selected it Is possible to determine the agreement with the measurements in Ref. (18) in which
next impact point, the intercollision time, and the no residual Doppler broadening was observed. Addi-
component of velocity in the direction of the tionally the central peak is found to be resting on a
detector, V (i), that leads to the Doppler shift, broad Gaussian pedestal with a width of approximately
Repeating this procedure allows generation of a full 7.8 kHz. Experimentally, the pedestal was observed to
particle trajectory, have the full Doppler width of 9 kHz. We do not feel

that the origin of the pedestal is fully explained by

To occount for the finite coherence lifetime, to , the present calculations. Further broadening mecha-
of the radiating atom, Eq. 3 assumes the form, nisms not included in our analysis are most likely in

action. As our primary concern is the mechanisms

W N leading to the narrow central spike, analysis of the
A cos 1w t +-O Z V (i)T(i)]: tt pedestal will be left to subsequent investigations.

0 c X= 0

The extremely efficient Dicke narrowing found in

x(t) = (5) the wall coated, bufferless cell is due primarily to
the high probability that the velocity after a colli-

0 :t>t sion will have the opposite sign to that prior to the
0 collision resulting in a cancellation of the Doppler

with the Vx(i)'s and T(i)'s from the trajectory cal- shifts. The significance of this relationship between

culation. Rather than calculating the autocorrelation the pre- and post-collision velocities may be readily
function of x(t) and then obtaining the lineshape from demonstrated. To do this, the trajectory calculation

its Fourier transform, the direct Fourier analysis of is repeated. However, this time upon each collision,
x(t) was performed. The lineshape G(w) is related the position of the particles is randomized over cell
directly to x(t) in Eq. 6:d surface. While each trajectory is still subject to

the spatial constraints of the cell and the cosine
+ 12emission distribution, any "memory" of a prior vel-

G(v) - I f e
-
i x(t) dtl

2
. (6) ocity is removed.

In Fig. 4a the lineshape for a particle in a

The Fourier transform of x(t) was computed numerical- 0.363 cm radius wall coated, bufferless cell obtained

ly. This is facilitated by noting that between each from the standard trajectory calculation is shown.

collision the radiation from the atom appears to have Beneath it in Fig. 4b the lineshape resulting from the
a fixed frequency and that the frequency changes modified trajectory calculation just described. The

discretely upon each collision. Eq. 6 can then be 0.363 cm radius is one tenth that used in the experi-
broken into a sum of integrals one for each intercol- ments of Robinson and Johnson and was chosen for
lision period, clarity of example such that the uncorrelated line-

width would still be well below the full Doppler

Strictly speaking one should explicitly take into width. The linewidth in Fig. 4b is approximately 1400
account the fact that t represents an average Hz, over two orders of magnitude larger than the 10 Hz

lifetime of the atom, ang weight the collisional linewidth of Fig. 4a. The linewidth displayed in Fig.
effects over the atom's lifetime using an exponential 4b is essentially the same as predicted by the

function. Because the average lifetime is so much standard statistical analyses. Subtle differences

larger than the average intercollision time in the between the lineshape displayed in Fig. 4b and that
systems of interest, only a very few atoms do not given by the standard analyses are due to the non-

participate in the collisional averaging. As will be Poisson intercollision time distribution found in the

shown, collisional narrowing in these systems is wall coated cell and thus an exact comparison with
extremely effective and thus we decided for the sake Fig. 2 is not appropriate. This calculation clearly

of clarity to consider only an average atomic state verifies that it is the relationship between the pre-

lifetime knowing that under the specified conditions collision and post-collision velocities that leads to
the error will be negligible. However in a more the extremely effective narrowing in a wall coated,
general situation in which a substantial fraction of bufferleas cell.
the atoms have relatively few collisions over their
lifetimes a properly weighted lifetime function would B. Analysis of Motional Narrowing in the Buffer Gas
have to be incorporated into Eq. (5) and appropriate Case

averaging performed. One further computational aspect
should also be discussed. x(t) is specified by a Study of the trajectories of atoms in the wall
trajectory lasting a period t .  In principle an coated, bufferless cell shows that there is a correla-
infinite number of different trajectories each lasting tion between the post-collision velocity of an atom
t can be generated. Each trajectory will yield a and the intercollision time. Faster moving atoms
dfferent x(t) with a slightly different G(w). typically have shorter intercollision times. For the
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bufferless cell the trajectory analysis includes these calculation wit!in the standard Dicke regime. The
effects. Any similar correlation in the buffer gas calculated lineshape is Lorentzian with a linewidth of
cell has typically not been taken into account in the approximately 220 Hz. Since the linewidth is well
standard Dicke calculations. The standard statistical above that specified by the atom's radiative lifetime
analysis of motional narrowing for a particle sur- there is no need to increase the radiative lifetime
rounded by a buffer gas assumes that the post- employed in the calculation.
collision velocities and intercollision times are
completely independent. While this is a fairly good The buffer gas calculation was repeated but
assumption it is not rigorously correct. Some cor- instead of the velocity dependent intercollision times
relation exists even in the buffer gas case albeit not based on Eqs. 7 through 9, speed independent inter-

nearly as strong as found in the wall coated cell. collisions times were used. These intercollision
Clearly the velocity of the radiating atom will affect times were chosen randomly from a Poisson distribution
to some extent the intercollision time. wh ge most probable collision time, r' , was given

by
Typically, intercollision times are assumed to

obey the simple Poisson distribution with the most - 2
probable intercollision time ?ling the inverse of the (TI) a o N V (10)
average collision frequency. This most probable p m

tntercollision time does not depend on the precise with

speed of the radiating atom after each collision. In 2 k T 1/2
reality the most probable Intercollision time, T , is V - (II)

a function of the speed of the radiating atom. 
p 

The M
relation between the most probable collision time of a *

radiating atom with a precise speed, S, surrounded by and M the H-Kr reduced mass. This calculation also
a buffer gas of mass m, at 24emperature T and with a resulted in a Lorentzian lineshape. However the
number density N is given by linewidth was found to be nearly 370 Hz. The inclu-

-1 2 -1/2 1/2 -1 1/2 sion of the correlation effects is seen to yield a

(T)- N wo (v0) (s s) (8 s) (7) linewidth reduced by 40% from the uncorrelated line-
P width. We find that even in the buffer gas case the

with effects of the correlation between intercollision
times and post-collision velocities must be taken into

2 x 2 account.
*(x) = x e

x 
+ (2x2+1) f e

- y 
dy, (8)o C. Applications of the Trajectory Formalism

- . (9) The trajectory formalism developed in Section A
has been found to accurately and quantitatively

and k is the Boltzmann constant. describe the narrowing processes occurring in a wall

coated cell. In this section, the technique is
To analyze the effects of correlation in the applied to analyze two different aspects of wall

buffer gas case, x(t), as specified in Eq. 5, is coated cell performance. First, it is known that the
generated. After each collision a random speed S(i) fraction of the transition lineshape found in the
is generated by taking the magnitude of a velocity narrowed spike compared to that in the broad pedestal
vector whose three components were randomly selected depends on the cell radius. This dependence has been
from independent Maxwell-Boltzmann velocity distribu- investigated for Rb and Cs in wall coated cells. As a
tgns. V (1) generates the Doppler shift after the second application the ability of particles within
I coll islon. The intercollision times are chosen in coated cells to average inhomogeneous magnetic fields
the following manner. Given the post-collision speed has also been studied.
a most probable intercollision time, t (i), is calcu-
lated using Eqs. 7-9. This time is ten used as the In the one dimensional box the criteria ensuring
most probable intercollision time, for the Poisson that the major portion of the transition lineshape be
distribution from which a particular intercollision located in the central spike is that the box length be
time, T(i), is chosen. Since the post-collision speed less than one-half the transition wavelength. For Rb
changes after each collision, the most probable inter- this corresponds to a box length of less than
collision time, a function of that speed, also changes 2.2 cm. For a spherical cell, though, this is a
after each collision. Consequently after each colli- somewhat ambiguous criteria as all trajectory lengths

sion the intercollision time T(i), is chosen from a less than or equal to the cell dtam r are possi-
different Poisson distribution. In this way the mild ble. In fact, Robinson and Johnsonh have demon-
correlation between intercollision times and post- strated, for Rb, a high relative spike intensity in a
collisions speeds found even in the buffer gas case is cell whose diameter is approximately 7.3 cm.
rigorously taken into account. Once the post-
collision speeds, velocities and the intercollision Analysis of the effects of cell radii on the
times are specified, x(t) is defined and may be transition lineshape follows directly from Section
Fourier analyzed as was done for the bufferless, wall A. The cell diameter, a simple calculation parameter,

coated cell to yield the lineshape. is varied and the resulting lineshapes may be
analyzed. For Rb atoms, with coherence lifetimes of

The calculation was performed for a system in approximately 0.1 s, we find that if the cell diameter
which the correlation should be enhanced. Hydrogen is less than 4.4 cm, the pedestal intensity is insig-
was chosen as the emitting species with a hyperfine nificant, with its amplitude less than 1% of the spike
frequency of 1.42 GHz, while Kr was used as the buffer amplitude. As the cell diameter increases, the rela-
species. Due to its large mass compared to H the Kr tive size of the pedestal increases. The spike has
buffer atom appear almost motionless to the rapidly virtually disappeared for cell radii greater than
moving H atoms. A system temperature of 25*C was used 7.6 cm. The rate of pedestal growth is largest as the
and the radiative lifetime of the H atom was taken to diameter comes within a few millimeters of 7.6 ca.
be 0.025 .. The ratio of the mean free path to the For C. with a half wavelength equal to 1.6 ca,
emitted wavelength was set at 0.01 placing the diameters smaller than approximately 3.2 cm reduce the
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Figure 3. Hyperfine transition lineshap9 7 resulting
from trajectory analysis of a Rb atom in
a wall coated, bufferless cell. The cell
radius is 3.63 cm and the temperature is
25°C.
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Figure 1. (a) Typical alkali ground state hyperfine
transition lineshape in the presence of a
few Torr of buffer gas. (b) Full Doppler
profile of the alkali ground state hyperfine
transition, observed in the absence of
buffer gas.
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Figure 2. Linewidth of 8 7Rb ground state hyperfine Figure 4. (a) Hyperfine lineshape for a 87 Rb atom in a
transition as a function of the ratio of a, 0.363 cm radius wall coated, bufferless cell
the atom's mean free path, to X, the transi- obtained from the trajectoryTcalculation.
tion wavelength. Linewidths were calculated The linewidth is 10 Hz. (b) Rb hyperfine
according to Ref. 2. The dashed line repre- lineshape after relationship between pre-
sents the limit of validity of Dicke's collision velocities and post-collision vel-
original analysis (see Ref. 1). The "+' ocities, found in the wall coated, buffer-
symbol corresponds to the estimate of the less cell, has been ignored. The linevidth
residual Doppler contribution to the is approximately 1400 Hz.
measured linewidth in Ref. (12).
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Figure 5. (a) Hyperfine lineshape for a 8 7Rb atom in a
5 cm diameter cell in presence of an inhomo-
geneous magnetic field varying linearly i5om
0.0 G to 0.296 G across the cell. (b) Rb
hyperfine lineshape assuming atoms are
frozen in place in the same inhomogeneous
magnetic field.
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Summary Theoretical Approach

This paper presents a theoretical evaluation of the Since the pumping light intensity vary through the
performance of passive Rb frequency standard operated cavity and the axial microwave magnetic field is not
under various modes of microwave excitation such as uniform, the atomic system has an inhomogeneously broa-
TE0 ,, TEa11 or TE 01. Assuming that the pumping light dened line. The optical transitions involved in the
is generated by an electrodeless lamp and taking into optical pumping process are the A- and B-components of
account the inhomogeneity of the atomic system the the D I and D 2 lines of 

8
7Rb (see Fig. 2).

spatial distribution of the light transmitted through
the absorption cell is found. The resonance curve, We evaluate the transmitted light intensity through
given by the integral of the light intensity over the the use of the density matrix formalism

5
. The usual

photodetector surface as function of microwave excita- hypothesis are made
6
. In order to find this light

tion frequency, is then calculated. It is shown that intensity, we must first evaluate the time evolution of
the resonance curve pattern depends not only on the the local density matrix elements taking into account
light intensity and the microwave power when the atomic the relaxation processes, the optical pumping and the
system parameters are held constant but also on the stimulated emission by the microwave magnetic field.
area and the location of the photodetector. The second step is to consider the only five indepen-

dent variables which are the real and imaginary parts
The ultimate short term frequency stability of a of the amplitude of the coherence between the first-

passive rubidium frequency standard is evaluated order field independent sublevels, Sr( ) and 6i(r), the
through its white frequency noise. This noise contri- population difference between these two sublevels,
bution can be estimated from the resonance curve and A(r), the population of the upper first-order field
the system parameters. It is presented as function of independent sublevel, P3 3(r+), and the total population
light intensity and microwave power for various photo- of the lower hyperfine level, n(r). The following
detectors and for the three modes of microwave excita- equations show the time evolution of these five varia-
tion considered. These curves show that optimization bles

6
:

of the short term frequency stability could be achieved
and give insight toward its realization. + I + + I(

r r) ) [ r + r rB(r) 
+ 

Y216r
r )

Introduction

Many recent works have been devoted to passive rubi-( -a6
1 5

r (1)
dium frequency standard development. The long term ()( + r + +

frequency stability has been improved (adjustment of i - 1 A 2 Y2J6(i)
the filter cell temperature for zero light shift, com-
pensation of temperature coefficients between the fil- + rw2 (r) - r() r)(r), (2)
ter and the absorption cell, etc.. .)(for example, see
Rileyl) and much efforts have been made in order to + + + +r(;- B(]p )
reduce Its volume

2 ,3 ,4
. The object of the present [ r, A(r) - 1 P3 3(r)

work is the evaluation and the comparison of the short + +
term frequency stability of this standard for various + 

4
8(r)

6
i(r), (3)

approaches. ;33
( r )  

[r ( ]r3() 1

The spatial distribution of the light transmitted B - Lrs( r) + -) 8-
through the absorption cell for different operating
conditions and the resouance curves are first calcula- + [rA(r ) - r r(] + 2 (r+)g r5 (4)
ted. Then the short term frequency stability is evalu- B n0
ated. We show that the performance of the standard
depends on the incident light intensity, the injected and
power, the geometry of the photodetector and the cavity
mode (Et011 , TE1 11 and TE101). n(

1 ) - - rA(r) + - rB(r) + Yj n(r)

A schematic diagram of the optical package of a 3 r)
passive rubidium frequency standard is shown on Fig. 1. + X no[rB(r) + li] - 2noa(r)6i(r). (5)

The absorption cell, containing 
8 7
Rb and a buffer gas,

is placed in a microwave cavity which is excited by the They are expressed in terms of the local optical pump-

interrogation signal. A photodetector is located at ing rates, rA (r) and rs(r), the relaxation rates, y I
the end of the microwave cavity to detect the transmit- and y2, the ocal resonant angular frequency of the
ted light intensity and to generate the resonance si- atoms, w'('), the angular frequency of the microwave
gnal. Optical pumping is done with the light from an excitation, w, the local reduced magnetic induction,
electrodeless lamp containing 

8 7
Rb filtered by an hy- B( ), and the number of 

8 7
Rb atoms per unit volume,

perfine filter, containing 
8
'Rb. no . Steady-state solutions of these equations allow

us to find the local density of atoma that can absorb

the A-components of the pumping light, n(o); we obtain
* Part of this work has been submitted for publication the following expression:

in the Canadian Journal of Physics.
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3no[rB(r)+yl ],  A- Spatial Distribution of the Transmitted Light Inten-

n = + B + sity at the End of the Cavity

5rA(r)+3rB(r)+8y, We will now calculate the transmitted light intensi-
ty through each system when operated at a nominal tea-

16 Fibr)+ + perature of 65 °C and when the intensity of the B-co-
16 1ArLA~r B Y A ponents is half the intensity of the1 Ar~)yJj r+2rB()y]rA()rB()12r)-components. The

3 D() other parameters are given in Table 1.

(6) Table 1

where Difference between the resonant fre-
quency of the corresponding lines in
the emission and absorption spectra,

D()= lrA(r) + y,][r(r + y,][5rA(r) + 3 rB(r) 0Br+ ei ai 0i

+ 8 [ +1 r(+) + 12 Ratio of the optical linewidths,
A 2 B(r + Y"ai/ Avei 0,5

+ 21 +4 2+ 1y + + 1 ,(+
+ [ Z()-w]} + 4 r2(e) [2 r(r b + - r(r) Absorption cross-section (maximumvalue of), 0o 2 x 10-15 m2

+ ][2rA 2() + 5rA(r)rB(r) + rB2(r) Resonance frequency of the atoms
without pumping light 6,835 GHz

9ylrA(r) + 7 ylrB(r) + 8y 1
2 ]. Number of rubidium 87 atoms per unit

The transmitted light intensity is calculated by volume, no (at 65 C) 4,4 x 1017 at/m
3

means of the absorption of the light at a given fre- Population relaxation rate without
quency when it pass through an infinitesimal slice. By light, y, 280 s- 1
integrating over all frequencies and over the length
covered by the light, we get this equation: Coherence relaxation rate without

z light, y2  230 s
- 1

I(0) l(ro ) - rA(r )n(r') Quantum efficiency of the photodetec-
tor, n1

-rB(r) n( +}dz. (7) Relative precision used in the numeri-

I(z1) is given by the incident light intensity minus the cal calculations 0,001

absorption of the A- and B-components of the D, and D2
lines. This absorption is proportional to the optical Cylindrical cavity operated in mode
pumping rates due to the associated components, which TE011
are: xm 3,8317

rA(+) - r 1\(r) + r2Ar) and rB(r) - r 1B(r) + r2 (r), cavity quality factor, Qc 15 000

# of subdivisions, r,*,z 16,1,18
(8)

Cylindrical cavity operated in mode
times the number of 87Rb atoms per unit volume which TE11 1
can absorb these components. x~m 1,8412

The previous equations show that the transmitted cavity quality factor, Qc 1 000
light intensity at the end of the cavity depends on the
spatial distribution of the magnetic field. In order # of subdivisions, r, ,z 4,16,8
to calculate the transmitted light intensity, we must
evaluate the optical pumping rates and the reduced Rectangular cavity operated in mode
magnetic induction, this is done in Ref. 6. TEI0 1 (4)

relative permittivity of the
Numerical Calculations dielectric, cd 6

Fig. 3 shows the three microwave cavities considered cavity quality factor, Qc 100

in the numerical calculations. They are two cylindri-
cal cavities operated respectively in mode TE0 117 and of subdivisions, x,y,z (for
TE11 1

8 and one rectangular cavity operated in mode , it is from 0 to a') 2,1,8
TE F1I . The case of the rectangular cavity is slightly
different since a dielectric slab is inserted along one Fig. 4 shows the spatial distribution of the light

of its side in order to decrease the dimensions and to intensity along the radial position for some values of

almost eliminate the variation of the stimulating field the injected microwave power in a cavity operated in
along the X-axis. The particular case considered was the TE0 1 mode. The absorption is maximum at the cen-
described in Ref. 4. This figure shows the relative ter of the cavity and a weak power is needed to satura-

size of each cavity and the direction of the magnetic te this part of the atomic system. The transmitted
field is indicated by the arrows. From these distribu- light intensity does not change with power for posi-
tions, we see the points where the axial magnetic field tions where the stimulating field vanishes. The trans-
vanishes. They are located where the magnetic field is mitted light intensity is then a function of the radial

parallel to the end faces of the cavities, position and is minimum where the stimulating field is
maximum.
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The same kind of curves, but for a cylindrical cavi- The resonance curves allow us to evaluate the expected
ty operated in the TEIuL mode, is given on Fig. 5. The short term frequency stability.
absorption is independent of the injected power at the
center of the cavity but increases and becomes maximum C- Short Term Frequency Stability
close to the walls. For this excitation mode, both the
field magnitude and the transmitted light intensity We use the power spectral density of the relative
depend on the azimuthal angle because the axial magne- frequency fluctuations to characterize the short term
tic field vanishes for azimuthal angles of t 90, then frequency stability of the passive rubidium frequency
the transmitted light intensity is power independent standard 9 . Its ultimate short term frequency stability
for these angles. is depicted by a white frequency noise type of fluctua-

tions and is expressed by the following equationl0 :
The curves illustrated on Fig. 6 give the spatial

distribution of the transmitted light intensity along 4ei(u )
the X-axis for some values of the injected power in a S (f) - h = 0 , (9)
rectangular cavity operated in the TE1 01 mode. Since y 0 /21)2 M2(wo0
the stimulating magnetic field is almost uniform on a
cross-section of the cavity, the transmitted light where m(w ) is the slope of the discriminator patternintensity has only small variations along the X-axis, at resonance which is function of the shape of the

as shown on this figure, and no variations along the Y- resonance line, the type of modulation, its amplitude
axis. and its frequency11

The spatial distribution of the transmitted light We consider the particular case where we have a slow
intensity is closely related to the distribution of the sinewave frequency modulation with an optimum frequency
stimulating magnetic field because the 8 7Rb atoms are deviation. To simplify the calculation of the white
relatively fixed in the buffer gas. frequency noise contribution, we assume a Lorentzian

resonance curve with the same linewidth and linedepth
B- Calculated Resonance Curves than the calculated resonance curve. The minimum con-

tribution of the white frequency noise then becomes:
The resonance signal is generated as the integral W2

over the photodetector surface of the transmitted light h 2 - ei(wo). (10)
intensity through the cell. Since the spatial distri- om '4 2  12 o
bution of the transmitted light intensity is not uni-
form, we have to consider various photodetector shapes. which is function of the squared value of the ratio of
These are illustrated on Fig. 7. For the TE0 , mode, the linewidth to the linedepth.
we consider two shapes of photodetector, one which
covers one quarter of the cavity area at its center and Figs lla, b and c show the variation of the minimum
the other which covers all the surface. In the case of contribution of the white frequency noise as a function
the TE11 1 mode, the same shapes as for the precedent of the incident light intensity for the various photo-
mode are used pl- a special one, made in order to detector shapes respectively for TE0 11, TE1 II and TB101
exclude the areas where the stimulating field vanishes, cavity modes. There exists an optimum value for the
For the TE1.1 mode, only the photodetector covering all incident light intensity which is slightly dependent on
the free surface is considered, the photodetector shapes. We see that if the incident

light intensity is slightly lower than its optimum
The resonance curve is obtained by plotting the value, the frequency stability is greatly reduced.

current delivered by the photodetector against the
frequency of the stimulating field. Fig. 8 shows a Figs 12a, b and c represent the variation of the
typical resonance curve. We define practical parame- minimum contribution of the white frequency noise as a
ters related to this curve: w., the resonant angular function of the injectcd power for the various photo-
frequency, i1 , the linedepth and W, the fullwidth at detector shapes respectively for TE0 1, TEllj and TE1 01
half maximum depth. cavity modes. There is an optimum value for the injec-

ted power which varies with the photodetector shape.
Resonance curves have been calculated for each cavi- Again, if an injected microwave power different from

ty modes and photodetector shapes, but we will present the optimum is used, we see that the frequency stabili-
only a few related to the TE111 mode of excitation. ty is greatly reduced.

Fig. 9 shows the variation of the resonance curves Conclusions
with the injected power for the photodetector which
covers all the surface. Only half of the resonance This study allows us to evaluate t)e performance of
curves is presented since they are symmetrical around various systems according to their operating parame-
the center frequency (we assumed coincidence of the ters. We have shown that there exists an optimum value
absorption and emission lines of the 8 7Rb atoms). The for the short term frequency stability as a function of
value of the off-resonance current is related to the incident light intensity and microwave injected power
area of the photodetector. These curves show that both and that this frequency stability could be reduced by a
linedepth and linewidth increase with the injected missetting of these variables. We have also shown that
power, although the linedepth reaches a saturation the photodetector surface must be chosen in order to
value, exclude the areas where the microwave axial magnetic

field vanishes and to cover the remaining surface.
The variation of the resonance curves with the va-

rious photodetector shapes at a given injected power Is References
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power supply and uses 54 watts of power at 250C.
A New Miniaturized Passive Hydrogen Maser Fractional frequency stability at one day is about 7 x

10
-15 

and the timekeeping ability exceeds 4 ns a week.
F. L. Walls and K. B. Persson
National Bureau of Standards PASSIVE HYDROGEN MASER BEAM ADVANCES
Time and Frequency Division

Boulder, Colorado 80303 Several years ago NBS embarked on a program to develop
a frequency standard based on the hydrogen magnetic

ABSTRACT hyperfine resonance shown in Figure 1. The basic

technique for state preparation was virtually
The small passive hydrogen maser design developed at unchanged from earlier active hydrogen maser work
NBS has been further refined 'o produce a much smaller utilizing hexapole magnets [4]. The length of the
,evice with enhanced performance. This new beam path from the source to the storage bottle in the
miniatirized passive hydrogen maser is rack mounted, previous design was 43 cm (17 inches), largely
m.asuring 26 1/2 cm high exclusive of its external dictated by the focusing/defocusing characteristics of
power supply. The weight is - 30 kg with a steady the hexapole magnet. By going to a quadrupole magnet
stite power consumption of about 54 W at 251C. The with an inlet bore of 0.05 cm (0.020 inches), it was
reduction in the size and power has been achieved possible to reduce the beam length to slightly over 10
primarily by major changes in the beam optics, offset cm. This is due solely to the large deflection angles
frequency synthesizer, and hydrogen supply. The of the unwanted atoms achieved with quadrupole magnets
prsent size is small enough to fit in the NBS [5]. This greatly shortened beam optics then made it
environmental chamber used to house commercial cesium possible to make the beaa horizontal and still fit in
frequency standards, a standard rack mount.

Long-term measurements against the NBS time scale Measurements on the sensitivity of the output
indicate that the new miniature passive maser (MPH) frequency of the earlier SPHM series on applied
l1sign has a timekeeping ability over at least a few external magnetic field showed a quadratic dependence
wceks which is better than our entire ensemble of 14 of order 1 x 10

-
13 for ± 3 x 10-

5
T (±0.3 G) change.

commercial cesium clocks. Frequency measurements vs The quadratic behavior and the fact that the value was
toe time scale (TA NBS) over the, last 50 days yield a much larger than that expected from measurements on
joint frequency stability of 4.7-'- x 10

-
1 at 10 the Zeeman shifts, indicated that there was a

days. Preliminary analysis indicates that the significant magnetic field inhomogenity shift
ceniim ensemble is the major contributor to this (Crampton Effect [6]). Both the SPHM and MPH series
value. Extrapolation of the I day frequency stability use four magnetic shields separated by about 1.2 cm
arets a lower limit of 1.5 x 10

-
15 at 10 days for maser with an overall Zeeman shielding coefficient of about

9
P;! 14 at its present flux level. Using a linear 200,000 along the beam axis. With the greatly
least squared fit to frequency drift between MPH 14 shortened beam optics of the MPH series, it was

6n- 
t
ne esn ensemble yields a value of 2 ± 5 x relatively easy to extend the outer magnetic cover in

If
- 

/day averaged over 50 days. The net result is order to partially shield the discharge bulb and the
that this new generation of miniature hydrogen clocks entire beam optics from changes in the external
can keen time to a few nanoseconds per week. magnetic field. Figure 2 shows the measured shifts in

output frequency of the maser due to changes of the
H T UC CCTi N external magnetic field. The shifts are still

quadratic in nature but of much lower level,
For many years precision timekeeping has relied nearly indicating that further shielding in this area would
excl!usively on commercially available cesium beam probably help reduce this effect even more. Neverthe-
standards with a nominal frctional frequency less, the present performance of 2 x 1015 for
stability of order 3 x 10

-
1 at one day and a ±1.5 x O

0
T (±0.15 G) is more than adequate for

timeKeeping performance of order 20 ns per week. In operation in benign laboratory environments.
this paper we describe a new generation of miniature
passive hydrogen masers (MPH) developed at NBS, which The storage cavity for both the older SPHM and the new
arc comparable in size, weight, and power to the MPH series uses a right circular cylinder of low-loss
commercially available cesium standards. The new MPH Al203 ceramic with a bore down the central axis and a
standards, however, have a frequency stability and silver coating on the outside. The ends are capped
timekeeping ability which is far superior to any with Al20, plates. The closed central bore is coated
presently available commercial cesium device, with FEP 20 teflon*. Thus, this dielectrically

coated cavity serves as the microwave cavity, the
The small hydrogen maser design (SPHM) previously vacuum chamber, and the storage volume. The integral
developed at NBS [1-31 demonstrated excellent nature of this design makes it very rugged. An
frequency stability, however it wasn't very portable. additional feature is that the AI2 03 is a very good
Typical fractional frequency stability was thermal conductor thereby greatly reducing temperature
2 x Ir-12 t

- I/ 
out to about one week. Frequency gradients along the storage volume. This feature has

drift vs the NBS cesium ensemble was not signif cant made it possible to use only a single oven for control
compared to the measurement noise of ± 5 x lO-/day.
The design of this early passive maser was nearly 1.5 *Certain commercial materials are identified in this
m (5 feet) tall and weighed about 90 kg (200 pounds). paper in order to adequately specify the experimental

procedure. Such identification does not Imply
The new generation of miniature passive hydrogen maser recommendation or endorsement by the National Bureau
(MPH) " . being complet2 , NBC c"(bits of Standards, nor does It Imply that the materials or
excellent frequency stability and Is much, much, equipment Identified are necessarily the best
smaller than the SPHM design. The current MPH design available for the purpose.
is 26.7 cm tall, 66 cm deep, and 49.5 cm wide
(standard relay rack width) . This rack mounted
device weighs 30 kg (65 pounds) exclusive of its ac
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of the cavity frequency for applications with a benign on both the SPHM and the first of the MPH masers
thermal environment. Two ovens will probably be indicate that the drift is extremely small (less than
required for use under field conditions. Long1 herm 5 x 10-1

6
/day) therefore changes in the wall shift are

temperature coefficients are less than 3 x 10- /K. probably negligible. Therefore it is expected that the
Additional analysis of this effect is planned over the reproducibility after servicing of virtually any
next several months. component, save replacing the cavity, will be better

than 3 x 10
-
13.

SERVO SYSTEMS
FREQUENCY STABILITY AND TIMEKEEPING RESULTS

In the approach developed at NBS, both the output
oscillator and the microwave cavity are locked to the The frequency stability and timekeeping capability of
hydrogen resonance using the scheme illustrated in the first of the new series of miniature passive
Figure 3 [1-31. Briefly, a local probe signal masers, MPH 14, has been analyzed over the past 50
ultimately derived from 5 MHz is phase modulated at days vs the NBS ensemble of cesium clocks. Figure 4
two frequencies, f1 and f2, and introduced into the shows the measured fractional frequency stability vs

microwave cavity containing the state-selected TA NBS. This time scale is post analyzed monthly and
hydrogen atoms. The transmitter signal is enve- defective clocks are removed. Three corner hat
lope-detected and processed in two synchronous analysis (comparisons between three clocks) out to 1
detectors, one referenced to the modulation frequency, day shows that a major portion of the instability in
fl, and the other to f2 . f, corresponds to approxi- the data is attributable to the cesium ensemble. MPH
mately the half-linewidth of the microwave cavity and 14 is a part of the ensemble and carries a weight of
f2 corresponds to the half-linewidth of the hydrogen approximately 24%. The actual weight varies as various
resonance. The output of the fl synchronous detector clocks are added or removed from the ensemble.
is used to actively correct the microwave cavity
frequency with a time constant of about 10 seconds. Figure 5 shows the timekeeping pert ,',.) ce of MPH 14
The output of the f2 synchronous detector is used to vs TA NBS over the past 50 days. This data is
steer the probe frequency to the center of the particularly remarkable because the power to the maser
hydrogen line with a time constant of several seconds, was off for a short time on MJD 45801 (day 6) and
The unique feature of the passive hydrogen masers, as 45814 (day 19). The time scale computer reset the
compared to the active hydrogen masers, is the ability phase after each power outage but didn't adjust
to lock the microwave cavity frequency to the hydrogen frequency. MPH 14 recovered frequency to within
resonance frequency without the need for an external several parts in 1015 after each outage. Figure 6a
high-stability reference. Lesage et al., have shows the timing between MPH 14 and AT1 NBS over a two
theoretically examined the expected characteristics of week period. For comparison the timing performance of
such a system [7]. Their results agree rather well a "very good" high performance commercial cesium beam
with the experimentally observed characteristics, standard over the same time is shown in Figure 6b. The
Recent work by Peters in these proceedings show first on-line time scale AT1 is slightly smoother than TA
resilts of a cavity switching servo. NBS in short-term.

SYSTEMATIC EFFECTS Based on the above data, the time dispersion between
MPH 14 and NBS time scale varies from 0.9 ns for a

Systematic effects which can perturb the output prediction interval of one day, to 4 ns at a
frequency are listed in Table 1 with the expected prediction interval of 7 days.
effect on stability. The temperature coefficient
shown is an upper bound as the thermal response hasn't Most of the time dispersion appears to be due to the
been carefully analyzed over the lonE times necessary noise in the ensemble of cesium standards comprising
to obtain a precision of parts in 10

T5
. TA NBS. Nevertheless, we can determine that the

performance of MPH 14 is more than a factor of 3 times
Several masers of the SPHM series which were let up to better than the best commercially available cesium
air for servicing and repumped, recovered frequency to standard for measurement times out to at least several
2 x 10

-
13 or better. Adjustments on the electronics of weeks. (Three corner hat data suggests that MPH 14 is

MPH 14 showed shifts of order 1 x 1013. The results 5 times better than the best commercial cesium at 1
day.)

,able . Sugary Df Systemattc Efrects For the Miniature Passive The data of Figure 5 was analqed for frequency drift.
Aydr-en Maser. The computed drift of 2 x 10 '/day Is much less than

the uncertainty of ± 5 x 1016 due to noise in the
EFFECT OFFSET INSTABILITY cesium ensemble.

1. Sec~nl-orler Doppler -4.3 x iO
1  

3 x 10- 5

Changes CONCLUSION

2. C:aVity ?'!ling 3nd S 3 x 10-14/Kem.er ltre Zoeflicient It has been experimentally demonstrated that the MPH

design yields a relatively small clock quite
3. Wall 3hift - 2 x 10 S 10-

1 3
/year comparable In size, weight, and power to commercial

4. pn -xlang 2 , o
)
1

3  
5 x 1o-1

5  
cesium devices but capable of much better performance.
The timekeeping of this new design of passive hydrogen

5. - Fieio *Thag5 X2 
-5 

f or -  
maser exceeds 4 ns/week and may be as good as

1.5 .1) T (05 G) 10 151.5 ns/week (measurements are limited by instabilities

6 . P wer D.penlale < O
- 

10/dB 1O
-15  

in the cesium clocks used for the reference).

. aqso rolulator crive 0-/,oB I015 Frequency drift is so small as to be hidden within the
noise of the cesium ensemble even when averaged over
50 days.
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Figure 6a. Time comparison of MPH-14 vs AT1 NBS
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Figure 1. Upper portion shows the magnetic hyperfine

separation of atomic hydrogen vs magnetic field. The - TA

lo w e r p o r t io n s h o w s t h e t r a d i t io n a l m e th o d o f s t a te , . )

selection using a hexapole 
magnet.

Figure 2. Change in output frequency of MPH-141 vs Fg
externally applied magnetic field. The broken lines Fig. ]
are only to help guide the eye.

Figure 3. Block Diagram of the electronic servo
concept used in the SPHM and MPH passive masers.

Figure 4. Fractional frequency stability o (T) of
MPH-14 vs TA NBS as a function of measuremen time.
MPH-14 has a weight of - 24% In TA NBS. No correction

has been applied due to the self inclusion of the
clock in the time scale or due to possible frequency
drift. /

Figure 5. Time comparison of MPH-14 vs TA NBS over 
a A.Sa

50 days starting at MJD 45795. The average frequency
difference has been subtracted from the raw data. No ____ " _

correction has been applied due to the self inclusion -A -4 -2 6 4.2 +
of the clock in the time scale or due to possible
frequency drift. MPH-11 has a weight of 241% In TA E-1-0.. M.WmIo F e0 ('T)

NBS. 
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DESIGN AND PERFORMANCE OF NEW HYDROGEN MASERS

USING CAVITY FREQUENCY SWITCHING SERVOS

H. E. PETERS
SIGMA TAU STANDARDS CORPORATION

TUSCALOOSA, ALABAMA

Summary modulation frequency is much higher than the receiver

phase lock loop bandwidth, results in short term sta-
Design concepts and performance data are given bility essentially unaffected by servo operation.

for two newly designed hydrogen maser frequency stand-
ards which incorporate a novel cavity frequency Overall Hydrogen Maser Design
switching servo system to remove cavity related drift.
Order of magnitude improvement in stability, hydrogen Figure I illustrates the size and the external
economy, environmental isolation, and other character- arrangement of controls for the two new masers. The
istics has been obtained. larger unit, the APL maser, is 38 inches in height,

18 inches wide and 22 inches deep; it weighs approxi-
Introduction mately 300 pounds, not including batteries. The

smaller NRL maser is only 32 inches high, 15 inches
Two new hydrogen maser frequency standards incor- wide, 19 inches deep and weighs approximately 250

porating significant departures from conventional pounds. In the figure the masers are mounted on top
practice have been designed and constructed, and their of a back-up auxiliary battery pack which provides
performance is presently being evaluated. One of the 15 hours of uninterrupted operation in case of line
masers was constructed under contract with the Applied power failure. On batteries, the masers use approxi-
Physics Laboratory with support from NASA, Goddard mately 65 watts of power, while in normal service the
Space Flight Center,

1 
and the other was funded by the AC line power required is less than 100 watts.

Naval Research Laboratory.
2 

The two masers differ only
in the dimensions of the outer magnetic shield and the An eleven digit synthesizer provides phase coher-
size of the vacuum pumps; this was done to experiment- ent settability of ± 2.5 parts in 1017 and a range
ally determine the relative effectiveness of the which is limited by the range of the maser receiver
shields and the improvement to be realized by the voltage controlled crystal oscillator to 2 parts in 10'.
additional space for thermal insulation.

Hydrogen is supplied to the maser source from a
The work reported in this paper is largely an out- small, low pressure, replenishable metal hydride stor-

growth of earlier efforts to achieve a compact hydrogen age bottle containing 2 moles of molecular hydrogen.
maser under the "Light-Weight Hydrogen Maser Program." At the maximum use rate of .01 moles per year, replen-
That work was supported by the United States Air ishment of hydrogen is not often required.
Force, RADC, Electronics Systems Division? Some
further results of experimentation with the "Small The maser operational data is displayed on a
Hydrogen Maser" constructed in that program is discuss- 4 1/2 digit panel meter and 32 multiplexed channels
ed herein, however the main effort in this paper will are selected by binary coded switches. A buffered
be to present a brief introduction to the design con- output voltage allows external monitoring of the
cepts and their implementation in the new masers, and selected parameter.
to present the experimental results obtained to date.

The physical arragement of cavity, magnetic
The new masers have been operating for over five shields, vacuum enclosure, and vacuum pumps is illu-

months at this writing. Preliminary results have been strated in Figure 2. The maser has two separately
obtained for the relative stability, thermal coeffi- pumped regions in the vacuum system, each pumped by a
cients, magnetic effects and other aspects of perfor- field replaceable Ion pump. The "upper" pump main-
mance. Long term frequency measurements have also tains the vacuum outside the maser bulb and inside the
been made with respect to a high performance cesium outer vacuum enclosure so as to getter gas diffusing
standard, through O-rings or outgassing from other structures.

A "lower" pump maintains a much lower background pres-
The most important aspect of the new design is the sure in the source and storage bulb region and getters

use of a cavity frequency switching servo system to all the hydrogen entering the system. At the present
remove cavity related drift. This is the first publi- observed pump currents the II liter per second pumps
cation of results using such a servo with hydrogen used on the NRL maser are anticipated to have on the
masers.

4 
The system is designed so that the cavity is order of ten years of life while the 20 liter per

continuously maintained at the spin exchange offset second pumps on the APL unit should last over twice
frequency without the use of a secondary reference as long. Ultec "Differential Ion Pumps" are used on
oscillator. Therefore each maser is a stand-alone both masers.
standard essentially free of cavity pulling or hydro-
gen beam intensity perturbations. While cavity fre- The effectiveness of magnetic shields is primarily
quency switching introduces a phase modulation of the a function of the shield material, the metal thickness,
maser output signal, the effect is negated by a com- the annealing treatment, and the number and spacing of
pensating phase modulation designed into the maser the shields. Assuming equal success in obtaining the
synthesizer circuit. This, and the fact that the best of the first three items, the only way to improve
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the shielding effectiveness in a maser is to make th, oscillating at the hydrogen frequency. Coupling of
outer shield as large as possible, the inner shield as energy from the ensemble of atoms to the output cou-
small as possible, and to space the intermediate pling loop is only through the medium of the cavity
shields properly to maximize the magnetic impedance of electromagnetic field. If the cavity parameters are
the interspaces. To minimize the size of the inner held constant, the cavity field amplitude and the cou-
shield a smaller than usual cavity and bulb assembly pled output power level follow the amplitude of the
is used, and the first two of four shields are placed oscillating atomic moments. If, on the other hand,
within the vacuum enclosure. This arrangement pro- the cavity frequency or other parameters change, the
vides a factor of 10 or more theoretical improvement oscillating magnetic moment of the ensemble of atoms
over the arrangements traditionally used where all the will change, but only slowly, with a time constant of
shields are placed outside the vacuum enclosure and approximately .4 seconds in the present case, However,
are necessarily more closely spaced. the amplitude of the cavity fields, as well as the

phase relation between atoms and coupling loop, will
The spacing of the inner magnetic shields close change rapidly. The time constant for the cavity field

to the cavity also allows the state selector and to come to a new equilibrium level is only about
source to be placed relatively close to the storage 10 microseconds.
bulb entrance. These masers use tapered quadrupole
state selectors

5 
which have unusually large capture Thus, if the cavity resonance frequency is switch-

solid angles for atoms emerging from the source colli- ed rapidly between two different frequencies, the phase
mator, and a large fraction of the atoms in the upper and amplitude of the oscillating atoms will remain es-
quantum states which are "captured" enter the storage sentially constant at a certain long term equilibrium
bulb collimator. The anticipated improvement in hy- level, but there will, in general, be an amplitude and
drogen utilization has experimentally been confirmed, phase modulation of the signal coupled out of the cav-
Typical hydrogen pump currents under 50 microamperes ity. The ensemble of atoms in the bulb may be thought
indicate an order of magnitude improvement over the of as a current generator of constant amplitude and
most efficient previous designs. phase coupled through a resonant circuit, the cavity,

to the output coupling loop.
An unusual approach to the maser cavity and bulb

assembly construction is used in the new masers; the A good analogy for first order analysis of the
design is illustrated in Figure 3. A copper cylinder cavity response is shown in Figure 5. The abscissa for
and copper end plates form the cavity walls. A rela- the resonance curve is the ratio of frequency differ-
tively thick circular cylinder of quartz is held by ence from the cavity resonance frequency, (f-fr), to
spring tension between the end plates, and the quartz the cavity bandwidth, fcw. The equations given in the
atom storge bulb is secured to the quartz cylinder figure are the basis for calculation of the maser out-
using quartz shims and hard epoxie. The quartz cylin- put voltage difference when the cavity resonance, fr,
der provides dielectric loading to reduce the outer is switched between different frequencies with the
diameter of the cavity, and at the same time provides maser frequency held constant.
rigid support for the bulb and for the cavity end
plates. The cavity quality factor realized with this Figure 6 illustrates the condition discribed
structure is suprisingly high, and the structure is above. In the present configuration of the servo sys-
smaller than usual for an active oscillator maser tem, a diode detector circuit detects the signal ampli-
without electronic cavity gain. The storage bulb in tude, so it is the difference in voltage magnitude at
the two present designs is 4.25 inches in diameter and the two cavity resonance frequencies which is obtained.
q inches long with a 2.5 mm wall thickness, and the The offset in maser frequency is related to the offset
quartz cylinders also have a 2.5 mm wall. The cavity in cavity frequency by
is 12 inches long inside, has a diameter of only q.6
inches, and the loaded Q is 45,000 with a coupling (fM - fc) - (Qc/Q!)(fc - fm) (1)
coefficient of .25.

where Qc is the loaded quality factor of the cavity,
It should be mentioned that several laboratory and Ql is the atomic resonance line Q. Qc/Q 1 is ap-

experiments were performed with cavity and bulb assem- proximately 2.6 x 10-
5 

in the present case, so for the
bly test structures to arrive at the present design. purpose of correcting the cavity frequency the maser
We have under construction a third maser which uses a frequency may be considered a constant.
cavity with a 6 mm wall quartz cylinder surrounding
the same size bulb and it has a loaded Q of over A block diagram of the overall servo system is
40,000; the cavity diameter is only 8.6 inches. From shown in Figure 7. The maser signal amplitude is de-
our experiments it is clear that active maser oscilla- tected at the 405 KHz IF frequency where the bandwidth
tors could be constructed with qreater loading and of the preceeding amplifiers is wide enough not to
smaller size, however the high Q obtained in the pre- cause significant reactive amplitude transients. A
sent masers is very desirable in order to achieve good modulation period generator produces a voltage square
oscillation parameters, high beam power, and adequate wave to modulate the cavity frequency and provides a
signal to noise ratio for the cavity frequency signal to a synchronous detector circuit where an "UP"
switching servo, or "DOWN" signal is generated and sent to the circuit

which controls the average cavity frequency. Two meth-
Cavity Frequency Switching_.Servo System ods of controlling the average cavity frequency have

been sucessfully used. In one method the temperature
To describe all the theoretical ramifications of of the cavity is controlled through the thermal control

operation of the hydrogen maser under the condition of circuit, in the other a voltage bias is used to vary
periodically switched cavity frequency is well beyond the average voltage applied to the cavity varactor.
the scope of the present paper. Only an adequate basis The results presented in this paper were obtained while
for explaining the first order effects on maser sta- the temperature control method was being used.
bilitv and understanding the results of the present
experiments using the new technique will be presented An important feature of the present designs is a
herein. Figure 4 illustrates a maser cavity assembly digital circuit in the period generator by which the
with the storage bulb containing a population of atoms relative period duration of the two cavity frequencies
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may be set with a resolution of one part in 105. From the above result it is clear that this cav-
Thus, while the servo circuit automatically centers ity servo, as limited by input thermal noise, has the

the cavitv to the point where the two resonance curves potential for reducing the effect of cavity pulling on

cross, the average cavitv frequency actually seen by the hydrogen maser frequency to extremely low levels.
the atoms mav be adjusted so that there is no change There are, of course, several potential sources of
in output frequency when the beam intensity is changed. systematic error, offset, or noise in this servo
hen the maser is first operated it is compared in fre- system. Inequality of the cavity Q's at the two modu-
quencv with another hydrogen maser, and by the tech- lation frequencies, pickup of uherent modulation
nique of a conventional spin exchange tuning method

6  
noise in the IF strip, amplifier noise or drift in the

the proper cavity average offset frequency is estab- demodulator circuit, offsets in the hydrogen maser

lished and set in the modulation period generator con- frequency due to variable field inhomogeniety effects,
trol switches. Since the spin exchange offset is only misalignment in the cavity bulb assembly, and several
about 0o0 Hz, a small fraction of the modulation, other potential systematic problems could occur which
(Q.5 KHz in the present case), which is also only a do not lend themselves to ready analysis. The real

small fraction of the maser frequency, subsequent test for the presence of such effects must therefore
drift in offset is not a serious problem. rely upon experiment and measurement. Present bench

tests of the cavity and bulb assembly, test of the
Cavity Servo Random Thermal Noise separate servo electronics components, and closed loop

signal measurements and analysis indicate that there
One of the notable features of a maser is the low are no apparent barriers to achieving the cavity re-

noise character of the phase or amplitude when used as lated stability level implied by Equation 6.
either a signal source or as an amplifier. The pri-
mary source of non-systematic noise affecting the cay- Experimental Results

itv servo in the present case is thermal "KT" noise
coupled from the cavity along with the maser signal. A block diagram of the frequency comparison sys-
Letting N he the noise factor of the receiver input tem is shown in Figure 8. For measurement intervals
stage and B the bandwidth, the voltage noise to less than 10,000 seconds, period measurements were
signal ratio is given by made with a digital counter using a one liz frequency

difference between the masers at a frequency of
Vn/Vs = KTFB/2P (2) 120 MHz. This was obtained bv frequency multiplica-

tion of the 5 MHz standard frcqpuncy output of each
where P is the signal power, K is the Boltzman con- maser. A one Hz bandwidth was used, and a one second
stant and T is the absolute temperature. The servo dead time between period counts was not corrected for.
svstem uses a synchronous switched filter after IF de- For intervals greater than 10,000 seconds, a multi-

tection followed bv a synchronous phase detector and plied offset beat frequency with a period of typically
digital integrator. The bandwidth for this system 8 Hours was recorded on a 10 inch width chart recorder
is B = I/(2--) where T is the servo time constant, at a rate of I cm/Hr. For cesium comparisons a simi-
Using the circuit given in Figure 5 as a model for the lar system was used but the 5 MHz was only multiplied
cavity resonance, the impedance is given by to 200 MHz. The actual oscillation frequency of each

maser was offset a small amount from the other by
LR) (3) operating at different magnetic field settings, and

there were no frequencies exactly conaon to either
The cavity 0 is given by Qc = R/cL 

= 
f/fcw maser system, or to the cesium standard. Thus no

where fcw is the cavity width at the half power points, phase locking of standards was possible, nor have any

The frequency is given by f = f,)/27 and the frequency phase locking or frequency locking noise phenomena
deviation from the cavity average is Af = f - Tf. been observed.
The following relation is then obtained between the
average cavity offset frequency and the modulation One of the best ways to test the servo system is

voltage Vm = tV: to observe the correction rate and time constant for
return to the tuned position from a step offset. An-

S -( T- v--Vs. (4) ther is to observe the cavity correction voltage noise

cwl along with measurement of the frequency with regard to

another hydrogen maser. Figure 9 shows the result of
Here Vs is the maser signal voltage output which occurs such measurements on the NRL maser using the APL maser
when the maser frequency equals the average cavity fre- as a reference. The phase plot period was initially
quencv, and A is defined as (f2 -fl)/fcw. 8.6 Hrs. corresponding to a frequency offset of

2.69 x 10-13. The maser cavity register was then
From equations (1), (2), (3), and (4) and the offset by an amount equivalent to + 3 x 10-12 in maser

expression for the servo bandwidth, the maser frac- frequency. The servo response shows a linear correc-
tional frequency offset for unity signal to noise tion rate of 1.5 x 10-12 per hour and a smooth return
ratio is found to be to the previous level until the noise floor is reach-

ed. The maser also returns to the previous frequency

with no measurable error. A similar offset in the

tf\ (_ + _A) K-TN- opposite direction has the same result. The short

V = V rP (5) term excursions of the register voltage correspond to
either noise or corrections of the order of parts

Inserting typical values for the new masers: in 1014, but this is effectively filtered by the long

time constant of the cavity thermal capacitance and

thermal impedance. Similar experiments, with the APL

() = 1.55 x i0
- 1

4T- (6) maser offset, give similar results. The servo correc-

(E tion rate may be set either faster or slower, but the

maser does not have significant cavity related insta-
bility in the short term, and the present rate is ad-

equate to effectively remove longer term thermal

perturbations.
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The relative stability of the two masers is Experiments With the "Small Hydrogen Maser"

illustrated in Figure 10. The plot gives the sigma
tau "Alan Variance" as a function of measuring inter- The Small Hydrogen Maser (SHM) is a novel design
val for intervals from I second to 60,000 seconds, of a very compact maser which was built in the course
The long term data was obtained over a 13 day period, of a research and development effort which was funded
No linear drift between the tuned masers has yet been by the United States Air Force.

3 
The maser used a

observed within the statistical uncertainty of meas- small storage bulb with attached copper electrodes
urement. (The calculated drift for this 13 day configured such that the overall cavity was only 6"

period was 6 x 10-1
6
!Dav.) diameter by 9" long.

4 
Contrary to original expecta-

tions, it was not possible to attain oscillation con-
Figure I is a picture of the original chart re- ditions with this maser at tirst due to the low cav-

corder data used in the longer term sigma tau calcu- ity Q realized: to overcome the problem a transisLr
lations. The relative frequency invariance and low circuit was placed within the cavity to provide active

phase noise of the masers are illustrated by comparison feed-back and reduce cavity losses. External control
to the phase plot of a Hewlett Packard high perform- of the cavity Q and frequency was accomplished by
ance (option 0n4) cesium standard which was made si- changing the DC bias on the transistor. It was also
multaneously with respect to the NRL hydrogen maser, possible to control the cavity frequency by changing
The cesium standard frequency stability and flicker the temperature. With the active cavity gain circuit
level measured against the maser is the same as speci- maser oscillation was easily attained. To improve the
fied by the manufacturer. maser stability the first experimental cavity fre-

quency switching servo was also installed, and tests
The maser beat frequency difference from the of the servo system response gave promise of good con-

sample average during the phase comparison is shown trol of the cavity frequency. Actual stability meas-

in Figure 12. This figure shows very graphically the urements awaited the construction of the APL and NRL
real time frequency invariance and the great potential hydrogen masers.
for improved long term timekeeping possible by use of

the new cavity switching servo technique. In the period since the new masers were con-

structed several tests have been performed on the SHM.
Magnetic field sensitivity measurements were made First, the stability without use of the cavity servo

on both the NRL and APL hydrogen masers. The applied was examined. For one and ten second intervals the
field was produced by two coils surrounding the maser, Allan Variance was 2.5 11 x 10-12. For longer peri-
one near the top and one near the bottom and the ex- ods, up to a day, the stability was erratic, with
ternal field was measured with a Hall probe at the top rather large random excursions in frequency. Over a
center of the maser. Calibration field measurements four day measuring interval there was an approximate-
were also made on the isolated field coils, and the ly monotonic drift of 2.3 x 10-13 per Hour.
calculated shielding factor refers to the impressed
external field variation referred to the empty field Tests were then made using the cavity servo with
coil divided by the internal field change inferred the cavity frequency controlled through the tempera-
from measurement of the change in frequency of the ture control circuit. This was not successful for the
maser. For the APL maser, with an external field apparent reason that the cavity frequency versus tem-
change of 1.6 to -1.5 Gauss, the shielding factor perature characteristic of the SHM was not monotonic
was 1.05 x 105. For an external field change of and had a wide hysteresis loop. The servo control
+.6 Gauss to -. 6 Gauss the shielding factor was voltage as well as the maser frequency varied between

3.7 x 104. For changes from +.06 Gauss to -.06 Gauss rather large extremes. Tests using the servo output
the effect was not measurable, to control the frequency through the cavity gain cir-

cuit were also very disappointing. Changes in the
For the NRL maser, which has an external shield gain transistor bias not only changed the cavity fre-

3 inches smaller in width and depth, and which is quency and modulation width, but it appeared to affect
5 inches shorter, the shielding factors were not as the cavity noise spectra amplified by the transistor
good. The worst case condition was an axial external circuit, and the variable noise amplitude modulation
change from +1 to -1 Gauss for which the shielding interfered with the maser signal modulation.

factor was 21,000. Similar measurements with the
external coils placed horizontally did not result To correct the problems with the SHM it would be

in a measurable effect. necessary to have a mechanism independant of the tem-
perature controls or the gain circuit to vary the fre-

Sensitivity to ambient temperature was tested by quency. This could be accomplished by use of a
placing the NRL and APL masers in separate rooms and varactor as in the APL and NRL masers. Another and
using air conditioning controls and electric heaters better approach would be to use a cavity and bulb de-
to establish different temperatures in the two rooms, sign similar to that shown in Figure 3, but with the
The relative frequencies were measured over a period maximum quartz loading consistant with adequate
of a day or more at each temperature after approxi- passive cavity Q.
mate equilibrium conditions were achieved. For the
NRL maser there was no statistically significant tem- Work on the SHM at Sigma Tau Standards Corpora-
perature coefficient within a resolution of ±1 x 10-15 tion has been completed at this time. However, the
per °C. For the APL maser the temperature coefficient scientific knowledge and technical fallout have been

was 6.4 x 10
- 15 

*1 x 10-15 per °C. The APL maser is vary valuable in laying a foundation for the concep-
at present operating at a factor of about 4 lower beam tion and realization of the new designs embodied in
intensity than tho NRL maser and this may be the cause the APL and NRL masers. We have learned of the diffi-
of its higher temperature coefficient. We plan to culties and complexities involved in the cavity and
increase the oeam intensity of the APL unit and to bulb configuration used in the SHM, and arrived at a

look for other systematic causes in the near future. new design which, though not quite as compact, has
However the present results for temperature more than met the stability goals of the "Light-

perturbations are very good. Weight Hydrogen Maser Development Program."
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Conclusion

Prese'nt work with the new masers and use of the
new technique for stabilizing the cavity have resulted M

in extremelv zood stabilitv. The masers have been

onerational for only five months at this writing, and .

a 4reat deal of experimentation and analysis remains -
to .e done to establish the real stability limits
which may be attained. Future work will involve . .. .
omeration at different cavitv frequency modulation
rates and amplitudos; we must examine more closely
the fundamental accuracy or reproducibility effects
of cavity frequency switching and we should experiment
with different configurations of hul

1
', cavity, and

mean's to modulate Lii- 4v' t 7r-iuencv. The present

r,'ults reported in this paper give a basis for very
.Ptimistic Drojection of the performance levels which
iav, i',ltimatelv achieved. 6 6J
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Summary hand, when the fields are set in the same direction, the

T.e results of the operation of the hydrogen maser conventional state selection (conventional method) can

w'ith a new state selector are described. In the first be realized.

part of this report, the measurement results of the
s agnetic inhomogeneity shift of the maser frequency by Magnetic inhomogeneity shift

t ,- use of a new state selector are described. In the The advantage of this state selector is that the
next part, the resAlts of the long-term continuous op- d ee ofathe mantic inhomogeneity sh t ton

eration of the masers by the automatic cavity tuning dependence of the magnetic inhomogeneity shift (Crampton

7t-Chsd arP described. effect) on the population distribution of the F:I state
can be easily examined. This shift is proportional to

Maser structure and Electronics the population difference between the (F=l, mF=l) state
and the (F=I, mF--l) state

6
. Therefore, when the un-

The structure of the maser, H3 or H4, is shown in desirable atoms are eliminated, it is exoected that

It is of the loboratory type. This apparatus this shift can be reduced sufficiently. The dependence

7onsists of the two ion pumps, the atomic source system, of the tuned frequency on the state selection method
the dolte focusing state selector, the four-layer mag- is measured

7
. Fig.4 shows one of the measurement re-

nt-r doubl he ingtae scavtr, n the tor mag- sults of the tuned frequencies for three operation
Idsthieing accre avut a .The stoaed modes. The state selection is changed at the points A

o! caieliny co is about 15000. andt itheae and B. In the selection exchange method, the flux
ote, cavity is about 45000 and the cavity temperature chneidedbexagngtewosteeltos

is cnrolled within the limits of ±O.Ol C. change induced by exchanging the two state selections

system of the m3ser electronics and that of is used to vary the atomic flux for cavity tuning. It

tv- avity autotuning electronics are shown in Fig.2. is considered that the change in the tuned frequency

Tr e syster shown in the upper part of the figure is the is due to the magnetic inhomogeneity shift. The depend-
ence of the tuned frequencies on the static field isptas-a Icking loop for controlling a 5 MHz quartz rys as-esrd herslsaesow nFg5 h

tal : ,c:llator. The system shown in the lower part is also measured. The results are shown in Fig.5. The

thr electronics for the automatic cavity tuning
1
. The tuned frequencies of the conventional method and the

heac priod of the two maser frequencies is measured to selection exchange method depend strongly on the static

detect, the cavity offset by varying the atomic flux field. This dependence on the static field is due to

between the two levels. The detected signal is used to the magnetic inhomogeneity shift. On the other hand,

correct the cavity frequency. The frequency stability the tuned frequencies of the Majorana method do not

of the free running maser is about 3 x 10-15 at the depend on the static field. Therefore, the magnetic

averagin time of 500 seconds and that of the autotuned inhomogeneity shift is reduced sufficiently in the

maser, is about I x 10-14 at the averaging time from 100 Majorana method.

seconds to I day. Long-term continuous operation

State Selector
2
'
3

The hydrogen masers are operated continuously by

The structure of the state selector is shown in the automatic cavity tuning method, in which mechanical

Fig.3. This selector is designed for eliminating the flux controllers or selection exchange controllers are

undesirable atoms in the (F:l, mr~l) state. Some at- used to vary the atomic flux. The 5 MHz output of the

tempts have been made for this elimination by the AFP masers are compared with that of the commercial cesium

method
4
'
5
. In our apparatus, the Majorana transition is beam frequency standard. The magnetic field is examined

used". The state selector consists of two hexapole mag- by measuring the Zeeman frequency at the beginning and

net and two solenoid coils. The solenoid coils are the end of the operation. Fig.6 and Fig.7 show the two

placed in series inside the magnetic shields which are typical results obtained for about 200 days from March
placed between the magnets. When the atoms in the mF~l 1979 and from August 1982 respecively. The operationstate pass through the reverse magnetic field, these conditions of the autotuned masers are shown in the

atoms rake transitions to the mF=-l state. Since these lower table, such as the static field, the storage bulb,

atoms are defocused by the next magnet, only desirable flux change method for autotuning. Cs5 and Cs7 are the

atos in the mF-f state can enter the storage bulb. For commercial frequency standards and used for time keep-

the purpose of designing the state selector successful- ing to generate the UTC(RRL). It is comfirmed that they

ly, the beam optics analysis and the transition proba- do not have large linear frequency drift by comparing
bility calculation of an atomic spin in the reverse them with other Cs frequency standards and a portable

hilocky calculationoofhaneatomictspintinsthenreverse
magnetic field are made. The appropriate beam optics clock. According to these results, it is considered

configuration is obtained
3 .  

that the frequency of H4 in Fig.6 and that of H3 in

When the magnetic fields of the two coils are set Fig.7 have the linear drift rate. On the other hand,

In an opposite direction (Majorana method), the undesir- the frequency of H3 in Fig.6 has no linear drift clear-

able atoms can be eliminated by about g(3%. This elimi- ly. The different behaviors of these maser frequencies

nation is confirmed by measuring the line width and the for the long-term operation are probably due to the

Zeeman response of the maser amplitude. On the other change in the wall shift of the maser frequency.
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Magnetic shields

The aging of the storage bulb was reported previously

and some causes of it were pointed out
8

. Among these

causes, we now consider that the coating procedure is Copper vacuum

one important problem. Therefore, the coating procedure enclosure

is now under investigation carefully. Felt temp. cont. heater

In the selection exchange method for the cavity

autotuning, the maser frequency is influenced by the Main field coil

magnetic inhomogeneity shift. However, the influence Cavity

of this shift on the h'ng-term operation can not be S r bul
detected clearly at present. It is considered that such Storage bulb

influence on the long-term operation will be probably -Coarse tuner

detected after removing tne aging of the storage bulb

and will be examined clearly by comparing the result of I Signal output

the long-term operation by the selection exchange meth- l; - ,able
od with that of the long-term operation by the Majorana

method and the mechanical flux controller for cavity Pyrex tube_ _

autotuning. Beam shutter
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Summary Experimental results

The measured stability of an oscillator locked on Figure I is a typical absorption spectrum which
an ion mercury transitio? has shown its possibilities gives the central line and the right part of the Doppler
as a frequency standard . spectrum. We observe mainly two lateral lines whose

nd The main physical limitation of this standard is the width gives the coherence time.
2 order Doppler effy t which produces a relative fre- The frequency of the oscillating motion of the ions
quency shift of 5 10 -  for an energy of the ions of in our cylindrical trap is obtained from the experimen-
I eV. tal confining parameters according to the computed

From the experimental results describes here and solution of the equations of the ion motions =.
from some calculations including space charge effect, As can be seen on figure 2, the measured frequen-
we are aole to deduce the energyn8 f the ions and then cies are lower than the theoretical ones for a large
the frequency shift due to the 2 order Doppler effect. set of potential wells. This cag be due to space charge

Introduction effect as pointed out by Andre .

Ions are stored in a radiofrequency trap in which Interpretation

they undergoe an harmonic oscillation at the secular A mathematical model has been built according to
frequency vm 2. Then any absorption spectrum of the our experimental conditions and assuming a spherical
ions is modulated by this motion (ist order Doppler potential well.
effect).

An ion with position r at time t sees an electro-
The wavelength of the atomic transition used in this magnetic field :-i(2. t - kr)

experiment is 7,4 mm (40,5 GHz). It is of the same order (1t
than our trap radius r which is 19 mm. In this case, H(t) = H0 e
the absorption spectrum is composed of well separated where v is the microwave excitation frequency and k =lines spaced by vm if coherence time is long enough. 27r/A isoits wave vector.

4 5  his spectrum has been observed in a few experiments The spectral density of this excitation G(v) in the ion
and Aajor and Duch&ne 7 have shown that the ion frame is the Fourier transform of the correlation func-

energy can be deduce from the intensity of these lines tion r(T) T
in the case where the microwave excitation is a standing 2 -2ivuT ik[r(t) - r(t + T)j
wave. Our calculations assume that the ions are excited F(T) H 0oe < e > (2)
by a running wave and include space charge effect which where the average is taken over all the ions. Then G(v)
shifts the secular frequency 8. is given by

Experimental set-up G(v) = Fi'(T) e - 2 i
vT dr (3)

This experiment has been described in detail else-
where I. Briefly we measure the frequency of the tran- i) we calculate the spatial distribution of the
sition between the hyperfine levels F = 0 and F = 1 of ions in the trap taking in o account the space charge
the 199Hg+ ground sta e at 40,5 0Hz. Ions are se~ecti- in the same way as Knight 10. In this pattern, ion velo-
vely pumped from the 26? (F= ) evel 2  th $2 city obeys a Maxwellian distribution at the temperature
(F = 0) level by optica humping from a : Hg lam T and we calculate the density of the ions in the trap
until the $4p2 (F - 1) level is depleted. Then a mi- modified by the space charge potential 0sc from the
crowave swee the hyperfine transition and the absorp- Poisson's equation 2 2
tion spectrum can be seen from the intensity of the e n mu mr /2+sc
fluorescence emitted by the ions due to the mixing of 0 = - exp ( KT- (4)
the 2S 1/2 levels. sc E0K

Ions are confined in a cylindrical trap, in a pseudo- n0 is the density at the center of the trap
potential well which can be varied from 4 eV to 24 eV. Wm = 27vm, m is the mass of the ion
The frequency of the microwave electric field being K is the Boltzmann constant.
265kHz the ion corresponding secular frequencies are This equation is numerically solved.
between 13 kHz and 40 kHz. The lifetime of the ions is Figure 3 shows the density and potential curves
about 1 s. versus the ion position for different values of n and

The maximal microwave power gives a saturation fac- for a given value of w and T. As the density increases,
tor of 600 for the central line. In these conditions the the potential becomes m less and less harmonic and the
saturation factor of the first lateral line is about 1. ions spread in the trap. For large ion densities we
The microwave is introduced in the trap with a horn and get a quasi uniform distribution of the ions. The de-
we will assume that it is a running wave in the direc- viation from the gaussian distribution can be seen on
tion of propagation. figure 4. The widths given on figure 4 are dfined by

the value of r for which the density is e-/n o.
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ii) In order to calculate r(t) we assume an initial 10. R.D. Knight, Ph. D. Thesis, U. of California,
random position of the ion in the trap and an initial Bekerley (1979), Lawrence Berkeley Lab. Publication
random velocity obeying a Maxwellian distribution at LBL 9082
temperature T. We solve the differential equation giving 11. M. Schaaf, U. Schmeling and G. Werth, Appl. Phys.
its motion in the potential well calculated before.
r't) is calculated over 512 points with a sampling in- 25, 249 (1981)

terval of 1.25 ' - This calculation is repeated 1000
times and averaq'd to give the correlation function

r~t) r(t + -)

As an example, figure 5 shows the correlation func-
tion witn a temperature of 858 'K and a cen'ral den-
sity -of 10> cm - 3 and a potential well of 13 eV • The
4alue uf .:f<) is calculated to 12) and the Fourier trans-
form of tis correlation function gives the relative Counting rates
intensities of toe lines and their frequencies (Fig. 6).

In order to show the space charge effect these
calculations have oeen made in a large range of n and L cen rol fine
T for a given potential well. Some interesting features
can been deduced from these results. at 40.5 GHz

• first, we observe the reduction of the secular
frequencies as the ion density increase (Fig. 7 ),

second, this reduction is independant of the tem-
perature.
it is consequently possible to deduce the central den-
sity of the ions n0 from the measured secular frequency,
compared to the frequency without space charge effect.
Then the temperature is obtained from the relative in-
tensity of the two first lateral lines using figure 8
enicn gives these value versus T, for several ion den-
sities.
For example, in our experiment a spherical potential
eell of 24eV which corresponds to a frequency ) - 40
kHz gives a variation of the secular frequency o? 14
ktiz. This v lue corresponds to a central density of 1,8

10 ions cm . Then, from the measured intensities of the
two first lines corrected from saturation, we obtain a
temperature T = 3 000 + 200 K. For this temper ure, the
second order Doppler relative shift is 1,5 i0-

Conclusion

This model explains what happens when a buffer gas Frequency
is introduced into the trap. We have observed like
Cutler 5 a reduction of the secular frequency. Knowing 0 50 kHz
that this frequency doesn't vary for a given potential
well with the temperature but only with the central
density, the observed reduction isn't directly due to
toe reduction of the ion temperature but to the incr se Fig. 1 Experimental absorption spectrum for the hyperfine transition
of toe central densi ties as the ion cloud contracts .of 199 Hg, showing the upper lateral lines due to first order
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Fig. 8 Variation of the relative intensity of the two first lateral lines
as a function of the temperature, for several values of the ion10kHz density at the center of the trap.
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Fig. 7 Variation of the calculated secular frequency of the ions as a
function of the temperature T and of the ion density at the
center of the trap n0 . It is seen that for a given value of no,
the secular frequency is independent from the temperature.

434



38th Annual Frequency Control Symposium - 1984

DEVELOPMENT OF TIE SUPERCONDUCTING CAVITY MASER

AS A STABLE FREQUENCY SOURCE

G. J. Dick

Low Temperature Physics
California Institute of Technology

Pasadena, California

D. M. Strayer

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California

Summary

While the high quality factor Q and the low tively high power reduces the output phase fluctuation to
thermal expansion coefficient attainable in super- allow unparalleled stability for short measuring times where
conducting cavities provide an excellent starting receiver noise dominates. This aspect has been well docu-
point for stable oscillator design, a practical alter- mented previously2 8' and will not be discussed further here.
native to atomic frequency standards has not yet Variation of the natural frequency of the cavity occurs
emerged from this technology. Many schemes due to mechanical and electrical mechanisms mainly in
have been proposed combining superconducting response to temperature change, gravity forces, and radia-
cavities with either room temperature or cooled tion pressure. A cavity constructed of sapphire gives a
electronics, with varying levels of frequency sta- significant reduction in response to these three sources. Of
bility having been achieved. Limitations to stabil- particular note is a predicted reduction in sensitivity to
ity have been attributed to either the electronic temperature fluctuations by two orders of magnitude com-
noise of amplifying elements or to disturbing pared to a solid niobium cavity. These considerations and
influences of the environment. In this paper we the results of Q measurements on sapphire-filled cavities
report the design and development progress of a are discussed in section 4.
ruby maser oscillator stabilized with a sapphire- The evaluation of variations of the operating frequency
filled superconducting cavity. This combination of of the ruby maser oscillator within the bandwidth of the cav-
elements is expected to greatly reduce the effects Ity form the basis for most of the present work. Such varia-
of amplifier noise and of environmental distur- tions appear to limit the long-time stability achievable both
bances and so will allow the potential of a super- in cavity stabilized oscillators and in hydrogen masers, the
conducting cavity stabilized oscillator to be more two sources which presently allow the best frequency stabil-
fully realized. ity.

Use of a ruby maser amplifier has been previ- We have developed a design for an all-cryogenic oscilla-
ously proposed to allow an all-cryogenic supercon- tor for which the entire oscillator shows the structural
ducting cavity oscillator.' Such an application of integrity resulting from the "freezing out" of thermal expan-
the ruby maser seems optimal since the maser sion coefficients at low temperatures. This oscillator is a
requires cryogenic temperatures for operation,
dissipates little power, and allows very low noise superconducting cavity maser (SCM) which uses a ruby
temperatures at microwave frequencies. We have maser as the negative resistance element in a three-cavity
devepeatre a oscillatravesignusns te ruy self-excited oscillator. The difficulty of combining a rubydeveloped an oscillator design using the ruby maser, with its attendant magnetic field, and a supercon-
instead as a negative resistance element in a ducting cavity is circumvented by separating these two ele-
three-cavity oscillator that allows the ments by a third cavity of some length. A novel formalism
superconducting cavity to be isolated from the Q- for analysis of the multiple-cavity oscillator is given in sec-
reducing magnetic field of the maser. To analyze tion 2, along with examples that demonstrate how to select
our design, we develop a formalism for describing cavity frequencies and coupling strengths to achieve a
the arrangement of coupling factors, cavity Q's specific design goal.
and resonant frequencies that best sets forth the The response of the oscillator frequency to fluctuations
design considerations. This discussion also serves in environmental parameters relates principally to the
to remove any mystique concerning the use of response of the dimensions of the superconducting cavity to
three cavities in a high-stability oscillator, these fluctuations. While this statement seems reasonable,

To minimize effects of thermal, acoustic, and it actually holds only when the energy of oscillation is con-
gravitational disturbances, we form our cavity by centrated to a sufficient degree in the stabilizing cavity.
placing a superconducting film on a sapphire sub- The formalism presented derives the response of the fre-
strate. Recent results on performance of such quency of the eigenmode of oscillation in a multiple-cavity
cavities will be reported. We also report on tests oscillator to the several elements that can influence this fre-
of the maser in low-Q oscillator operation. Fre- quency; these elements would include the individual cavity
quency pulling effects and power limitations have frequencies and intercavity coupling strengths. Using
been measured, allowing extrapolation of ruby knowledge of the response of the constituent elements to
electronic effects to high Q conditions, environmental fluctuations, we can then predict the

response of the oscillator frequency and thereby establish1. General Features the relation asserted above between the oscillator frequency
Frequency variation in the output of a stabilized oscilla- stability and the superconducting cavity frequency stability.

tor is induced by three different types of sources: variations Although ruby masers have seen considerable use as
in the frequency of the stabilizing element itself; variations low-noise microwave amplifiers, their performance as oscil-
of the oscillator operating frequency within the bandwidth of lators has not been well characterized. We report in section
the stabilizing element; and fluctuation of the output phase 3 measurements that determine the maser's oscillator per-
due to receiver noise. formance and its dependence on the operating parameters

The ability of superconducting cavities to handle rela- of the maser. From these measurements we derive magni-
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tudes of frequency perturbing effects, values that are used
in our design procedure to predict the stability of the oscil- I. - . Magnetic Field Isolation
lator. The magnetic field necessary for the operation of the

Maintaining all of the basic elements of the oscillator at maser must be shielded very effectively from the supercon-
low temperatures benefits the performance in several ways: ducting film which forms the high-Q cavity to prevent Q-
both the superconducting cavity and the ruby maser degradation by penetrating flux lines. A reduction to
improve their performance as the temperature is lowered; approximately 0.1 G is sufficient to allow Q's well above 10P
thermal expansion coefficients of the structural materials and a further reduction to 0.01 G is desirable. s The 500 G
are reduced considerably from their room temperature field applied to the ruby must therefore be reduced by more
values, decreasing the change of dimensions with tempera- than 5000 times at the cavity.
ture; additionally, placing the entire oscillator in the very The ruby material is very strongly amplifying In com-
temperature-stable cryogenic surroundings eliminates all parison to what is needed to induce oscillation at a Q of 100,
effects associated with temperature gradients and varying being able to excite into oscillation a ruby-filled cavity with
temperature profiles common to previous superconducting a Q of only 100. Thus, it is possible to physically separate
cavity stabilized oscillators. The magnitudes of these regions of high Q and high magnetic field. Conceptually,
benefits will be presented in the sections that follow, the ruby need only probe the fringe fields of the stabilizing

cavity; the coupled system would oscillate with only
1.1. Application of the Ruby Maser 100/ 109 = 10 - 7 of the system energy in the ruby. Since the

Ruby maser amplifiers are the quietest amplifiers energy is proportional to the second power of the field, this
presently available in the microwave frequency range, with energy drop corresponds to a reduction of t3000 times in
device noise temperatures as low as 1,5K reported.' They the microwave field. However, the ruby is also much smaller
operate naturally at temperatures below 4K, and can pro- than the stabilizing cavity. With a volume approximately I
vide output power of a fraction of a microwatt, a value cc in the ruby and 100 cc in the cavity, the reduction in field
sufficient for excellent short term measurements and far allowed is only 300. Thus, the microwave fields must
above the 10-11 watts available from the H-maser. Further- somehow couple more strongly from the region of the stabil-
more, the pump power required is related only to the signal iztng cavity to the ruby than the magnet field at the ruby
power, allowing very low power dissipation and consequently couples to the cavity.
lower temperature operation, if desired. By contrast the We have chosen to use a coupling cavity between the
available transistor amplifiers must dissipate several mil- ruby and superconducting cavities as the means to provide
liwatts of power in order to maintain their operating point 5  the necessary coupling. The advantage of such a device is
Operation well below 1K seems feasible, with important con- that the length is not constrained, greatly relieving the
sequent reductions in thermally generated frequency shifts design pressure on the magnetic field reduction problem. A
in the superconducting cavity itself. disadvantage is that another dissipative and detuning ele-

In contrast to the H-maser with its fractional linewidth ment has been added, with possible consequential degrada-
of 10 - 9, ruby has a fractional bandwidth of about 10

-
2, mak- tion of oscillator performance. Moreover, another mode of

ing it unsuitable for determining the frequency itself. How- oscillation has been added to the system, increasing the
ever, this wide bandwidth (low Q) is a distinct advantage problems of mode selection. We shall discuss these aspects
when used in conjunction with a superconducting cavity, in the section that follows.
since it results in a reduction of frequency pulling effects.
Frequency pulling of the actual operating frequency A4'0 due 2. The Multiple Cavity Negative Resistance Oscillator
to frequency change AfS in a lower Q circuit element is pro-
portional to the ratio of its Q to that of the frequency stabil- 2.1. Introduction
izing element. The design approach that follows contains two separate

A comparison between frequency pulling effects in the aspects which are considered more or less independently.
two devices is instructive. While the H-maser's output First, we consider the energy balance between the various
closely follows the frequency of the masing transition , the parts of the oscillator and the effects on the performance
sensitivity to its cavity frequency is given by that can be attributed solely to that source. Se.-ondly, we

Af _Q _ 10' present a method of mode construction that allows the fre-
1 __ - = 10o- 1) quencies of the constituent cavities and the coupling con-

Af Qm 101 stants between them to be determined to achieve this
for a cavity Q© = 104 and masing linewidth characterized by energy balance.
Q. = 109. In a similar manner, the frequency of the output A considerable mystique has grown around the subject
of the SCM closely follows that of the high Q superconduct- of multiple-cavity oscillator design and performance and, in
ing cavity, while its sensitivity to the ruby resonant fre- particular, the three-cavity oscillator has been proposed
quency f,, is and studied as a means to dramatically lower frequency

Al 0  Om io 2) variations due to electronic noise in the feedback element.
AID - 10 - 7  

2) The reduced effect of electronic noise would be an impor-
Af M Q. 102 tant step toward a successful cryogenic oscillator since the

for masing linewidth characterized by Qm = 10' and a cavity semiconducting devices available to amplify microwaves at
= 109. It is apparent that the roles of the masing and low temperatures (tunnel diode and GaAsFET devices) both

cavity Q's are reversed. show poor performance in oscillator service.5 This previous
We expect that this source of frequency pulling will be work is based on the demonstration that certain combina-

much less significant in the design of the SCM than in the H- tions of Q's, frequencies and coupling constants result in a
maser because of the reduction implied by equations 1) and condition where the chosen eigenfrequency of a system is
2), but more importantly because superconducting magnets insensitive to the frequency of the cavity containing the
allow great stability to be achieved In the applied magnetic negative resistance element.
field which determines the ruby resonant frequency. Long While the frequencies are accurately calculated by the
term stability of better than 10-12 has been reported at the algebraic approach used by these authors, other properties
relative low magnetic fields (f500 gauss) required for mae- of the system, Including the energy balance between the
ing action, which would imply, from equation 2), frequency three resonators, are largely ignored. However, it can be
drifts less than 10 -l9 from this source. shown, both in the framework developed by those authors

The bandwidth of the negative resistance of the ruby is and more generally as in the following section, that this con-
very convenient from the point of view of mode selection. dition of insensitivity coincides with a proportionate reduc-
Losses in the containing cavity are sufficient to prevent tion of energy In the exciting cavity.
oscillation at frequencies more than a few percent from its We shall discuss a more general approach in which it is
natural operating frequency. We have used this feature in shown that many of the important properties of such an
the design that follows, oscillator depend only on the energy balance between the

various resonant elements. In particular, these properties
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include frequency pulling effects (eigenmode shifts due to where Q7 is the quality factor of the eigenmode 17 of the
perturbations in the various cavities) and power balance in combined system. EV is the energy of the cavity i in that

the oscillator. Thus design trade-offs can be made within mode, and Q is the quality factor of that (isolated) cavity.
this framework without reference to more detailed calcula- Introducing the fractional energy in cavity i for mode y as

tionsr? E10
Mode construction for multiple-cavity systems is con- E E 70

ventionally done by solving the differential equations for the
classical variables (fields) for elgenmode frequencies in 9) becomes
terms of the other frequencies and the coupling constants.
These calculations are done, either approximately in three = ! O- ii)
dimensions

i0 or exactly using lumped-constant models,
1

with an appropriate combination of parameters chosen by
inspection of these solutions Our method uses instead the Equation 11) shows that the cavities each contribute to the

quantum-mechanical variables of energy and phase to Q of the eigenmode in proportion to the fraction of the

describe the interaction of the various cavities. Families of energy that the cavity contains. (More precisely, the cavity

cavity parameters are generated which are constrained to contributes to the loss of the eigenmode, (Q)-', in propor-

require that only one mode of the system has the necessary tion to its fractional energy content.)

energy balance. The families can then be inspected to If a, P, and 'y are the three eigenmodes of a three
choose a solution for which the frequencies and Q's of the coupled-cavity resonator, an oscillation will grow if the Q of
other eigenmodes are most appropriate for oscillator opera- one of the modes, say 2, is negative. In practice, a steady
tion Given the nature of the negative resistance element, state condition is achieved as the negative resistance
operation in undesired modes can be supressed by this saturates, given by QY=-. Thus from 1"1), the steady state is
choice of solution described by

2.2. Fergy Balance Considerations - 12)

2. 1. The Oscillation Condition a2. Frequency Pulling
In the discussion that follows, the superscripts n, fP, and

y identify eigenmodes of a multiple-cavity system, and the The Boltzman-Ehrenfest theoremt2 describes the

subscripts 1, 2, and 3 identify the individual cavities of the change in the frequency of a resonant mode due to any per-

system Thus, Ell is the energy contained in cavity 1 due to turbation as due to the work done by the perturbation on

excitation of mode a. Furthermore, i and j are used as the fields of the mode More specifically, the frequency and

counters for cavities, and 17 is used to count modes. energy in any mode r7 are related by

In this section we shall demonstrate that the influence AwL = Ah- 13)
of the properties of any individual cavity on the properties 0 En
of a mode of a coupled-cavity resonator depends on the Since this theorem is valid for any resonant system, it can
fraction of the energy of the mode contained in that cavity be applied to the individual cavities separately as well as to
Yore specifically, the effect of losses in thE; cavity on overall a combined mode of coupled cavities. Under the condition
quality factor and detuning effects on the mode frequency of weak coupling, the fields in each cavity can be supposed
scales inearly with the cavity energy, We begin by consider- to be isolated from those in the others, being characterized
ing the contributions of the several elements to the power only by the energy, phase, and shape of that resonator.
dissipation in the system Under these circumstances, the work done by any given

The quality factor Q of any mode or component is perturbation in cavity i will be proportional only to E, the
defined in terms of the dissipated pt, stored energy E, energy in that cavity in the mode i7 . Considering, then. the
and frequency t by effect of the perturbation on the cavity itself,

Ec,. 3) -w A411 14)
Q _C, W

Applying this to an eigenmode ?7 gives which, by equating the work in the two cases, E. and AE7,

I" = n 4) can be combined with 13) to give
Q n 4 0 17 = w__ _ _ E t = z 'P 5 )

which may also be written as the sum of its constituent Ach h i )

parts
Assuming 07 = wi, which is approximately valid for the cases

=P" + LP" 5) of interest, this becomes

where P, are dissipations in the cavities and PV are losses 16)
associated with the coupling elements. From 3),

Here we have the second result that will be used in the
P QP + 6) design of an oscillator: the pulling of an eigenmode fre-

I q quency by a cavity is proportional to the fractional energy it
where EV and E are the energies associated with the cayi- contains.
ties and with the coupling regions between them, respec-
tively, in the mode t7. Under many circumstances the cou- Z2.3, Oscillator Design
pling losses can be ignored since the coupling energies E4 Applying equations 12) and 18) to the design of a
are small (see appendix). In particular this will be true if negative-resistance oscillator consisting of two or more cavi-

>> kU V-Qj 7) ties, the roles of the high-Q stabilizing cavity and of the
(negative Q) exciting cavity can be stated as follows: Sup-

where k i=kj is a dimensionless coupling constant" such pose cavity I is the exciting cavity, number 2 is the stabiliz-
that ing cavity, and P is a mode with most of the energy In cav-

F0 = kj V'/EY 8) ity 2. The fraction of energy in cavity I which is necessary
e cfor oscillation, can be written using 12) asWe can then combine 4) and 6) to obtain --. -7)

-a e gf - = [1 - ef] -- )

t 9) From 16), and solving 17) for ef, this implies a necessary

sensitivity to the frequency of the exciting cavity of
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benefits. Fig. 1) illustrates a comparison between the twoA L + I 1B) models. In the discussion that follows we shall assume

w .effective" volumes V such that the energy E and field
_Q amplitude H are related by

Q? E = Y ---/. 19)

for large Q2/ Q. Thus, the high Q of the stabilizing cavity 2

allows a large fractional energy content, which causes the The effect of the coupling region in Fig. 1a) is determined by
mode frequency to follow it very closely, and reduces fre- the extent that the fields in the cavities contribute to the
quency sensitivity to the exciting cavity. The low negative Q coupling field H,. We define field coupling constants h12 and
in the exciting cavity also determines the fractional energy h 2 l such that the effective coupling field is given by:
which it must contain. For a given negative-resistance H€ =hteHl +hmH2 20)
mechanism, stronger coupling to the exciting cavity to
achieve lower -Q, will not generally reduce the effects of The two frequencies, three volumes, and two field
noise due to the element itself, because the sensitivity of coefficients are the geometrically determined constants
the frequency of cavity I to the element will also propor- that determine the properties of the coupled two-cavity sys-
tionately increase. Thus an increase in Awl will cancel the tern.
reduction in Awp which would otherwise be inferred from 18). The total energy in the system can be written

These results are easily generalized to include the E,., = Ec + Ej + EO 21A)
effects of losses in an additional coupling cavity. It is clear
that the energy in that cavity should be as low as possible to where the energies in the constituent parts showl - in Fig. la)
minimize power loss and frequency variation contributions are given by
by the coupling cavity. ED=v 1 '-H4 F 21B)

2.& Mode Construction222.3.ModeContrucionfor the cavity energies, and

In this section we first show that a redefinition of the

cavity parameters facilitates the discussion of coupled cay- E0 = V L Ih2 HI + h iH 21C)
ity eigenmodes. We then apply these newly defined parame- 2 Uters along with the results obtained in the last section to the PC 1r +

well-understood case of two weakly coupled cavities of equal = V 1(h 12 H (hg1 H2 )2 
+ h

Q. Illustrating the design technique again with a second 2

example, we then apply the formalism to the design of a for the coupling energy, which can be written
three-cavity oscillator. = z,%+ z2 + z ID)

I where E02 and ER, are the terms quadratic in H, and H2

Resonator I Resonator 2 respectively, and E. is a redefined coupling energy contain-
ing only the cross term in H, and H2.

0) Identifying the two quadratic terms with the individual) o 0resonators, rather than with the coupling, results in the
W1 I Vc W V model shown in Fig. ib). This identification also results in

o H EHCO Hc Eo Hredefined frequencies for the two resonators which are
1 2  H 2  perhaps more difficult to calculate, but the new

identification gives an effective coupling containing only a
single, symmetric term. In practice, the frequencies of the
various resonators need only to be measured in the pres-

Coupling Region ence of the coupling holes in order to make the proper
identification. The energies for the case of Fig. ib) can then
be written:

Etog= El+ Fg+ E 22A)

Resonator 1 Resonator 2 where cavity energies are given by
E, =E 0+ E 1%=[I4 + h?2 ] f -, V, IP-H" f 2213)

Reonto C Reonto 2

I 1 2 2= +Ell= -+hvj I ), ,2
H H with redefined volumes V, and Vg, and a coupling energy of1' o = VajohishelHIHp 22C)or

Cross-Term Coupling 2 12VE4-i 221D)

Figure 1. 'No models for microwave cavity with k12 defined to be

coupling k , , -- hghl 23)

a) Coupling by shared volume ffTV
b) Cross-tern coupling In effect, this rearrangement of terms allows us to use the

mathematical procedures worked out for the case of cou-
pling by rmutual inductance (to use a lumped circuit anal-

2.3.1. Procedure ogy) rather than those for shared inductance. Bethe'0 was
Microwave cavities are joined to form multiple-cavity the first to point out that the apparent assymetry In the

resonators by coupling them through regions of shared coupling between two resonators sharing a common wall
fields. A two-cavity resonator can be thought of an contain- could be transformed away by a frequency shift.
ing three regions: the first unperturbed cavity; a coupUlng For the more general case of any number of coupled
volume where the cavity fields superpose; and the second cavities, the work done on the coupling by each resonator
unperturbed cavity. While it may seem apparent that this can now be shown to be given by
division is the appropriate starting point for mode calcula- 6F = VhqH4.6(phHj) 24)
tions, a slightly different starting point provides substantial
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which gives with 23), assuming a sinusoidal excited mode,

dE, ) W
d-, = 2k w4/- jsin(wt)cos(c.)t + r) 25) )

where 9PU is the phase difference between the fields in the
two cavities. The effect of this energy exchange with the
coupling has qualitatively different effects depending on the
value assumed by 9 , itself a result of the initial conditions.
If gi is an odd miltiple of 7T/2, 25) gives a sine-squared W 2
time dependence for the work on the cavity with a sign that
reverses between the cavities, since rt= - .Thus, if the
fields in the cavities are out of phase by an odd multiple of b) Wa
iT/2, real power flows between them, because the sine-
squared time dependence inferred fromi 25) has an average a
value of 1/2. The average power flow becomes 21

Pq = -p = 28),,/ 1j 2)

for the transfer of energy between the cavities. These
"sloshing" modes of coupled cavities are a familiar result of W1 A2

mixed mode excitation.
A similar, but more surprising, result follows when the

cavities are operated exactly in or out of phase, i.e., when C) We3
is a multiple of tr. In these cases, only reactive power A

fows at twice the operating frequency, the product of sine
and cosine in 25) having an average value of 0. However, the wo
phase of the power flow causes the cavities to be detuned 214
from their natural operating frequencies by an amount

Figure 2. a) Frequency response of two
with the sign determined by the symmetry and nature of coupled cavities
the coupling (whether magnetic, as our examples, or elec-
tric). The sign is the same for each cavity, since for these b) ,c) Eigenfrequency diagrams
values of rt the cosine term in 25) is unchanged by the sign
reversal implied by interchanging i and j. Detuning occurs,
in the language of the lumped-constant analogue, because
the exchange of energy with the coupling element derived oP result from the detuning of the resonators from their
from 25) is exactly the same as for a reactive tuning ele- natural frequencies as illustrated in ib) and Ic). The
ment. The detuning is either capacitive or inductive for energy distribution characteristic of this mode is at once
both cavities, tuning each of them to the same side of their apparent by applying equation 28) to the various frequency
natural frequency. differences.

Exchanging i and j in 27) and dividing, Defining the energy ratio between two cavities in any

± L_= Ej 28) mode 77 by
lip F4 EV 30)

gives th.e relative detuning of any two cavities, a relation E?
fundainental to our design procedure. equations 27) and 29) become, setting k1 = k = k, w = 07,

Equations 26) and 27) predict the time evolution of the
fields in coupled cavities. Given only the energy and phases k- = 31)
in the cavities, energy will transfer between them at a rate 2
given by 28) for odd phases, and the phase in each one will - -kc w17 -... k 0 1
precess at a rate given by 27) for even phases. In this con-2 2 Nr,/&
text, an eigenmode, being a stationary state, must have an
even phase between the cavities (or their energy would taking the negative sign for the mode given by i7=a and the
vary) and the energy ratio between them must be such that positive sign for mode 1. These differences can be combined
they tune one another to the same frequency, the frequency to form
of the eigenmode. ( w 0 -0 32)

This powerful result can be used to construct, almost (4 - )("' - ) = 3
by inspection, a mode with any given energy distribution inmultplecavty ystm. he igenreqenc isdefnedby: as expected for two resonators coupled by a mutual induc-
a multiple cavity system. The eigenfrequency is defined by: tance. This quadratic equation can be solved for its two

0 = W + E -U = 0 + , J =..... 29) roots, giving
19*1o w i+c.Pc,+ G)2 33A)

where the various wa terms are calculated with f=7 in
equation 27), given the various energy ratios of the cavities and
to which any specified cavity is coupled. 2 a]= _ + 9 3B)

2.3.2 A Two-Cawity xmple PI-w]+2 13B

While the eigenfrequencies calculated by this pro- for the sum and difference of the egenmode frequencies for
cedure are the same, for two cavities, as those given in stan- k small. These relations can be combined with 28) to give
dard reference works,. we present this simple example as 1= ( - ) (W -co) 34)
an illustration of the procedures we shall use to design the W'(_) l (

2  
_ 0)

more complicated three-cavity system. Fig 2a) shows the
frequency response of a two-cavity resonator with equal Q's for the energy ratios between cavities, where the + terms
together with an identification of the various frequencies refer to the mode given by 1 = a and the - terms to mode P.
characteristic of the system. In this and the other exam- Fig. 3 shows a plot of this functio" the example Illustrated
leswhlch follow, we assume that the coupling is weak in Fig. 2 corresponds to inductive coupling and
k V 4C1) and that all frequency differences are small kwP = .t - w (1 on the abscissa of Fig. 3), yielding an

compared to the frequency itself. Elgenfrequencies 0 and energy ratio of about 5.8.
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100 A further example is shown in Fig. 4. If two identical
cavities are coupled by a thin orifice as shown, one of the
modes of the system is seen by inspection to have the same
frequency as that of the uncoupled cavities. From syrn-
metry, both cavities are detuned the same amount by the
presence of the orifice, and from 33A), the mode picture is

40- symmetric about the detuned cavity frequencies and the
eigenmode splitting is just kc.l. The result apparent from

g 1 l) can be generalized to give
4 w _ ) + kU(cj, + wj) = d° - ) -wj) 35)

20 2 2 for the coupling between any two cavities coupled by a thin
orifice and aligned fields. Thus the coupling through a thin
orifice of any shape can be related in a simple manner to
the frequency shifts induced in the coupled cavities by the

10 orifice.

Ruby 0 3.5%)

4 
0, ((3000) *(-30 )T Resonator

-- k,2= 7%

2- exp (-- ) 2 5X ,V2 lfcc Coupling W2 , + 3.5)
0 3000 Resonator

0 I 2 3 4 5
I __-__ k2 5x10 4

Iigure 3. (avity energy ratios For two coupled E3 'V3 lOOcc Rsah(+r 5. O

cavities 03O w0,
4W

O) Resonator 1 Resonator 2 Q, <0 5% mode splitting

dw -between y,and ),,G,

5x_ 10dw~
Allows Q. 'Q > 0

H du 5, with 2% Ruby
H 1t H2  dw2  - bandwidth

dw
3

Figure 5. Nlodel for three-cavity maser, showing
design parameters on left, calculated
constants on right. Consequences
of various design features shown

b)a W below

(out of phase) (in phase)
A2..3. Deign of a Three cavity Oscilat

Fig. 5 illustrates the design parameters for the three-
cavity ruby maser oscillator presently under construction.
We identify the three modes of the system as a, P, and -
having their largest energy in resonators 1, 2, and 3 respec-
tively, with mode - the desired stabilized mode. On the left

W, 2 l WOW are shown the parameters for this mode pertaining to2 1 2energy balance considerations, and on the right are the fre-
Figure 4. Two identical cavities coupled by an quencies and couplings which we calculate to allow the

orifice in a thin shared wall energy balance required, while maintaining a 5% mode split-ting. The values for the various quality factors are conser-
a) Configuration vative estimates of values we expect to be able to attain in a
b) Identification of cigenfrequencies, first experiment. The (negative) Q for the pumped ruby Is

cavity frequencies, and original representative of values that we have obtained using similar
cavity frequencies one- and two-cavity maser oscillators, as are the Q's of the
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normal resonators. Superconducting Q's are discussed else- 7% by cavity 3. Finally, cavity 3 is tuned down 7%x5. 10- by
where in this paper. The fractional energy in the coupling the action of cavity 2. The coupling constants that accom-

cavity C2 was set equal to that in the ruby cavity to con- plish this tuning are found by application of equation 27).
strain the configuration parameters within the region of Given these coupling constants, the frequencies of modes a
validity of the approximations we have made. With this con- and P are found using diagrams similar to Fig. B c).
straint, the energy fractions El and E2 were chosen nearly as
small as possible to allow oscillation in mode y, using the 3 Meaxurementa of frequency puffing and stability
requirement that Q7 be negative in equation 1i). Under the Contributions to the frequency error in a hgh-Q oscilla-
conditions shown in Fig. 5, the break-even condition given by tor system fall into two categories: Those due to variations
12) would allow a value for the ruby cavity Q of in the natural resonant frequency of the stabilizing cavity,

l= ka07-' + (-375)-i 36) and those due to variations within the bandwidth of the cav-
( ' ity caused by elements other than the cavity. The preced-

that is, a cavity Q of 3000 and a Q for the ruby itself of -375. ing analysis of the multicavity oscillator shows that a proper

The resulting unavoidable sensitivity of the mode frequency arrangement of frequencies in the cavities and of the cou-

to the various parts is shown at the bottom, as calculated pling between the cavities will distribute the energy of the

from 16). mode excited in a way that will reduce sensitivity to fre-
quency pulling effects while still allowing oscillation. Of
course, the disturbance of the oscillator frequency by the
instability in the pulling element is similarly reduced. The

0) problem remains to characterize the magnitudes of the fre-
Wa W~Y Wo quency pulling effects so that oscillation stability resulting

be very small in an oscillator utilizing a high-Q stabilizing
cavity, small enough to demand highly stable and expensive

Jcomparison oscillators to measure the frequency shifts. To
w( I3 W2 allow us to measure these effects with a modest arrange-

ment of test equipment, we constructed a ruby maser oscil-

lator with cavities of low Q. Because the frequency error
b) caused by these frequency pulling effects will be reduced as

Mode - a )3 Q-' for higher Q systems, measurements of a stability of
10- 10 with a Q of 100 allows extrapolation of these effects to

1 0.85 112x 0.15 a stability of 10-'7 at aQof 109.

E 0.15 I/2x 6 5  0.85 Disturbing effects that can be studied in this way
include those due to output voltage standing wave ratio

E7 .8 x I .4 x 10 5  (VSWR) and a number of effects due to the ruby itself. The
ruby properties that are of concern are possible i/f noise,
possible pulling effects of the pump signal amlitude and
frequency, the previously discussed magnetic field pulling,
and fluctuations in the ruby characterized by its effective

C noise temperature (white noise). Of particular interest and

Y concern in this regard was the possibility of substantial i/f

WY Y,, type modulation noise in the ruby, because no experiments
_~_ _~_ _ __ -- I,,_ have been previously conducted that place significant limits
Ww w3  W2  on such noise. An excessive amount of such noise would

place a Q-dependent limit to the stability allowed by the
Figure 6. a) Frequency response of three-cavity oscillator, and might indicate that a very high Q (1010 or

resonator. Response bandwidth above) was necessary, ruling out the use of a sapphire-filled
of high Q mode not shown. Cavity resonator.
frequencies and eigenfrequencies An apparatus was set up to allow measurements of the
identified frequency stability in a ruby maser oscillator, and a two-

b) Table of fractional energy in each cavity coupled oscillator system was also constructed to

cavity for the three modes study the performance of coupled systems and to test the
Q-dependence of the pulling effects. The various aspects of

c) Ligenfrequency diagram for high-Q the oscillator were treated with differing degrees of care.
mode The superconducting magnet was carefully constructed as a

first attempt at what might be used in the final system. The
ruby itself has been previously used in amplifier service, and

The mode structure for this system is shown in Fig. 6 a) can be expected to be a good example of what is available.

and the energy distribution for the modes in 6 b). These The signal coupling line, however, was not constructed for

results were obtained by a successive application of equa- stablest VSWR, but was designed to allow a wide range of

tions 29) and 27). together with the requirement of equal 5% coupling strengths. Similarly, the pump signal source has

spacing between ci, L%,, and rip, as illustrated by Fig. 6 a). poor amplitude and frequency stability. The results to be
Fig. 6 c) illustrates the terms in equation 29) as applied to described serve to place an upper limit on the frequency

the mode 7. These become stability and pulling, but do not represent the best that can
be obtained with this technique. Preliminary results were

& = 1 + 4'2 = c2 + Wh + L = 0 3 + Wh 37) reported at a previous conference."

and the frequencies can be found by application of equation28); 3. 1. Deiption of the low-Q oncillator

Figure 7 is a drawing of the cavity region of the low-Q
= - 1 38) oscillator apparatus. The configuration shown has two cou-

ra t' pled coaxial cavities with the ruby material located in the
_ 1 = 2_ io~ upper cavity. An arrangement with only the ruby-filled

2-- -- 10 upper cavity that has also been used to make frequency pul-
c 2  el 5.10- ling and stability measurements will be described in a later

given the energy balance shown in Fig 5. Thus it is seen that section of this paper.
In the operating elgenmode y, cavity I Is tuned 3.5% high by
Its coupling with cavity 2; cavity 2, being already 3.5% higher
than the operating frequency is tuned 3.5% higher yet by its
coupling to cavity 1, and must be tuned down approximately
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from an Ailtech 38D11 frequency synthesizer. The low fre-
- / quency output is further amplified and then is continuously
• 1 sampled both by a Hewlett-Packard 5245M counter and by a

/ "Digital Equipment Corporation FDP 11/34 computer. A
' ,, chart recording of the counter output provides a quick

check of the oscillator's stability and drift, while statistical
stability analysis is carried out on the computer system.

By measuring the lowest resonant frequencies of each
7 , cavity alone and of the two coupled modes, the energy split-

ting between the modes and the coupling strength between
1 //j-' the cavities can be determined. The two coupled cavity

arrangement had a coupling strength of 2.5%. The stabilized
mode had 85% of the energy in the stabilizing cavity and 15%

// in the ruby-filled cavity, while the other mode had the oppo-
6- / site ratio.

3,2. Results of Yrequency Stability Meamurements

// .& 1. Measurements in the Two-cavity Configuration

To allow a range of Q values to be studied, and to facili-
tate stimulation of oscillation, the areas of the two-cavity

48 system that are drawn with heavy lines in Fig. 7 were plated
/ / ". with superconductor (lead). Even though the superconduc-
Z , tor was placed in a rather high magnetic field, the film

reduced the losses on the plated surfaces and allowed
/ higher Q values to be obtained. With this lower loss condi-

tion, the stabilized mode oscillated at 2.71GHz when cooled
to temperatures below 4,2K. The upper cavity had its outer
wall not plated with superconductor, so the mode at 2.87GHz
with most of the energy in the upper cavity displayed lower

/ ./Q than the stabilized mode.

/' // / /Jl/ 7

a)
/7, /7/,. Ic-
,,o- (2,,T,10

Figure 7. Two-cavity maser --- JA2414 0-1100 T 4.0K
-/A2619 Q=1100 Tz 1.7K

. DRIFT REMOVED b
The outer wall (2) of the oscillator probe serves both as ............. .... ......

the waveguide for the pump signal (~13GHz) and as the I-O  ......

outer conductor of a coaxial transmission line for the oscil- (.r.,O ) _

/ o- (2,, , fe) -------

lation signal (~2.7GHz); the inner conductor (1) of the coax- c

al transmission line can be adjusted vertically at the top of N26 =000 T22the probe to allow the coupling strength to the upper cavity -- NV214 0 2O5,000 T . K
to be varied. The ruby crystal (3) has dimensions 1.0 cm ... NV23214 Of5,0O T=4,OK

outer diameter and 1.15 cm length. The height of the outer C)
I  

I....N2 I ?~ O~ T .K
cavity wall (5), the lengths of the center posts (4) and (7), 0. .0 100
and the size of the coupling holes (6) were adjusted to pro- T (seconds)
vide the energy distribution and the frequency splitting
datired. A superconducting magnet (9) supplis the mag- Figure 8. Allen -arL~rce of frequency noise
netic field to split the chromium ions' energy levels to the measured for cavity masers

frequency of the resonant mode that we wish to excite a) Low-Q single-cavity maser with

When the magnet is not on, a signed applied to the coax locked pump frequency
can be used to find the resonant frequencies of the cavity
system, and adjusting the coupling strength to obtain crti- b) Two-cavity maser with unlocked

cal coupling allows the Q's of the modes to be measured. p(7 frequency

When the magnet is turned on and tuned so the level split-
dig equals the frequency of one of the cavity modes, strong Part (b) of Fig. 8 shows examples of Allan variances of

absorption occurs and the mode Q is greatly reduced. With Af /f calculated from the data obtained with the two-cavity
the magnetic field set near the peak of the absorption-field configuration under various conditions. Note that cooling
curve, applying a pump signal of 13GHz caues an inversion the ruby to 2.2K and improving the cavity Q from w5,000 to
of the spin populations, giving the negative resistance that 70,000 do not yield improvement in the lowest observed
ctimulates oscillation Whe esat e oscillations values, We conclude that the imiting stabilities observed
is being measured, the coupling probe () is backed of to are not characteristic of the ruby maser, but rather are
provide rather weak coupling to the cavity signal. caused by some other device in the measuring system. In

In the earlier measurements, the pump signal was sup- fact, subsequent measurements of the stability of the
plied by a Hewlett-Packard 90A sweep oscillator, In later measuring system showed that the frequency synthesizer
work, this source was replaced by a klystron whose fre- exhibited stability at the levels shown in t-. 8(b). It the
quency could be stabilized; comparisons of the results will data for the curve labelled NV2321 are extrapolated to Q =
be made. Ater amplification the oscillator signal is mixed s0o, the m ef Pl0-'° shown in Fig. 8 would be reduced to Ifn

ii An Hewlett-Packard 934A harmonic mixer with a signal ONxiO 6- .
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Obviously we cannot attain such extrapolated frequency -42dbn"

stabilities in the present apparatus, although the principle
obstacles are not so apparent. Distortions of the copper
cavities, caused by changes in the pressure above the liquid -44dbm-

helium, by changing height of the helium bath, and by ther-
mal expansion due to temperature instability, result in fre- 46dbr
quency instabilities near the 10- 1 level at " = is. These
effects point to the requirement to place the cavities in an -48dbm
evacuated space and to use the thermally and mechanically 0_
stable sapphire as the support material for the high-Q cav-
ity. A further deficiency of this test apparatus is the insta- _-d
bility of the adjustable coupling probe ((i) in Fig. 7). A con-
siderable reduction in response to vibrational disturbances 0-52dbm-
was obtained by placing damping material around the room
temperature portion of this probe. Additionally, a fre- -S4dbm /
quency drift was observed to follow the change in liquid
nitrogen level surrounding the helium dewar of the cryostat. -56dbm __,_,_____,_________,___________, J
Almost all the instability shown in Fig. 8 beyond - = 10s can -20db -iOdb Odb

be attributed to this source of frequency drift. A major Pump Attenuoton
benefit of employing an all-cryogenic oscillator design is to
avoid such response of the oscillator frequency to the tern- Figure 9. Maser output power vs uncalibrated
perature profile on transmission paths to room temperature pump signal
electronics. The oscillator design to be described below will
have fixed, stable output signal coupling, with 40 dB of isola-
tion from VSWR changes on the output coax provided by
cryogenic isolatorsi s placed inside the vacuum can at 4.2K. ate ambient field variations.

The Hewlett-Packard 8690A sweep oscillator used as a The output power of the oscillator is shown in Fig. 9 for

pump source for these measurements was found to have a range of applied pump power, with the magnetic field

great effect on the measured values of frequency and on fre- tuned to optimum. Zero attenuation of the pump signal

quency stability. The best data were acquired by carefully corresponds to -100 milliwatts of pump power at the top of

tuning this pump source to minimize the frequency pulling the oscillator probe. The maximum output power in the

effects. The response of the oscillator frequency to changes region of saturation is 0.5x10-7 watt, a level well within our

in pump signal frequency and pump signal amplitude were design requirements. Therefore, the ruby volume will not

measured to determine the required stabilization of the need to be changed substantially in the final configuration of

pump signal source for a high-stability system. The meas- the oscillator.
ured response to pump signal frequency changes, for Q =
5000, is 36Z2. Measurements in the One-cavity Configurat

The results discussed above for the two-cavity oscillator
A = 5xl0_4I4 39) indicate that distortion of the magnetic field uniformity at

Iq " Jc the ruby could be causing the rather large response of the

while the response to pump signal amplitude (power P) oscillation frequency to pump amplitude changes. One

changes at Q =5000 is source of field distortion is the superconductor on the
center-post and base of the ruby-filled cavity. As well, the

_ A AP modest stability of the measuring system indicates the need
. = 2x10-' 40) to use a cavity of lower Q so the measured stability level will
f not be limited by the measuring system rather than by the

Both of these responses were observed to scale with Q-1 over oscillator. The stability and frequency pulling measure-
the range of Q-values examined (5,000 to 70.000), a point of ments were repeated with an oscillator system having a cay-
some importance to our extrapolations. These results imply ity of lower Q. Since the previous tests established the per-
that, to achieve a stability of 10-17 at a Q of 10, the pump formance of a coupled-cavity oscillator system, a single-
frequency must be stable to four parts in 10' and the pump cavity oscillator was built.
amplitude must be stable to one part in 10 over the Use was made of the same oscillator probe employed
measuring time -. The pump frequency stability is readily for the two-cavity measurements by merely replacing the
attainable with stabilizers that lock the microwave source to base and center post of the ruby-filled cavity by one made of
a quartz frequency standard, or could be managed by syn- brass, with no coupling holes in the base and no second cav-
thesizing a pump signal from the oscillator output. The ity. While a Q of several hundred had been expected, the
pump signal amplitude stability required for 10-1 stability measured value was Q = 1100, which was found to be
is more challenging, and will not be attained in the design to independent of temperature over the range of 4.2K to 1.5K.
be described below, which is intended to reach a 10-i5 oscil-
lator stability level. The cause of this response to pump The only other modification made to the oscillator sys-

amplitude is probably inhomogeneity of the magnetic field tem was to use a klystron 14 oscillator for the pump signal

at the ruby. It is expected that the high-stability oscillator source, and to stabilize the frequency of the klystron with a

being built will demonstrate improved stability against quartz crystal frequency stabilizer' 5 . Without the stabilizer

pump amplitude changes beyond that dictated by higher Q. the klystron's frequency output at -13GHz fluctuates by
several kilohertz. When the stabilizer is applied to lock the

Careful tests of the change of oscillator frequency with microwave frequency to the quartz crystal's frequency, the
change in the magnetic field were conducted to check our measured fluctuations are -lOHz at r = Is and -50Hz at
understanding of frequency pulling effects and their depen- T = 1038. This improved pump signal frequency stability was
dence on Q. For the unstabilized mode with Q = 5,000, the a significant benefit to the measured oscillator stability lev-
fractional frequency pulling was found to be els. Note also that this pump signal frequency stability

A satisfies the requirement of 4 parts in 10' cited above to
S2.5x10 -s A H  41) allow the oscillator to reach 10- stability with a cavity Q off L H lo.

and this value also scaled as Q-1 for the other oscillation Part Fig. 8 shows the results of measurements of
conditions measured. This value implies that, in order to oscillator jency stability made with this system. The

achieve 10-17 stability with a cavity C of 100,the magnetic mprovemc.. .hown upon reducing the temperature indi-
field must not have a fractional variation larger than 10- 2 cates that the measured instabilities are characteristic of
over the measuring time T. This field stability can be properties of the maser oscillator system to some extent.
achieved using a superconducting magnet operating in per- Again extrapolating the low-temperature data (the curve
sistent mode, and having superconducting shields to attenu-
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labelled JA2619 in the figure) to a cavity Q of I09 would the same sort and from the same supplier 7 as the lowest-
Lmply that a stability level of BxlO 17 could be achieved at loss material has been ordered.
T = IS. In measuring the sapphire losses, the samples are

While this high stability is indicated without any need placed inside a lead-coated copper cavity and the decay
for improved pump signal stability, the averaging time at time of the cavity-sapphire system is measured. Since inl-
which high stability is desired is in the range r- 10's. The tially lead will also be used to coat the sapphire substrate in
data show that the long-term stability values in these mcas- forming the stabilizing cavity, the very low loss values
urements suffer from drift, caused principally by the chang- reported above are sufficient evidence that losses in the
ig temperature profile on the transmission lines. We superconducting film will not prevent the cavity from
expect that the different arrangement for coupling out the achieving a Q of I09. However, because the electromagnetic
oscillation signal that will be used in the oscillator being field is to be contained ins-de the cavity, the interface
built will eliminate this source of drift and will allow the region between the lead film and the sapphire will also be
improved stabilities to be obtained at longer measuring exposed to the signal and could degrade the cavity Q. A
times T measurement was made on a spherical sapphire substrate

The removal of superconductor from the region near coated with a lead film to test this loss mechanism. The
the ruby did not reduce signidcantoy the effect of frequency uncoated sapphire sphere displayed a loss value of
pulling by changes pump signal amplitude Since the tan 6 = 1.17xl0 - , while the lead-coated sphere's loss was
pump amplitude was not stabilzed in the measurements tan 6 = 1.15x10 -8 , both values measured at I.bK. These
reported here, we believe that the lowest instability values results show that the losses in the interface region do not

may have been determined by this source of disturbance. contribute appreciably to the total loss measured at this

Therefore, we would expect to measure smaller values of region near Q = 108.
Af/f if an amplitude-stabilized pump source is used. Ampli- Actually, these measurements have indicated the poss-
tude stabilization to one part in 10S is being arranged for bility of achieving even higher Q values in the stabilizing cav-
the high-stability oscillator being built Amplitude stabiliza- ity. Both the sapphire loss tangent measurements and the
tion to a few parts in 10' can be managed with considerable measurements in the spherical cavity demonstrated that a
effort and expense. Q of 109 is feasible for this cavity. A ruby maser oscillator

stabilized with a cavity having a Q of 109 would be expected
4. The Superconducting Cavity to have stability approaching A1i/f = 10 7 for some range

of sampling times, if the frequency pulling mechanisms are
4.1. Cavity Design sufficiently lirmted as discussed above,

With the promise of much greater electronic stability
allowed by an all-cryogenic oscillator design, the relation- 5. A Design for the Three-Cavity SM
ship of the cavity Q to the overall design changes somewhat
compared to other SCSO designs. In particular, a lower Q 5. 1. Mectromagnetic Features
might be advantageous if it allowed substantially higher fre- Fig. 10 shows schematically some of the features for a
quency stability to be attained in the cavity. This trade-off 3-cavity superconducting maser designed to achieve a fre-
seems to be possible by the use of a superconductor-on- quency stability of I O 1 for time periods of 100 seconds or
sapphire resonator when operated at temperatures some- longer which is presently under construction. It is closely
what lower than has previously been employed. While the designed around the model discussed earlier (Figs. 5) and
thermal coefficient of expansion of solids follows a T depen- 6)). Some of its features are as follows:
dance at low temperatures, the penetration depth of the
superconductor, which also determines the effective size of Ruby Signal Heliurr
the resonator, shows a much more rapid exponential tem- Pump Output Exhaust
perature dependence. Thus, for a solid niobium cavity, the
frequency variation with temperature decreases rapidly as Ruby
the temperature is reduced down to a temperature of Resonator
approximately I 25K, below which the relatively slowly vary-
Ing Ta dependence of thermal expansion is dominant.'.
When the physical size is determined by the characteristics 1uperconducting
of sapphire, the value of the contribution from thermal olenod "soato
expansion is reduced by more than 100. Assuming the
superconducting character of niobium is unchanged in
applying a thin film on a sapphire substrate, reduction in
operating temperature to 0.9K would still show the rapid
exponential decrease in sensitivity to thermal variations. Couphng
resulting in an overall improvement of thermal sensitivity Resnator
from O-10"/K to 10 "'/K.

We have measured the highest Q reported to date in a
sapphire-filed superconducting cavity (Q>109) and present Not ,hown:
details in the following section. Such a resonator would 2 -Stage
additionally be stronger and lighter than a solid niobium
cavity, giving a reduction in the shift caused by gravity Lead-coated- /
forces by 10 times A further advantage of the sapphire ))pphlre
based resonator Is that its large dielectric constant (t-I0) ReEnator e
allows operation at a convenient frequency (-3GHz) with
modest dimensions (overall diameter < 7.5 cm). Con

4.Z Measurements ol the Cavity Leies hr Supprt pring

To obtain the high cavity Q required by the design, vari- Anchor
ous sapphire materials have been examined for their elec-
tromagnetic losses at frequencies near 2.7GHz and at tem- flehum lot
peratures below 4 2K Samples with losses below l0 -8 have
previously been described dlA recently acquired new sam- ..

pie has shown significantly lower losses than those prev-
ously reported, the loss tangent reaching tan 6 = 7.OxilO . .
at the temperature of 1.5K The actual material that will be
used in the cavity of the high-stability oscillator has not yet Figure 10. Schenrt ic diagrun of three-cavity
been delivered by the supplier, so we have not had the siperconducting miaser with saipphiie
opportunity to characterize Its losses Sapphire material of stabi 1 i.zing resonator
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The lead-coated sapphire resonator is supported with stability inherent in an all-cryogenic design and from the
small cylindrical ends to allow isolation of the microwave properties of the ruby maser itself. A multiple-cavity design
fields from the functions of mounting and thermal anchor- has been developed to allow physical separation of the high
ing Orifices in the lead film allow coupling to the signal out- Q superconducting cavity and the ruby element with its
put and to the coupling cavity. A weak support spring iso- required applied magnetic field. Mode selection is accom-
lates the sapphire from deformations in the copper contain- plished in this design by tuning the ruby by means of the
trg can applied field. We conclude that such an oscillator would per-

The copper construction technique used for the cou- form well, even with cavity Q's as low as 108, allowing the use
pling and ruby cavities has been shown in the one- and two- of a superconductor-on-sapphire resonator with its greater
cavity tests described earlier to have a fractional stability rigidity and lower thermal expansion
better than '0 - 10 for the time of the measurements. With A method for the design of multiple-cavity oscillators
5 10 6 of the system energy in these parts, they should con- has been developed which allows a specific energy balance
tribute less than 10- 1 to the frequency variation, even if all in the oscillating mode to determine requirements for easily
of the variation seen in these previous measurements is measurable frequencies and coupling constants The design
attributed to this source is accomplished without reference to the fields implicit in

The coupling cavity is a coaxial resonator with a length the measurements. Relationships between power and fre-
of 3k 2 at the operating frequency of 2 "7G~lz. The ruby quency sensitivity considerations for the various parts are
maser is operated with the magnetic field at 901 to its optic also established in this method. The design of a 3-cavity
axis in a tow-field (H a DOOG) mode. Numbering the energy oscillator system that was evolved using this method is
levels of the chromium ion in order of increasing energy, described.
the -I13Gllz pump signal excites transitions 1-4 and 2-4, A first test of the superconducting cavity maser
while the signal samples the 3-4 transition This mode pro- confirms the efficacy of the multiple-cavity design and the
vides less amplification in the ruby than the more conven- applicability of the ruby maser. Frequency variation less
tional one in which the signal samples the 1-2 transition, but than 4x'10- was measured and is attributed to the refer-
the reduction of the magnetic field requirement from ence oscillator and to instabilities in the pump source. Vart-
:3000G to :aOOG is a substantial advantage ation of ;0 -c was observed in a low Q mode, again attribut-

able to pump fluctuations Even so, direct scaling to a Q of
5.2. Cooling and Temperature Stability 109 predicts a stability better than 10- ,e. Frequency pulling

The oscillator will be installed in ai existing cryostat effects due to amplitude and frequency variations in the
insert that was originally used as a Slie-IHe dilution refri- pump signal were characterized, and their appropriate scal-
gerator The vacuum can is '. 37 cm outside diameter by ing with cavity Q was demonstrated. Together with results
63.5 cm long, so ample working volume exists inside the can. showing the lowest tosses to date in sapphire at microwave
The only cooling capability that is being retained inside the frequencies, and preliminary experiments on
vacuum can is a pumped 4 le pot of 300 ci! volume. This pot superconductor-on-sapphire resonators, frequency stability
is filled from the external 4.2K liquid helium bath through a levels as low as 10 - 1? are indicated.
valve and a capillary The pot and its pump line will allow
cooling the three cavities and the ruby maser to very near 7. Acknowledgements
1 OK The authors would like to gratefully acknowledge the

When the oscillator is operating, approximately .(-7 contributions and support of J. E. Mercereau and R. C.
watt will be dissipated in the cavities, while -10 - 3 watt will Clauss to this work.
be absorbed in the ruby from the pump signal Transport of The work described in this paper was carried out at Cal-
heat to the 411e pot by conduction, radiation and He film flow ifornia Institute of Technology with the support of the Jet
will be of order 10 4 watt Since all other heat loads on the Propulsion Laboratory under contract with the National4 He pot are substantially smaller than the pump signal Aeronautics and Space Administration.
power, the stability of the pump power will be reflected in
the temperature stability at the 4He pot and, more impor- 8. Appendix. Coupling Lo es
tantly, at the high-Q cavity We expect to obtain pump The coupling energy can be related to cavity energies
power stability of a part in :0 s to limit frequency pulling by
effects This level of pump stability will also provide excel-
lent temperature stability, as a brief description will show. E = :o

As shown in Fig 10, the pumped 4 He pot will be posi- where )c1.=k is a dimensionless coupling constant." The
tioned at the bottom of the vacuum can and will connect relative contribution of losses to the second sum in 5) and
directly to the lowest can containing the high-Q cavity. In 6) can be written
examining the various resistances to heat flow between the
ruby and the 4He pot, one finds temperature drops of 4rnK
between the ruby and its cavity, 7.5mK along the coupling 2P)= QV
cavity, and IOmK between the loyast can and the 4He pot, P+ P,17
for each milliwatt otpower absorbed in the ruby. Fluctua-
tions of orie part in 10 3of the -10-3 watt pump power (±10-0 Qj
watt) will therefore cause temperature fluctuations of 10-1K which becomes
on the high-Q cavity However, the heater for the tempera-
ture controller will be placed on the coupling cavity, a bias---Q - , " 1Q
power of :0 - watt in this heater will allow the temperature 2 UEQ ] [E ,1 ]
controller to compensate power fluctuations of the magni- Qq E'q + E')q
tude expected Thermal time constants are all rather short
for this system operating at 1.0K, of order 10 -2 second or
smaller, so response to thermal fluctuations will be limited
by the ;a! s response time of the temperature control elec-
tronics In addition to the temperature sensor and heater - ko
on the cavities, a second level of temperature control will be
used to regulate the temperature of the pumped 4 He pot. A
stability of 10 5 K for the several days that one fill of the 4 He If the quality factors of the coupling elements are large
pot will last is expected at the high-Q cavity enough, i e , if Q, >> kV 1_j, this becomes

6. Conelumon_ 2P;<(

Analysis of an application of the ruby maser to a super- P) + P
conducting cavity stabilized oscillator shows many attrac- and the second sum in 5) and 6) can be ignored
tve features These features derive from the mechanical
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ACCURACY EVALUATION OF THE RRL PRIMARY CESIUM BEAM FREQUENCY STANDARD
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Summarv shields. The exciting microwave signal is fed to the

55 cm cavity through a semi-rigid coaxial cable. The
Described is a recent accuracy evaluation of the C field distortion caused by a coaxial cable hole of the

RRL laboratory type cesium beam standard Cs I with Jnnermost magnetic shield is small as comoared with
some features, including a hexapole magnet beam optics that caused by other methods using waveguide. The di-
and a Ramsey cavity using a semi-rigid cable and a co- ameter and the length of the innermost cylindrical
axial line to waveguide transducer. magnetic shield are 31.1 cm and 100.0 cm, respectively.

in order to avoid loss of state identity or Majorana
A number of accuracy evaluation experiments have flops in the space between the state selector and the

been made and the total uncertainty of those evaiua- C field region, guiding field coils are placed at each
tions gradually lowered because of our various kind of end of the C field structured.
effort at improvement. The measurement often showed
large and undesired characteristics in microwave power The Ramsey cavity which is of E-pane bends and
shift. According to our experiences, the magnitude of has an E-plane Tee feed is made by eiectroforming.
this cower shift iepended mainly uopon the condition of The phase 3adjustment is made after the same method
the coaxial line to waveguide transducer, the cesium developed by Mungall et al. of NRC

0
.

beam trajectory distribution and its power dependence
pattern on beam reversal was usually symmetrical. We The block diagram of he electronics which is iif-

investigated the root of the cause of the power shift ferent from the former one is shown in Fig. I. Souare-
and at the present time we assume that there were spa- wave frequency modulations are performed by changing
tially distributed :hase variatiations across the the output frequency of the synthesizer sequentially,

cavity and that these variations caused phase modula- in order to control 5 MHz crystal and C field current
tion because the atoms passed through such variations, source. The C field control signal is obtained by
On the basis of certain simple calculations, we evalu- measuring (4,1)-->(3,1) transition frequency.
ated these effects.

In the following, we report the results of accura-
In the case of magnetic field evaluation, the cy evaluation for Cs 1 (RRL).

power shift of the (4,1)-->(3,1) transition was compared
with the theoretical estimation which is using the Accuracy evaluation
frequency difference between the Rabi transition and
Ramsey transition. This frequency difference agreed Figure 5 shows two examples of clock transition
well with the value estimated by the C field distribution microwave power shift. The horizontal scale is propor-
measurement. tional to microwave power. Experiment A was conducted

Te t l _ 3  during the period from July to August, 1982 by using
The total uncertainty (10. ) was 1.1xi0

1
. The a Ramsey cavity and a coaxial line to waveguide trans-

frequency of Cs I (RRL) agreedYwith that of the Inter- ducer, both of which being different from those used
nationil Atomic Time (TAI) within the limits of at present. Experiment B was conducted during the
IxI

- 
. period from December, 1983 to February, 1984 by using

the same cavity and transducer as those used at present.
Introduction However, the lengths of magnets used in Experiment B

and the present experiment are 6 cm and 3 cm,resoec-
Radio Research Laboratories is responsible for tively. The asymmetry of the power shift on beam re-

determining the national standard of frequency and for versal in Experiment B is due to the inquality of beam
maintaining the Japanese Standard Time, based on the reversal, since the location of the west-side hexapole
Universal Time Co-ordinated (UTC) to be disseminated magnet is found to be slightly deviated from the beam
by JJY (MF and HF) and JG2AS (10 kHz) transmissions. axis of Ramsey cavity. These mean frequencies which
Work on atomic standards of time and frequency at RRL were estimated by the zero-power extrapolation agreed
commenced in 1955 with the construction of a microwave with each other within the limits of the experimental
resonance absorption cell in the form of ammonia filled errors. The absolute frequencies in Experiment k3 and
wavekuide. In recent years, the studies have been made B wer?3 lower than the present UTC (RRL) by 2x10

-  
and

on hydrogen masers, a laboratory type cesium beam 3x10- , respectively.
standard, an optically pumped cesium beam standard and
stored ion standard. Figure 6 shows the power shifts on beam reversal

in the present experiment. The gradient , magnitude
The RRL primary cesium beam frequency standard, and asymmetry of power shift on beam reversal were

Cs 1, has been developed since 1975 ' 
' . The design clearly improved. However, the mean value at the opti-

features are as follows. Fig. 1 shows the beam tube mum power was still 3wer than that given at -3 dB or

chamber of 45 cm in diameter and 2 m in length and the -6 dB power by IxiC
-

electronics. Fig. 2 shows the structure of the beam
tube and Fig. 3 shows the beam optics and the structure These power shift behaviors are presumably due to
of the cavity. The hexapole magnet bea 2ptics is the complex effect caused by interaction between the
similar to that of Cs 1 standard at PTB

' 
. However, distributed cavity phase and the atomic trajectory.

the C field is produced by passing dc current through In order to study and evaluate these power shift, we
four rods inside three molybdenum permalloy magnetic 447 CH2062.0f84/OOO0.O44751,.00 © 19841EE E



used -erv soimle ocaels as follows. There exists a The totai uncertainty (1 a ) was 1.1x10 -13 . The
spat-a oi3trobution. of pnazeoac~oss the cavity and frequency comparison with UTC (RKL) during the period

therefore, crross the beam"'' '
. For that reason, from April to May, 1984 was carried out. The~absolute

-nos chase variation causes time dependent phase modu- frequency was found to be higher by 0.39x10
antior %M. for atom as snown in Reference 12. The Therefore, the frequency of Cs 1 (RRL) agreed with

2hase varies slowly enougn in the cavity and ioes not that of the inte national Atomic Time (TAI) within the
.ecend ocon the atomic beam trajectory. limits of IXI - .

_coraing 'o cur aloulations fou various types of Future work
,.hase distrobution in two cavfties, the total phase
araiftone nD iuring the time inrervai in a -avity We intend to improve the frequency stability and
.-s e eand f the chase iistrioutions in two determine more precisely the accuracy of the RRL Cs 1.
:avoties are asymmetry witn rescect to tne center of Moreover we plan to improve the coaxial line to wave-

aamsey ravity, the cower snift sue to these chase iis- guide transducer and construct an automatic accuracy
torbutiins is not zanceled. f an asymmetry appears n evaluaton system.

cower shift on beam reversal, this magnitude means also
-.e magnitude of asymmetry of the beam trajectory on Acknowledgment
-eam reversal.
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mean chase difference of -3.?xIC -ao Detween two av s es
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Table 1. P.RL Cs 1 Uncertainty, 1984 April Evaluation

Source of uncertainty Bias(x10
-
") Uncertainty(o.,x10

- 
)

1. Cavity phase shift & Ist-order 5.08 0.9
do.pler shift (typical)

2. 2nd-order doppler shift -0.77 0.05
(typical)

J. Magnetic field

a) Offset due to finite field 5438.91 0.23
(typical)

b) Magnetic field inhomoqeneity 0.07

4. Pulling by neighboring transitions 0.23

5. Servo system offsets 0.50

6. RF spectrum 0.05

7. Black body radiation -0.17

8. Gravitational red shift 0.11

Total uncertainty 1.1
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RESULTS ON A LASER DIODE
OPTICALLY PUMPED CESIUM BEAM
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Laboratoire de 1'Horloge Atomique
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associ~e 6 l'Universit6 Paris-Sud
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91405 - Orsay - France

I. Introduction
1

Following Arditi and Picque pioneering experiments, iii) since nearly all atoms are selected and detec-
we have undertaken like several other laboratories re- ted regardless of their spatial position or velocity,
searchs on a laser diode optically pumped cesium beam. the uncertainty in the distributed cavity phase shift
This opens the way for the realization of a new cesium determination should be smaller.
oeam frequency standard which should be of higher sta- In this paper, we shall present our preliminary
bility and accuracy than the present conventional one. work on the OP Cs BM. We have made theoretical pre-
Basically, the two deflecting magnets used for state dictions on the pumping efficiency of a beam with twoselection and detection are replaced by laser light- monochromatic or broadband laser fields.
3tomic beam interaction regions. A hyperfine population
Jifference is created in the first (upstream) zone. In We have also obtained experimental Ramsey resonance
tne second downstream region the resonance phenomenon, signals when the same laser is used both for the state
i.e. the Ramsey fringes is detected through fluorescence preparation and detection. Provisional short term
light variation as a function of the microwave frequency. frequency st,b;lity predictions are then derived from
Jptical pumping is expected to improve the frequency sta- such Ramsey pattern characteristics.
iility of cesium frequency standards for several rea-
sons : II. Optical pumping with two lasers.

i) the signal should be higher than in a classical Theoretical predictions
apparatus. A greater beam intensity can be first used
in L.is straight line highly symetric device. A complete Figure la,b,c, shows the energy level diagram cor-
population inversion can be also achi ved when two laser responding to the D resonance line of Cs at 852.1 nm.
light are used in the pumping region . On the other A pumping scheme which tends to concentrate the whole
hand, the detection by fluorescence on a cycling tran- population of the ground state onto the single Zeeman
sition produces a large number of photons from each atom sublevel (F = 4, m = 0) of (F = 3, mF = 0) must be
of the beam. However, the noise of such a detection might realized with two laser light, one of them being neces-
depend not only upon the fluctuations of the number of sarily TT polarized. For example, if we refer to Fig. lb
atoms in the beam, but also to a greater extent, on the and look at Table 1, we can see that the light of laser
fluctuations of the laser frequency and laser intensity. LD1, TT or o polarized, brings the atoms into the level
Therefore, the S/N ratio might not increase as strongly f while LD2, r polarized, depopulates the sublevels
as predicts quantum shot noise limitations. f(M) with m ,# 0. Consequently after a sufficient num-

ii) when a cycling transition is used for fluores- ber of pumping cycles, all the atoms should be accumu-
cence detection, the weight of slower atoms is increased lated in the f(o) sublevel.

in the velocity averaged 0-0 clock signal. It results We have done a theoretical analysis of the popula-
in a slight narrowing of the Ramsey pattern. Such in- tion difference built upAn(t) = nf(o) - n (o),in this
creases of S/N and Q factor are obviously suitable for case and compared the results derived witg a direct
short term frequency stability improvements. phenomenological approach (rate equations) and a morerigorous treatment (densitX matrix formalism), the

The useof optical pumping should also reduce the size results are the folowing 5 :

of some systematic frequency offsets and allow a more
precise evaluation of their uncertainties. Let us recall i) if the two lasers are monochromatic, the statio-
that nary value of An is only 14 % instead of 100 % predic-

i) in an optically pumped cesium beam machine (OP Cs ted by the rate equation approach (Fig. 2). This dis-
BM) the so-called Majorana transitions are highly im- turbing result is verified over a wide range of pumping
probable since the uniform magnetic field of the micro- power. It is due to the creation of hyperfine coherence
wave interaction region can be extended to include both when the laser frequency difference equals the hyper-
the optical pumping and optical detection regions. fine ground state splitting. This phenomenon is related

to coherent population trapping effects 4. Such effects,ii) the frequency pulling of the 0-0 central line by cannot be taken into account with the rate equations
the wings of neighbouring field dependent microwave lines description.
snould be minimized by using an efficient two laser pum-
ping cycle which removes the populations of the adja- ii) with the commercially available laser diodes,
cent Zeerman levels. the spectral width is typically 30 MHz when the output

power is around 5 mW. Su,..h a spectral width is wider
P :Pma&vint add.ss : Labcatoite Pimaie du Temps et than the natural width of the D transition which is
K, Fs quences, 61 avenu de f'Ohsetvatoite, 75014 about 5 M4z. The excitations arg then "broad line" pro-
Paws, Ftance vided the intensity remains lower than 50 mW/cm 2 . In

Va' sabbat catl tave fwm Labortoiore de RecheAche this case, the laser fields cannot built up coherences
sut e's OsciUcte ut et Syst~mes, Dept. de Gknie between successive optical transitions. The population
Le(,ctuque, Univc,,Ltsti Lavia, Ste. Foy, P. Quebec, difference build up calculated with the density matrix
Canada GIK ?P4. formalism can now reach , 90 % when the interaction

time is long enough (Fig. 3). A very close result is
obtained with the rate equations model in the broad-
band case 5.
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From the theoretical point of view, a pumping cycle A hole is burned in the fluorescence signal when a weak
with two commercially available laser diodes which are pumping light is "on" in the A region. The origin of
not too monochromatic, allows achievement of a quite this dip is not surprising : the laser light is not
total pumping. However, from the experimenta point of monochromatic and the pumping efficiency is greater on
view, the preliminary tests performed at NBS have given the top of its power spectrum than on the wings. At low
disappointing results. This point should be clarified, pumping intensity more atoms are removed when the centre

fraquency of the laser i, in coincidence with the centre
1II. Experimental set-up of the absorption line. The B signal reflects this

spectral variation of the pumping efficiency.
The experimental set-up is shown schematically 

on

figure 4. In our preliminary experiment, we have utili- Let us mention that the shape of the dip gives an
zed some vacuun envelope, cesium oven and U-shaped information about the spectral width of the laser while
microwave cavity existing in the laboratory. The size its position on the fluorescence profile probes the
of the vacuum envelope is such as we did not had the orthogonality of the light and atomic beams.
possibility to design an uniform field region including The laser is now tuned onto the centre of the 3 -
pumping and Ramsey cavity regions. A vertical magnetic 4' absorption line and the microwave power is fed into
field is created in each "light-atom interaction zone". the cavity. When the microwave is off we observe a
This gives an orientation for the polarization of the background level composed of stray light, scattered
incoming light. A small cylindrical mumetal box insures light and fluorescence light. This last one increases
the magnetic shielding. The C-field in the microwave when the microwave is on. The contrast of the useful
interaction region is vertical too and it is produced signal is 0.238 mW/4.19 mW = 5,7 %. Moreover its S/N
by a U-shaped electromagnet made of conetic metal. The ratio can be optimized as a function of the intensity
whole assembly cavity and electromagnet is placed in- I of the light in the detection region because S in-
side a cylindrical magnetic shield of mumetal. The ceases with I and tends to saturate while N depends
orientation field is therefore rather well defined strongly on th6 stray light and scattered light which
except in the short spacing regions which separate the are strictly proportional to I . We have verified that
three shielding boxes. This may cause some trouble by the scattered lIght is negligi6 le compared to the stray
mixing the populations of the hyperfine levels, spe- light (1. 5 I- ). Figure 7 shows the 0-0 Ramsey pat-
cially when a two laser excitation is used. In the fu- tern obtained at optimum microwave.power and optimum
ture, we shall operate a new machine, laser intensity I The peak to valley central line

The light-atom interaction regions A and 8 are iden- exhibits a full wIdth at half intensity Av = 500 Hz.
tical and designed in order to minimize the laser stray The geometrical characteristics of our U-shaped wave-
light. Laser light beams are tightly focused onto a guide are L = 21.5 cm ; k = I cm. The most proba le
spot of 5 x 3 mm . Large area pin photodiodes collects velocity of the atoms in the beam is o = 215 ms - .
about 15 :, of the whole fluorescence light. The signal We have then compared the experimental 0-0 Ramsey
in the A region is used for laser frequency locking pattern to the theoretical ones obtained for
purposes. The B region signal is an indication of the
0-0 clock transition. 1) a Maxwellian distribution of atomic velocities

The separation between the two oscillatory field 2 a v e-v2/,2 dv (See Fig. 8a)
regions is L = 21.5 cm. The light sources are single 2) a Maxwellian distribution weighted by 1
frequency GaA As laser diodes operating around 852 nm 4 3 2 e2/ 2

(HLP 140J from Hitachi Company). We have designed and I(v)dv - - t v 2 dv (See Fig. 8b)
operated circuits thich control the laser injection 2( -/ v 1
curreqt to I x 100 and the heat sink temperature to 3) a Maxwellian distribution weighted by --
2 10 degrees for about one day. 2 V 22 v

The first derivative of the Cs beam fluorescence as ll(v)dv = 2 a v e dv (See Fig. 8c)
a function of frequency is used to stabilize the laser Table II summarizes the main characteristics of the
diode frequency by means of a conventional servo sys- central line obtained in the three cases. Moreover,
tem acting on the current. The servo bandwidth is - the best fit between experimental and theoretical re-
10 kHz. sults is obtained in the case n' 1 (Fig. 8a). The Max-

wellian distribution of velocities is not affected by
IV. Experimental results with one laser the optical pumping and optical detection when one uses

the same laser. This result agrees with Arditi's con-
The same laser 7 polarized light is used both for clusion 7. Let us remember that when one uses a cycling

the optical pumping A region and the optical detection transition for the optical detection of the resonance,
B region. In ordet to check the good efficiency of the the Maxwellian distribution is modified by the 1/v
pumping cycle, we swep the laser frequency accross the factor leading to a linewidth narrowing factog of 1.1
3 , 2' ; 3- 3' ; 3 - 4' transitions (Table II). This agrees with Lewis experiments .

Figure 5a-5b shows the fluorescence signal in the B If we assume that a square wave modulated micro-
region when the light in the A region is "off" and then wave interrogating technique is used to lock the fre-
"on". This record which has been performed w~th an in- quency of a quartz crystal oscillotor to this hyperfine
tensity 1 23.4 mW/cm 2 and I = 0.34 mW/cm shows transition, it can be shown that : the one-sided
that the 4' transitions gives a negligible fluo- power spectral density S of fractional frequency fluc-
rescence signal demonstrating a complete transfer of tuation of the controlled quartz oscillator is approxi-
the population of the F = 3 level onto the F = 4 level matively given by S , 0.30 (Av/v ) S , /12
without pumping. The whole fluorescence power in the B S is the power specTral density of tle mian value I'
region is of the order of 1 nW. This value agree with of the photo current when the microwave frequency is
the calculated value P Assuming I = 5 x 1010 at/s, v + Av/2, Av being the depth of the frequency modula-
an average number of photon per atom equals to 0.5 tion. I is the peak to valley signal.

a collection efficiency of 0.15 and h\ = 2.216 10 J. If we asume that S., has a white spectrum, then the
one obtain PF = 1.1 10-9 W. two sample standard deviation of fractional frequency

Figure 6a-6b shows the some experimental results fluctuations of the ontrolled quartz crystal oscilla-

when IB  I B 4.5 mW cm-
2  IA = 0.34 mW cm-

2 ). tor is given by n y (i) = S y/
2
T. We get from our expe-

43rimental data
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j (I s) z 5 x 10- 11 F'Y 5
one may expect to increase this stability by reducing T- z_4
the stray light and by choosing a more sophisticated 2._ z 4

optical pumping and detection scheme. 62 p 430
3 o

V. Conclusion 52W z
-2

Our preliminary results obtained with our one D2
laser diode optically pumped Cs beam machine are pro- LD1 LD2
mising. Detailed studies have to be done in order to 852,1nm
determine the best laser combinations for the optical
pumping and detection schemes which would allow to in- F 4
crease as far as possible the S/N ratio. The cycling 4 r o
transition which greatly improves the fluorescence po- 2 -4
wer in the detection zone must be particularly studied 62 S 9192MHz
in order to know how the laser frequency noise is trans- X2
formed into fluorescence photon noise via the cycling 3 9--- ----- g-- 3

process. Such investigations are in progress. 3
- BZ
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Fig. 2 Time evolution of the population difference between (F = 4,

mF = 0) and (F = 3, mF = 0) levels calculated with the density
matrix formalism for monochromatic excitations.
" full line: two ?r polarized lasers tuned onto the (3 - 4')

and (4 - 4') transition
" dotted line: one 7r polarized laser tuned onto the (3 4')

transition for comparison.
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Table 1 - Probability transfer ceofficients for the transitions
F' =4 F =4 and F' 4 -F 3.

WEIGHTING FUNCTION (1)0
V V V

MAXIMUM PROBABILITY 0,.75 0,727 0.677
PMAX

OPTIMUM FIELD

O.bI 3.8 3.25 2.70

FULL WIDTH AT P 2 0.65 0,5 L L.4

PEAK TO VALLEY 0.5? 0.148 q0.38 q
FWHM L L L

NUMERICAL VALUES (Hz)
IN OUR CASE L = 0.215m 525 480 380

c- 215 ms
-1

Table IT - Theoretical transition probabilities characteristics
for a Ramsey type cavity.
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CESIUM CLOCKS DEPLOYED IN
THE GLOBAL POSITIONING SYSTEM:
DESIGN AND PERFORMANCE DATA

Helmut Hellwig and Martin Levine
Frequency and Time Systems, Inc.

Beverly, MA

e frA-t 'eproduc t iun ModeI Cesium Frequency Stan- One of the clocks of the earlier Preproduction

ar' ode io. FT, ;dOi30 qts qua i fied for spaceflI gilt series, Model 4400, has been taken out of service after
ii 19/ This milestone folluwedan intense engineering about four years of operation as a result of a cesium
leiel.o)ment prroqram dating back to 1973/1974, including oven failure. Details are given in Table 4 and Fig. 4.
th e c~rst ,n fei t fli:ght-candidate and engineer- This failure mode has been completely eliminated by FTS
In 1 ievel ,:Per t mode s tnree of wh ich were tested on through a design change which was implemented in 1980.

a f r . ince then, a total often f 1 2 and, 1 t iavst '. eircos ehe frequency stability results obtained during thedeli frel i 'erl uctio Models (Model Fs 400) acceptance testing of the five clocks of theModel 4401a,, fi e e" :C i e icen ocks oModel FI s401). FlY these, are summarized in Fig. 5. These results indicate thatawle. e -oard istar (oSsate' 'ites either opera- short-term stabilities ofa few parts in 101" and long-
e . st rage, term stabilities (: -.1 day) of nearly 10-  have been

consistently achieved and that performance variations

t , In'. c, nstr'ictin, five advanced Pre- between clocks have been unusual ly sma 11 . Data obtained
. e odel rT 402) as wel as manufac- fromn the clocks on board of lavstar 5 and lavstar 6

;,' I fC . - 11 'OPlD erent f 5 advanced demonstrates stabilities ir, the 10 rej ion (ref.
: .e s f Fdel TP . A Q ()IA . The design Fig. 6). The last fijure, i . 1, depicts the rulti-

,"I/ of t'tese flocks is depicted in year performance (f the quartz crystal oscillators
i ls I In' . 1e basic desigi concept of within the cesium clocks on board of Navstar 5 and 6

r~ n.c .J de I fi fta] tntejrmtOr feator- indicat ilg that the quartz crystal oscillators oxibit
t I I - -r, tant is depicted in the a free-running aging of much less than ixlO- per day.

of. F. ' 1 Or the 'etailed servi/
i t ,e; , . T:Lie s o s tie This work was supported by the U. 6. Air Force (through

,f" .. .rei'e ('rg Y inliorn and Pockwell interriational) and the JavaI Research Labora-
. . Irior U, laun0 of the tory under the followinq cuntracts: rd47Dl-7.-l-ulS5.

of the lolel 440 and q04701-d-C-)0"l1, 661. I--i--ULl. 'l''ll'i -I l-L-
, ,e ti ft note o iat rir/ne '1261 4-,3-{-?2'ti5
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/-BEAM

CESIUM 
ION PUMP

TUBE
ENVELOPE

--------#- CESIUM FILM

BRAZE

FIG. 4: CROSS-SECTION VIEW OF THE CESIUM OVEN MOUNTING CONFIGUPATION INCLUDING THE HIGH-VOLTAGE
FEEDTHROUGH FOR THE ION PUMP. THE BRAZE FAILURE OCCURRED AT THE TERMINAL WHICH CARRIES
THE ONE-TIME CURRENT USED TO PIERCE THE CESIUM AMPOULE. THIS CAUSED EMISSION OF CESIUM
AND ITS DEPOSIT AS A FILM ON THE NEARBY FEEDTHROUGH. THE RESULTING OHMIC CONDUCTIVITY
,ABOUT 10 M ) IS DEPENDENT ON THE EQUILIBRIUM BETWEEN CESIUM DEPOSIT RATE AND
REEVAPORATION FROM THE FILM. THE OBSERVED ION PUMP CURRENT OF UP TO 200 mA IS DUE TO
THIS OHMIC SHUNTING BY THE CESIUM FILM.

10-12

o 01 102 103 104 I05

MEASUREMENT INTERVAL (T)
(SECONDS)

FIG. 5: FTS 4401 CESIUM FREQUENCY STANDARDS FREQUENCY STABILITY SUMMARY
FROM THE ACCEPTANCE TESTING OF FIVE DEVICES. ALSO SHOWN IS ONE
DATA POINT (TRIANGLE) FROM LONG-TERM, IN-ORBIT OBSERVATIONS OF
THE PREPRODUCTION MODEL FTS 4400 SN 11 (ON BOARD OF NAVSTAR 6).
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STABILITY OF SV 9 CS. CLOCK VS. NBS CL.9
-12-

X
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.(9
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-144

4 56 7
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FIG. 6: 1N-ORBIT FREQUENCY STABILITY AS MEASURED BY THE NATIONAL BUREAU OF STAt'DARDS, BOULDER, CO.

DATA ARE REPRODUCED FROM THE PAPER, "SEPARATING THE VARIANCES OF NOISE COMPONENTS IN THE

GLOBAL POSiTONING SYSTEM" BY DAVID W. ALLAN AND MARC WEISS (PROCEEDINGS OF THE FIFTEENTH
ANNUAL PPECISE -IME AND TIME INTERVAL (PTTI) APPLICATIONS AND PLANNING MEETING, DEC. 1983).
THE CESIUM CLOCK IS MODEL 4400, SERIAL NO. 11, ON BOARD NAVSTAR 6.

9/

8AN 80 , JAN 82 JAN 83 JAN 84

POWER POWER \
-? A CON "Z,-.

4 ni C , NAVSTAR 5 (ON 4/81) "

!,,AA'vSTAR 6 'ON 5/80)

-8 A IC-  FIG. 7: AGING PERFORMANCE OF FTS GPS NAVSTAR CRYSTAL OSCILLATORS.

-H DATA ARE DETERMINED FROM MEASUREMENTS OF THE CORRECTION VOLTAGE

TELEMETRY DATA. AFTER THE FIRST FEW MONTHS, AGING IS TYPICALLY

IN THE RANGE OF 10-12 PER DAY.
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CESIUM CLOCK APPLICATIONS HISTORY

MODEL FTS MODEL APPLICATION

PROTOTYPE FCM TWO UNITS FLOWN ON NTS-2, JUNE 1977

ENGINEERING FTS 4200 INTENDED FOR TEST AND EVALUATION: SN 8 USED

AS RADIATION-HARDENING TEST BED.

PREPRODUCTION FTS 4400 UPGRADED AND QUALIFIED VERSION OF FTS 4200:

SN 10 FLOWN ON NAVSTAR 5, SN 11 ON NAVSTAR 5

PRODUCTION FTS 4401 PRODUCTION VERSION OF FTS 4400:

SN 2 FLOWN ON NAVSTAR 8

BLOCK II PRODUCTION FTS 4401A BLOCK II IMPROVED VERSION OF FTS 4401;

GREATLY ENHANCED NUCLEAR HARDENING.

ADVANCED PREPRODUCTION FTS 4402 PERFORMANCE UPGRADE OF FTS 4401:

ENHANCED NUCLEAR HARDENING.

TABLE 1: APPLICATIONS OF THE VARIOUS MODELS OF THE CESIUM CLOCK

FAMILY DEVELOPED AND BUILT BY FTS FOR NAVSTAR/GPS

CESIUM CLOCK DESIGN HISTORY

G.FL PARTS PPOGRAl RELIABILITY ANALYSIS CONTROLS/COMMENTS

r fP pE NONE NONE COMMERCIAL PARTS AND
PRACTICES

F Nr NEEPING FLICHT-QUAL]FIED PART TYPES NONE QC INSPECTION
'FT 4200) NO SCPEENING

CEPDC 'UCTION FLIG.T-QUAL:FIED PART TYPES PARTS STRESS ANALYSIS OC INSPECTION
'YOSEL FTS 4400) PARTIAL SCREENING QUALIFICATION TEST

FLIGIT-QUALIFIED AND wCCA CONFIGURATION CONTROL
"',0 EL V'S 4401) POOGRAM-APPROVED PARTS FMEA PROCESS CONTROLS

FULL SCREENING PARTS STRESS ANALYSIS MATERIALS CONTROLS

NON-STD PARTS CONTROL RELIABILITY PREOICTION QC INSPECTION
FRACA
AUTOMATED SPECIAL TEST

EQUIPMENT
DELTA-QUALIFICATION

TESTING

BLOCY I1 SAME AS FTS 4401 SAME AS FTS 4401 SAME AS FTS 4401
PRODUCTION ADDITIONAL RADIATION
(MODEL FTS 4401A) SCREENING

ATVANCED FLIGHT QUALIFIED PARTS SAME AS FTS 4401 SAME AS FTS 4401
PPEPPODUCTION FULL SCREENING
'MODEL FTS 4402)

TABLE 2: SPACE FLIGHT REQUIREMENTS AS IMPOSED ON THE VARIOUS
MODELS OF THE CESIUM CLOCKS DEVELOPED AND BUILT BY
FTS FOR NAVSTAR/GPS
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MODEL 4401 HARDWARE FAILURES

DATE OF FAILURE CAUSE OF FAILURE/

SERIAL NO. FAILURE ENVIRONMENT LOCATION OF FAILURE CORRECTION

0001 8/25/81 QTP (AT 35 'C) PINCHED CRYSTAL LEAD TO UPDATE ASSEMBLY
OVEN HEATER ASSEMBLY PROCEDURE

OSCILLATOR ASSEMBLY
OF CFS

8/28/81 QTP (AT 35 'C) OPEN TRACE BETWEEN U5-15, UPDATE ASSEMBLY
AND U14-3 DUE TO CUT PROCEDURE

D/A CONVERTER

11/29/82 SPACECRAFT SYSTEM U5 (LMlO9AH) FAILURE ON NONE (PART FAILURE)

INTEGRATION SERVO BOARD

0002 4/l/82 SPACECRAFT SYSTEM, L14 SHORTED TO C46 IN UPDATE ASSEMBLY

INTEGRATION FREQUENCY MULTIPLER PROCEDURE
ASSEMBLY

0003 8/18/82 ATP (AT 35 °C) OPEN CONDITION OF CR35 NONE (PART FAILURE)

AND CR36 ON GAC BOARD

0004 3/16/82 ATP(AT -19 
0
C) INSUFFICIENT SOLDER IN RADIOGRAPHY

SMA CONNECTORS USED ON PERFORMED ON

CABLES CABLE ASSEMBLIES

0005 -- NO FAILURES

TABLE 3: COMPLETE LISTING OF FAILURES ENCOUNTERED DURING THE QUALIFICATION (QTP)

ACCEPTANCE TESTING (ATP) AND AFTER DELIVERY OF THE PRODUC[ION SEGMENT

OF FIVE CLOCKS (SERIAL NO. 0001 THROUGH 0005) OF THE MODEL 4401. IT IS
INTERESTING TO NOTE THAT NONE OF THE FAILURES ARE SPECIFICALLY RELATED
TO AN ATOMIC CLOCK BUT ARE FAILURES RELATED TO ELECTRONIC PARTS AND
ASSEMBLY.

NAVSTAR 6 - PRELIMINARY STUDY FTS 4400, SN 11)

SHIPPED FROM FTS 7 SEPTEMBER 1979

LAUNCHED 26 APRIL 1980

POWER ON IN ORBIT: 6 MAY 1980

POWER OFF: 18 FEBRUARY 1984

- TOTAL HOURS IN ORBIT: 33168

CESIUM BEAM CURRENT DECREASED TO NEGLIGIBLE LEVEL

BETWEEN 20 JANUARY 1984 AND 4 FEBRUARY 1984

ION PUMP INDICATION

- 40 MIEROAMPS IN JANUARY 1981

- ABRUPT RISE TO 140 MICROAMPS IN SEPTEMBER 1982

- SLOW RISE TO 200 MICROAMPS IN NOVEMBER 1983

- ION PUMP CURRENT DECREASE CORRELATED WITH

END-OF-LIFE BEAM SIGNAL DECREASE

TABLE 4: EVENT HISTORY OF THE CESIUM CLOCK ON BOARD NAVSTAR 6 (SPACE VEHICLE 
9). THE DATA

SUPPORT THE FOLLOWING FAILURE ANALYSIS: CESIUM OVEN BRAZE FAILURE RESULTING IN

ACCELERATED EXPENDITURE OF CESIUM (ALSO CAUSING CESIUM FILM FORMATION ON ION PUMP

INSULATOR LEADING TO FALSE CURRENTS) BY A FACTOR OF APPROXIMATELY 2.

FOLLOWING A DESIGN CHANGE IMPLEMENTED IN 1980, FTS-BUILT CESIUM BEAM TUBES HAVE

NEVER AGAIN EXHIBITED THIS FAILURE MODE.
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MODIFICATION OF AN O-1695A/U
CESIUM BEAM FREQUENCY STANDARD

FOR RETROFIT OF REPLACEMENT
CESIUM BEAM TUBES

J.C. Robb

Frequency and Time Systeus, Inc.
Beverly, MA

The retrofit design provides a cesium beam tube
Summary alternate source capability where one did not

previously exist, allowing the retrofitted instrument
{rlware and electronic circuitry has been to accept either the original equipment cesium beam

desi:ne t, moifV an 0-1 O9A/' Cesium Ream Frequency tube or the 1TS -1-!0 cesium beam tube.
Ttandard y'ewlett-Psckar, 5O62? ontion '0iO) so that
the nojified instrlm-et may accept either a FTS- 1 -4O0 Design
series cesium bean tube or the original equipment
{P-5oIc series ce3iu'c beau tube. The Navy currently The threefold design goal of the retrofit effort

ses 0-' 17 ces1ium beam frequency standards in the was achieved:
Verdin 0

roorqc. (0). After the remodeling process the modified
0-i695A/l accepts either cesium beam tube.

The requirement exists for alternate Aources of Furthermore, the replacement of either
rerlq-enent cesium bea~m tubes for 0-6'95A/'1 atomic cesium beam tube does not require special

.n time standards deployed in 007 spare parts nor instrumentation or skill
installations. The C- 95A,tY Cesium 9eam Frequency levels greater than that required by cesium
?TanlarI, *evelopd by ewlett-Packard originally beam tube replacement in the original
emn'oy: a cesiuc' bean tube 9.5 inches in length and 4 equipment.
i nches in diameter. -he desig'n challenge included the
accievement of simple electronic interface as well as (2). The result of remodeling of O-i695A/'J
reconfi uration t accept the larger T.S-'-'00 tube has a minimal impact on the elec-
feeturin. a x 3 x V inch envelope. trical subassemblies of the O-1695A/U.

5'urthearmore, to preserve the alternate source (3). The remodeled instrument meets or exceeds
capabi71ityi, the retrofit desi ci modfications must be the specifications of MIL-F-288l.
omnatithe with installation of either the original

HP-5~0c series tube or the 7TS--10O series tube. Figure I showe a comparison of the mechanical
aspects of the two cesium beam tubes. The dissimilar-

The retrofitting or the -TS-I-iOO beam tube into ity in the shapes of the two beam tubes posed the
the 0-

1 75A " improves the cerformance of the major design challenge. Figure ? a-f shows the
instrument in cesiac bheam tube related aspects; in instrument before and after the retrofit. In the
particular, the inherently higher line ', results in retrofitted instrument either tube can be replaced
i~rra,ed short an- lonr term stability. Other asnects without disturbing any other subassemblies. The
of tha initruent'.) performance including its mounting hardware for the FT77 cesium beam tube remains
culiricatia. status that are not cesium bear tube permanently in the retrofitted instmiment and does not
re.Atel qre nreserVe by the retrofit desig, interfere with the mounting of the HP tube. A simple

electrical harness interface consisting of a 16 pin
eto: a n' the retrofit desig are presented with socket and two high voltage connector junctions both

nerf- rmnce dat% measured in acc-rdance with mounted on the instrur.nt center panel accomodate
-en 4 i-n e 

i
an 

T
rube 'repiency Otanderd). either cesium beam tube. (See Figure 2d).

Introduction A comparison of "iJures ?a and Pb points out the
basic mechanical differences between the original

The "- A/' is a militarized restiun eam instrument and the retrofitted instrument. The
Freqiency Peference "C5FF'. 7t is a rack mountable transition from the original equipment to the
7" x '7" x P"" package with various front and rear retrofitted instrument is described, with the aid of
panel sinusoidal and pulse outputs as well as a Figures 2a and Pb, as follows:
0d hour digital clock display and 9-) time code
output. The 9- o5A!'T was manufactured as option 01') The batteries and the card cage (located in the
of the HIewlett-Packard HP) 5062C and is currently upper middle section of Figure Pa) have been removed
deployed in various DOT facilities including both to create a volume to house either the HP or FTS
shipboard and airborn applications. 'he ,-1 695A/'] cesium beam tube (see Figures Pb and 2e) as well as
meets the specifications of MII-F-28911, the relevant part (two thirds) of the new battery supply. An
military specification for TS9FRs. L-shaped shelf has been added in this volume the top

side of which supports the battery pack (see Figure 2b)
Need For Retrofit Capability and the bottom side of which provides a mounting

surface for the multiplier and harmonic generator (see
The TSFR depends on the cesium beam tube for Figure Pd). The L-shaped shelf also provides a rigid

proper operation, maintaining the accuracy and long coupling between the side and the center panels and
term stability of the instrument. The cesium beam the front and rear sections of the instrument. To
tube is a limited life part and must be replaced accomodate the length of the FTS cesium beam tube, the
periodically during the life of the instrument. RP power supply section (in the upper left hand section
has discontinued manufacture of the O-1695A/U. of Figure 2a) has been altered by reshaping the power
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supply section housing. The volume originally
occupied by the -(P cesium beam tube, multiplier and
harmonic generator (lower middle section of Figure 2a)
houses the card cage, removed from the upper section,
and the remainder of the new battery supply (lower
middle section of 2b).

The major change in mass distribution resulting
from the chassis redesign is the change in mounting
location of the cesium beam tube from the side panel
of the instrument to the center panel. The center
panel is rigidly attached to both side panels by
support brackets and mechanical subassemblies with the
overall effect of making the retrofit chassis as rigid
as the original equipment chassis.

The electrical adjustment range of the 0-1695A/U
is wide enough in all aspects to accomodate proper
operation of the PTS cesium beam tube.

Performance Considerations

Using the FT7, cesium beam tube in the retrofitted
O-1695A/U should yield improved performance in cesium
beam tube related aspects of stability due to the
increased figure of merit. Table i below compares
performan'e of the two cesium beam tubes.

FTS--O0 HP5084

Figure of Merit >3 1.5 (estimate)

Linewidth 450 (typical) 1300 (typical)

Table i.

Testing and Results

Two )-1695A/'J CBFR's were retrofitted and
FTS-i-i O cesium beam tubes were installed. The two
units were subjected to first article and environmen-
tal tests as specified in MIL-F-28811. Table 2 lists
relevant results of the testing. They indicate that
the retrofitted 0-1695A/U with an KS cesium beam tube
installed meets or exceeds the requirements of AI,-F-288I1'
in performance related aspects. Tn particular, the
improved stability reflects the better performance
paramters of the M'S-i-i00 cesium beam tube. No damage
or physical upset of any kind resulted from shock and
vibration testing. Furthermore, the change in frequency
during sho!k and vibration testing was well within the
specification and reflects the mechanical integrity of the
retrofit design.
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TEST RESULTS

MIL-F-28811 MEASURED

PARAMETER SPECIFICATION (AVERAGE OF 2 UNITS)

ACCURACY +3 X 10-11 0.33 X 10-11

STABILITY I (see) 7 X 10-11 2.8 X 10
- 11

10 (sec) 2.2 X 10-1 0.95 X 10-11

100 (sec) 7 X 10-
12  3.5 X 10

- 12

1000 (sec) 2.2 X 10-12 1.4 X 10-12

10000 (sec) 7 X 10-13 4.5 X 10
- 13

WARM-UP (from -28*C) <20 minutes 15 minutes

SETTABILITY +2 X 10
- 12 0.9 x 10

- 12

REPRODUCIBILITY +1I X 10-1  <0.2 X 10-11

SHOCK (accuracy Af) +2 X 10
-11 0.1 x i0

- I I

MIL-S-901-C

VIBRATION (accuracy tf) +2 X 10-11 0.15 X 10"11

MIL-STO-167-1

BATTERY LIFE +250C 1.0 hour 1.0 hour

-28°C 0.5 hour 0.5 hour

+650 C 0.5 hour 0.5 hour

Table 2.
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CESIUM BAM TUBE CO?ARISON - nCI4ANICAL

VP 5084 FrS-I -100

L 6.5" L = 13,,

D = 4" (cylindrical) 3" x 7" (rectangular)

FTS-1-iO0

Di

L

HP5084

figure 1.
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Fir 2a. To ViwbfreRtoi

SHELFBATTERY SUPPLY

POWER K 0 1

F TS CESIUM BEAM TUBE

Figure 2b. Top View after Petrofit with FTS Cesium Beam
Tube Installed
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ILTI'PLEI!I

• 141

Figure 2c. Bottom Vicl before Retrofit

i6 PIN SOCKET CONNECTOR

*:*.eATOR

Figure 2d. Bottom View after Retrofit with Ff5 Cesium Beam
Tube Installed
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MODIFIED O-1695A/U; HP TUBE INSTALLED

BACK4-- FRONT
Battery Box

HP Beam TubeShl

Figure 2e.

MODIFIED 0-1695A/U; HP TUBE INSTALLED

FRONT--- BACK Multiplier

Shelf

Center Panel BOTTIOM VIEW Power Supply Section

Harmonic Generator 16 Pin Socket

Figure 2f.
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O-1695A/U - RETROFIT OR REPLACE?

Marvin Meirs, Iancu Pascaru, David Silvermetz and Dean Jones

Frequency Electronics, Inc.

Mitchel Field, New York 11553

Summary The Frequency Electronics Cesium Beam Tube

In 1983, Frequency Electronics, Inc. (FEI) Frequency Electronics' cesium beam tube has an

undertook an NRL contract to retrofit two Model established field history. Cesium frequency standards

O-1695A/U Cesium Frequency Standards with the FEI shipped by Frequency Electronics over the past 7 years

cesium beam tube. The project was successful and have accumulated over 4 million field hours. The

resulted in a frequency standard which meets or exceeds proven accuracy, reproducibility, settability,

the requirements of the governing specification, stability and reliability of these standards are well

MIL-F-28811(EC), and offers the further advantage of within the parametric limits of MIL-F-28811(EC). The

iacreasing the time between tube replacement. tube is used in the TD-1251/U Master Regulating Clock
and TD-1335/V Portable Real-Time Clock.

The retrofit modification included some skillful

mechanical changes to the unit in order to accommodate The basic cesium beam tube is shown in Figure 2.

either the present tube or the FEI tube. These changes The detector end and vac-ion pump are to the left, the

permitted maximum utilization of existing assemblies cesium oven is to the right, and the microwave

and batteries, to minimize modification costs. An injection port is in the center. Table I contains

environmental test program has been completed on the several performance characteristics of the Frequency

modified standard. Electronics (FEI) tube.

During the same period, Frequency Electronics TABLE I

developed the 0-1824/U Master Regulating Clock. This
frequency standard is qualified to MIL-F-28811(EC) and PERFORMANCE OF FEI CESIUM BEAM TUBE

can serve as a high-performance replacement for the
O-1695A/U. Line Width < 800 Hz

Signal-to-Background Ratio 6

Introduction Signal-to-Noise Ratio 58 dB (1 Hz Bandwidth)
Figure of Merit 5.5

This paper deals with the results of two Navy

contracts which Frequency Electronics received last A mechanical comparison between the FEI tube and

year. The first was for the development of a form, fit the existing O-1695A/U tube is shot, in Tanle II. Note

and function replacement of the O-1695A/U Cesium that while the weights and volumes are comparable, the

Frequency Standard meeting the requirements of form factors are quite different.
MIL-F-28811(EC), and subsequently given the

nomenclature 0-1824/U. The second contract resulted TABLE II

from a request by the Navy to retrofit the O-1695A/U

with Frequency Electronics' cesium beam tube. TUBE COMPARISON-MECHANICAL

O-1695A/U Retrofit Program EXISTING
PARAMETER FEI TUBE O-1695A/U 'UBE

Technical Requirements
Basic Dimension 14.9" x 3" x 2.5" 6.6" x 4.2" dia.

A photograph of the 0-1695A/U Cesium Frequency

Standard is shown in Figure 1. Technical requirements Weight 12.5 lbs. 11.3 lbs.

of the retrofit contract were to replace the existing

HP-5084 series tube with a field-proven cesium beam Volume 112 cu. in. 91 -u. in.

tube performing the modification in such a manner that

the retrofitted O-1695A/U could accept either tube Retrofit Design

without further modification. The resulting equipment

was required to be identical to the exis-ing O-1695A/U The design approach taken by Frequency Electronics

in form, fit and performance and meet the requirements is best seen by studying Figure 3, a top view of the

of MIL-F-28811(EC) and Amendment 1 with the following original O-1695A/U, and Figure 4, a top view of the

allowable deviations: retrofitted O-1695A/U. The existing tube in the top
center and the battery section (containing 4 batteries)

Warm-up Time < 30 minutes below to the left were removed. The card cage was

Battery Capacity ) 30 minutes at 65°C moved to the left, replacing the battery section. The

15 minutes at -28-C Frequency Electronics cesium beam tube was mounted into

Weight < 62 pounds (without battery) a unified aluminum channel which spans top to bottom

and retains the four original batteries. An interface

Development Goals board containing a normalizing amplifier and ionizer
hot-wire power supply was mounted into the spare slot

At the outset, Frequency Electronics established in the relocated card cage.

three project goals. These were: 1) Incorporate our

cesium beam tube assembly with its integral oven Bottom views of the O-1695A/U and the retrofitted

control, C-field control dnd preamplifier; 2) Strive unit are shown in Figures 5 and 6, respectively. Some

fcr incorporation of the four original batteries; and of the re-cabling to the relocated card cage can be

3) Minimize modification costs in production, seen in these views.
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The existing O-1695A/U cesium beam tube can be tube. The same production tube is incorporated into
Installed into the modified unit with relative ease. the 0-1824/U which was qualified to MIL-F-28811(EC)
The tube remounts at its original position and the this past year, and is presently in production.
original battery section fits easily into a new
position next to the card cage. Simplicity of Design

A significant feature of this retrofit Figures 7, 8 and 9 show the front, top and bottom
modification by Frequency Electronics is that all of views of the 0-1824/U, respectively. Note the
the existing 0-1695A/U cir-uitry is used without simplicity of design and absence of clutter.
redesign.

Performance of the 0-1824/U exceeds that of the
Program Results O-1695A/U, yet contains only 12 replaceable

subassemblies, compared to 36 for the latter. This
The resulting retrofitted cesium frequency design was accomplished by judicious use of thick film

standard met all of the established project goals. In hybrid technology in the design of several modules.
addition, the unit passed all contractually required Figure 10 shows some examples of thick and thin film
qualification tests, without invoking any allowable hybrids fabricated at Frequency Electronics. The
specification deviations. Qualification test results 0-1824/U Modulator/Multiplier Module, A5, shown in
are tabulated in Table !II. Figure 11 uses four thick film hybrids. Two of the

hybrids (with lids removed) are visible in the

TABLE III photograph. The remaining two are on the underside

of the module.
RETROFITTED 0-1695A/U QUALIFICATION TESTS

Comparison Among Standards
TEST PASSED

In Table IV, significant parameters of the
Electrical Parameters 0-1824/U are compared with those of the O-1695A/U as
Temperature (Operating and Non-Operating) well as with the O-1695A/U retrofitted with the FEI
Magnetic Environmert cesium beam tube.
Inclination
Vibration Conclusion
Shock (MIL-S-901C, 430 lb. Hammer Blows)
Electromagnetic Compatibility (CEOl, 02, 03, Frequency Electronics' successful retrofit of the
04; CSO1, 02, 06; REOl, 02; RSOI, 02) O-1695A/U Frequency Standard has made available another
Production Inspection option to the government: a low-cost modification,

using a production cesium beam tube with a guaranteed
The 0-1824/U Master Regulating Clock 3-year tube life. In addition, the 0-1824/U Frequency

Standard uses the identical tube, is fully qualified to
Key to the success of the previously described MIL-F-28811(EC), is currently in production, and is a

retrofit program was the use of the Frequency high-performance replacement for the 0-1695A/U
Electronics high-performance, lightweight cesium beam Frequency Standard.

TABLE IV

COMPARISON OF CESIUM FREQUENCY STANDARD

SYSTEM

O-1695A/U
RETROFITTED

PARAMETER O-1695A/U WITH FEI TUBE 0-1824/U

y:-7 x 10- 1 3 x 10-ll/J-1
-  

3 x 10-11
"-

Battery Capacity (Hrs) 1 1 2-1/2

Vibration Sensitivity 3 x 10- 9/c 3 x 10- 9/G 3 x 0-10 /G

Size (Inches) 19 x 20 x 5-1/4 19 x 20 x 5-1/4 19 x 20 x 5-1/4

Weight (Lbs.) 70 70 62

Module Count 36 36 12

Qualification Status Complete Complete Complete
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FIGURE I

O-1695A/U CESIUM FREQUENCY STANDARD

FIGURE 3

O-J.695A/U TOP VIEW (COVER REMOVED)

FIGURE 2

FREQUENCY ELECTRONICS CESIUM BEAM TUBE

FIGURE 4

RETROFITTED O-1695A/U - TOP VIEW (COVER REMOVED)
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FIGURE 7

MASTER REGULATING CLOCK, 0-1824/U

FIGURE 5

0-1695A/U- BOTTOM VIEW (COVER REMOVED)

FIGURE 8

0-1824/U -TOP VIEW4 (COVER REMOVED)

FIGURE 6

RETROFITTED 0-1695A/U - BOTTOM VIEW (COVER REMOVED)
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FIGURE 9

0-1824/U BOTTOM VIEW (COVER REMOVED)

Modulator/ multiplier Modulo,AS 5 f
FEI Psfl Me 035860-7905 A Z a.,, t

FIGURE 11

0-1824/U MODULATOR/MULTIPLIER MODULE, A5

rhick F" Hy Sft8
in) 90 WIz t0180 W ,"49W DII~

( S. 5 I W. MUMI. AnI6Ifl

d;) 21 WU? Crv* M Oteuo, f', 'V

(84.9 .9 UP C -
(* Aff-9 M~ Cosp10r

FIGURE 10

THICK AND THIN FILM HYBRIDS FABRICATED AT FREQUENCY

ELECTRONI CS
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k~c 3ii. rioir. To i Ara~u~c rimE,
AJAO FZ' c.J_-XY r.OAktD6 AT S.-[ANjr{AIJ & hrVAr{Y

and Ju Xu?

3nanrgnai ubser'ratorv, tcaiem~ia sinica

Zais paper introduces oriell the i-velo ' eint of atomic
ti-i and frel-iency staniaris at 3hangosqi Observatory and
describes oriefly tne miain characteristics of the systems
and their major performances. In addition., some applica-
tions of these standards in astrometryl new techiniques
developinJ- at iftannai Observatory are also introiucei.

In past years, different tvnes of atomic frepaencv stinlarls suchi as
raoidiium gas cell, nyro,,e.n maser and caosiuan bean tuoe nave oeen ievelopel
in Jnin'i. These stan-irils are asel at 3hani;-ai Josprvatorr to est:olish ato-
mic timne scale and are used in astronomiical ieisirements.

3Snlnf nai Ooservatorv De an its at mnic frequency stindarl r-searct with
an ammonia maser in 195 . r,'e ammonia maser achieved an accuraci of 1x0-
andI hal a reproducibility of the order of l' Vi.Tey were no longer used
oecause of the ooor performances.

At the beginning of 197) , Shanghai Observatory started ievelooment of
nylrogen maser and got maser oscillation in lV ?2. 3ince IL)7 , 3hanfnhai Jb-
servatory has oeen involved in research on a laboratory Cs frequency stan-
lard to provide a prinary standard for atomic tine an-i astronony. On the
otner hand, Shanghfai Observatory uses several Rh gas cells whicn were maie
in China and two riP Cs (fromi 19'12) for keepin.n atomnic time.

tOt4AAS; -U

3ased on the success of the first hiydrog~en maser of Shanrhai Observa-
tory,, in 1)74 tne Jesign was improveid and four more hviro! er masers were
maile. Fig~ure 1 shows two of thien. As seen from figure 1, Shanghai Observa-
tory's .vdroren -aasers are of the typical construction :)f o-onventiunal hyd-
rogen -aser. rneir design characteristics were described in def 1,2,3. ne
c-irrent performnances of tnem are shown in fi~ure 2.

kiangnai ubservatory is still leveLooin' new nylro,,er masers. fhe sic-
ces ; of the first flignt nydru.ren maser4 in tne worldI, wnlcn was developed
in Dr. Vessot's mLaser Lao, was a breaKtnroui-i in thie state of tne art of ato-
mic standardi for soa~e ani earth based a~o~ications. Its success is enormou-
sly encourafint' to our new naser orogrami. Oe absorbed man; design ideas of
thie soa e -Laser and rebuilt a new qvlro: en maser whicn is shown in figure ~
The new maser achievei a stabi.lity of 2.5a1o013 /sec, 9xj,)_1 4 /10sec, 5x,0-14/
iqosec, and the order of 1 1 k/Iay. As seen fromn these data, they are better

*Learning, hydrogen maser at Smithsinian Center for Astrophysics,
Cambridg e, Mass-')213d.
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than those shown in figure 2. but systmatic effects on the maser are still ra-

ther severe. Lately, many design ideas from SAC continualy go to our maser Lab.
A substantial effort for improvinz the stanbility of masers is underway in our
maser -ao. we expect tne new maser will give better performance.

-Aj Cs 3L.4 JfAiDkU

Poe s osa-, reruencv staniard which is used at Shanghai Observatory was

ori.-inally built b v National Institute of detrologi of China in Peking in 165.
rne len-to of oeam tube is about 3 m, toe length of interaction is 160 cm. rne

eamr optics syste-, with single oven and dtector is flon-out settin. It nas

never oeen iset -is .3sniar. olfor-. Since the standard has been moved
to jnanO aidoserator: anl ias oeen modified. Phe Oeam optics of douole lire-

cti)n and s, -netry was iesi -ned and assemoled. In toe modified system, the ele-

ctrical lentn of toe cavit: was readjusted and redetermined. Pne lengtn diffe-
rences o' oot arms of the cqvit/ is less than ).33 1:. In new electronics , a
microwive soli.d-state s ;ro 3 wose ooase was looked to the 5 -Liz of the quartz
:r-stal osciLlator is isei -is the stinmlatin signal source for the beam. Pne
Srecoen:: synthesizer urovides frequencv-molulited outoot, the moodlation fre-
ouencI is anneaole from d Hz to ).D Hz-. Since the modulation frequency is
der~ase, it is ossiole to uses lower temperature at the detector. The to-
t.. 'aln of onase control 1o is -out 5x1T*, the time constant of the loop
is . se_ jnos.

.ne accurc-; performance )f toe i ioroved Cs standard was evaluated arain
with 3han-nii jbs-rvatorv's ndrogen maser as frequency reference. Phe preli-

lnar: -seasirement indicates that toe frejuencv stability is better tnan
5x1-

1
~ hr, while toe accuracy is on the order of io-13. Furtoer improvement

o toe Cs standard can be exoected.

Toe onoto -raon of the Cs standard is presented in firure 4.

APOAIC I, E SCALE

jsin atomic clocks whico were made in China, the atomic time scale was
established at Shangnai Observatory in 1978 and was denoted by AT(SO). Since

1)30, the Lab Cs standard which was mentionei above has been the primary stan-

dari of time scale an-d has been operated intermittently. It is used to provide
the basic calioration reference for the second, bein, defined by the Interna-

tional System of Units. Toe workin, standard consists of three hydroeen masers
whico are ooerated continuously after cavity tunind., dydrogen clocks are used
to orovide continuous calibration and to determine the rate change of the Hb

Clocks. Dince 1i32, Snanrnai Observatory got two Hr Cs standards. Thu HP Cs

standards, db standards and ndroen masers togetner ensure toe continuity of

the time scale.

ATi(SO) is comoared with other atomic time scale of laboratories in China

and abroad via Ti, Loran-C and satellite methods. Amon, these, TV and Loran-C
are routinely made.

Fi-ure 5 snows Shanghai Observatory's atomic time system. rhe clock room
for time service is shown in fieure 6.

SOME APPLICATIONS

Some subjects of scientific research such as VLBI, Laser raging, Satelli-

t- iopoler observation and tests of the theory of relativitv need time and
frequency source with extremely high stability. In these experiments and new
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teonai asi-s, :-nenorcis-sn )f nsres-oLts o)f toie onser-vati-i)n andtina 2alia-
tion isoeii. Is n Sne ne-rfjrn-inc? D!t taosir an frejiencv stantar is, an!1 is
'i sits ov ny m precisio)n o)f tine -i frein' encyv nescs 2 i-ne ant freja-
enon, it inlaris -slav an isoortant ribs, in mness fieL Is.

jOafl:'nai observatorv nas uegin re-searin in ins r-ift aistr anony, sin>-
a nt n-Iis n ilt -in sa neri ient-al 112:1 s'tn Fnr thes- oiservatisns, it is

nceissary to n)rovid.' -necolse ti-ne sy noc nii astlm an to- ,sen a nii-n be el of
~-penc-/ ani nhast, stanilization i)f local oscillators. Snan7hal; obsoervafor-:s

si-ro -en ss);.; een uset in tne experi-nentat 1121 systen- as iniroen-
lent_ l)cal oscil lators.

Saitellite ton-dJec )bs'-rvatt on n-is ininortant stpolic atinna-i in a.st.ro)-i(trv
r-searoni antd~osy nn'a Joservator, has hal~t a set of satelliteon
servin - syste .nicn.- can op. -se i to lteroine ins-rece-ti c )iorinats for
astronetr- c-snaiccn. Therevei ' reiyasncv transnite i fr - t i stellite mist
o "isic-i orscissly; ani toea )pecise ti-is for nerfic-sint "iu rs-etsirsseint is
-cede I in ea-cn c'roon I station. .1acnl station mast nas st-ante tine -inl r i fr-cc
stantart as well as a ,oiiic linK for timne anld frej asoc-; svncairiniAz-timn. fnis
is the c:ice of JoocoLer observation systemn. Snang hai ubservatory's ato)nic timne
an-i frequenc-y standards nlave been uset in the Dop-pler observation ant satisfy
toe rejuicements.

Satellite Laser Rtan-7an., has -sade great n~roress in toe or'CisiOn iste r-
-'Inatio)n of satellite orbits ant cravitv fielt research '. Shan7!ai Observatc's
nas bIt a yt -flsr ran -in, tnat is used in -'eodvns-nics researco,

inclidin7 tetersinstio)n of tistance an-i or-At of satellite, as well -as resen-
ccii of polar -motion. Shan,,nai oservatory' a ato-mic ti-is ant :,n stan tar s naysIv
been. ised in this system.

3nanghai Observatory's atomsic ti-ne and frenuenoy standards are ala-o used
in otner fields of astronomy research, suco as toe research of rotation o)'
the earthi. In addition, Shanghai Jbservatorv is broatcastinr! atandart frejo-
ency and standard ti-i-e airnala in China. The time ant frequen-j, siprraals are
emaittet based on Shangnai Observatory's ato-mic time and frequencv standards
and broadcast as the XSG ti-ne service.
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Figure 1
fne hylrogen masers developed by

Shanghai Observatory

Figure 6
Shanghai Jbservatory's time service
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SOFTWARE FOR TWO AUTOMATED TIME MEASUREMENT SYSTEMS

S. R. Steint

Ball Corporation, Efratom Division
Westminster, CO

and

G. A. Gifford

Naval Research Laboratory
Washington, DC

Summary Equipment Requirements

The purpose of this paper is to inform the All of the equipment needed for such a measure-
frequency control community of the availability of ment system is available as stock commercial
several computer programs which will assist anyone components. The dual mixer components adhere to the
who needs to make automated time and frequency IEEE-583 interface standard and can be easily
measurements and analyze the data. The text below integrated into a custom system. Two systems are
summarizes the capabilities of the equipment and the described in this paper. Their differences are
programs. A reader who feels that this approach determined by the choice of either the Hewlett-
may be useful for his application can find more
details1 2 Packard 85 or the Hewlett-Packard 9825 as theAdetaile dequripmtin heapreraps. an oinstrument controller. Table II lists the required
A detailed description of the programs, an operations equipment. Entries preceded by asterisks are
manual, and source code may be obtained by writing unique to the extent that any substitution will

to one of the authors (Gifford) and enclosing a proabl reie cha in thescomutr porm

blank data casette.
3  probably require changes in the computer programs.

Measurement Capabilities TABLE II

The measurement system was developed by Stein EQUIPMENT LIST
and co-workers at the National Bureau of Standards.
It utilizes an enhanced dual mixer technique to * Pulse distribution module 4

achieve picosecond resolution measurements for
time intervals of up to 2 seconds. The system was * Quad clock measurement module

designed to be a cost effective solution to the
problem of continuously monitoring a group of Model 1012 coherent source 5

atomic clocks. It is suitable for all existing 6
rubidium, cesium and passive hydrogen masers. It Model 1500-PlK CAMAC crate
is also appropriate for aging or radiation studies
of quartz crystal oscillators. Table I summarizes *Model 3988 CAMAC crate controller

the measurement capabilities.

Distribution amplifiers
TABLE I

S*HP85A or HP 9825A/T instrument controller

MEASUREMENT CAPABILITIES
-12 IEEE-488 interface

Noise floor 3 x 10/ iveraging time Advanced programming ROM

Input/Output RUM
Number of devices Maximum memory
under test unlir, Lted HP 7245B plotter (for 9825 only)

HP 59308A timing generator (for 9825 only)
Measurement dead time 0

Input frequency I to 50 Mhz nominal, Analysis Capabilities
All clocks within
+2 x 10

-
6 The instrument controllers selected for these

- o0 f nominal systems and the programs written for them are best

suited for applications requiring successive
Ambiguity none measurements of limited duration. Screen prompts

from the controller assist the operator with the
entry of the experimental parameters such as the

of number of clocks, the number of measurements and
Simultaneity of the nominal frequency. Both systems must complete
measurements O.is all data acquisition before data analysis can be
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performed. However, both provide limited monitoring
of the measurement while it is taking place. References
Table III summarizes the data acquis tion and
analysis abilities for the two systems. t Formerly at the National Bureau of Standards,

Time and Frequency Division.
TABLE III

1. S. R. Stein, D. Glaze, J. Levine, J. Gray,
DATA ACQUISITION AND ANALYSIS D. Hilliard, D. Howe, and L. Erb, "Performance

of an automated high accuracy phase measure-85A 9825 A/T ment system," Proc. 36th Annual Symposium on

Frequency Control, 1982. (Available from

No. OF OSCIhLLATORS 2-24 2-8 Electronic Industries Association, 2001 Eye St.

No. OF MEASUREMENTS 14,000 3,000/10,000 NW, Washington, DC 20006).

2. S. Stein, D. Glaze, J. Levine, J. Gray, D.
DATA VOLATILITY None Duration of Hilliard, D. Howe, and L. A. Erb, "Automated

measurement High Accuracy Phase Measurement System," IEEE

Trans. Instrum. Meas., vol. IM-32, No. 1,
FREQUENCY MONITOR Plot Numeric display pp 227-231, March, 1983.

POST ANNLYSIS 3. Mr. Guy A. Gifford

Code 7962
phase difference plot Yes Yes Naval Research Laboratory
frequency difference 4555 Overlook Avenue, S.W.
plot Yes Yes Washington, DC 20375

Allan variance plot Yes Yes
Quadratic fit to 4. Erbtec Engineering Inc.
phase data Yes Yes 5680 Valmont Road

Linear fit to Boulder, CO 80301
frequency data Yes Yes

Spectrum analysis Ye s No 5. Brightline Corp.

P. 0. Box 1016

Cedar Park, TX 78613

The acquisition and analysis programs have been
used for several years at the National Bureau of 6. K i St inc.
Standards and the Naval Research Laboratory. 397m ity St Sut34
Suggestions from many users at these laboratories
have been incorporated to make the systems satisfying 7. Hewlett-Packard Co.
for a variety of applications. Most of the analysis 3155 Parker Oaks Dr.
is straight forward but the spectrum analyzer is
unusual. The spectrum of the frequency fluctua-
tions is computed by the Fourier transformation of
the autocorrelation function. Thus, no a priori
knowledge of the dominant noise process is needed.
Furthermore, the resolution of the analyzer is
limited only by the length of the measurement making
it possible to directly estimate the spectrum at
Fourier frequencies on the order of one cycle per
hour to one cycle per day: Figures 1 through 5 FULL SCALE. ,
illustrate program outputs from both systems. '

Conclusions

We have reported on the equipment and software "r.'VJ rA, ...... ' \ "i "\' " 4 j.
for two automated phase measurement systems.
Programs on data casette and an informal but
thorough manual are available from the Naval Research
Laboratory. The authors believe that these programs
can be used as is for some applications and can
serve as training and verification aids for those
who wish to set up similar customized measurement
systems. ",I
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Allan and Joe White were extremely helpful. This Figure 1. The frequency of every clock under test
work was partially supported by the MILSTAR program is plotted on the CRT by the HP85A after each
through Hughes Aircraft Co. and Frequency measurement of the experiment. The scale is
Electronics, Inc. Additional support was provided selected before starting the data acquisition

by RADC, Hanscom Air Force Base. process. In this example 1/4 of the screen

is 5 x 10
-
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Figure 2. A plot of the phase deviation between
two oscillators produced by the HP9825A on the

7245B plotter.
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Figure 3. A plot of the fractional frequency

deviation between two oscillators produced by

the HP85A internal printer.

485



11.-i,

Allan Variance
Channel 4 minus 1
Tau =  I6sc Od e I/12/14

I

Figure 4. An Allan variance plot produced by the
RP9825A on the 7245B plotter.
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Figure 5. The spectral density of the fractional
frequency fluctuations plotted by the HP85A on
its internal printer. Model phase data with
a single frequency sinusoidal phase modulation
was used to illustrate the capability of the
spectrum analyzer.
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THE SPECIFICATION OF QUARTZ FOR PIEZOELECTRIC DEVICES

J.C. BRICE

Philips Research Laboratories

Redhill, Surrey, RHI 5HA, England

Summary value. The worst decile is 1.28 standard deviations

from the average for a Gaussian distribution.
This paper discusses the correlations between

the densities of various defects (e.g. impurity and 2. INFRA-RED Q
dislocation concentrations) and the yields and
properties (e.g. equivalent series resistances, Most of the parameters of interest to us vary
temperature coefficients and their spreads) of quartz with the infra-red Q (QIR). Here we use a scale
bulk wave devices. While the details of the defined by
correlations depend on the process parameters used in QIR = Cu/( u + aou) (1)
crystal growth and device fabrication, the relations
found are sufficiently general to allow a materials where the parameters take the values given in Table I
specification and acceptance tests to be formulated. at the three popular values of the measurement wave
For devices made in large numbers the tests required number u. The techniques used and the reasons for

can be simple and cheap: visual inspection and small prefering u = 3410 cm
-1 

have been discussed in detail
scale infra-red testing plus lO0%thermal shock testing previously

I- 3
. The scale defined by equation (1) can

under conditions which destroy only boules which would be compared with other scales and Table 2 shows that
be unsatisfactory. To obtain high yields of in the range of interest the (Philips) scale which we
technically superior devices at minimum cost an infra- use is the average of the others. With the provisos
red Q over about 2 million and a dislocation density given in the footnote to Table 1, t e Philips scale
below some hundreds per square cm are needed. has been tested for 0.3 < QIR x 10

- <  
3 and for

variations between instruments. Because the scale is
1. INTRODUCTION valid at three wavenumbers (i.e. Q3585 - Q3500 - Q3410

over the range given), we can look at rms variations
Improved yields of quartz devices can be of Q3585 - Q3500. Q3585 - Q3410 and Q3500 - Q3410 on

obtained by selecting the raw material used. The individual samples. See Figure 1. These quantities
higher cost of material to a better specification is are just the appropriate sums of experimental errors
more than offset by the savings due to higher yields. i.e.

2 2
This paper describes how we reached one rms(Q 35 8 5 - Q350 0 ) = (03585 + 03500) (2)

specification which is satisfactory for all the
devices (bulk wave resonators, surface wave devices where the a. are rms measurement errors at the wave
and even some optical components) which we manufacture. number u. We give these sums in Table 3 and the
Some of the evidence used has been published by my individual O are given in Table 4. These data are
colleagues

I-1 0 
and othersll

-2 4
. This is briefly only valid for measurements made exactly as we do but

reviewed. Previously unpublished data representing an we can use them here to deduce the real variations
update of the information presented in 19781 is also areal by using the relation
summarised. We now have data relating to over 2000 2 2 2
samples drawn from 200 batches of quartz from 15 afound i areal + ameasurement (3)
suppliers. However, 60% of the data are for 5 of

these suppliers. In terms of averages and spreads, where Ofound are the standard #eviations of the
the differences between this 60% and the residual 40% measured values. (Note that 

0
measurement can be

is small: usually less than 10% and exceptions are replaced by the sum of the squares of deviations from
noted. Thus we think that our data are a fair individual sources).
representation of what may be expected.

3. THE PARAMETERS OF IMPORTANCE
It is important for the statistical approach

given here that a batch is defined as the set of We now look briefly at the evidence linking
boules produced in one autoclave run. We are device performance and yield with the properties of
interested in only a few parameters - infra-red Q, the quartz from which the devices are made. It is
purity and dislocation densities are the main ones. We important to note in connection with device yields

then need to know how these parameters vary within that we are interested in the number of devices which
boules and between boules from one batch, how batches meet a specification. Thus we are interested not only

from one supplier vary and how batches from different in the mean value of a device property as a function
suppliers vary from each other. To do this we quote of some material parameter but also in the spread
averages which are arithmetic means when the spread of about that value. If, for example, we aim to make
data follows a Gaussian (normal) distribution. For devices with a temperature coefficient with a
these data the spreads quoted are standard deviations magnitude of say less than 0.2 ppm/*C, it is little
i.e. root mean square (rms) deviations from the mean. use having a batch mean of zero if the batch standard
In the cases of impurity concentrations and deviation is 0.3 ppm/*C so that 25% of the devices
dislocation densities, the frequency curves are such have coefficients • 0.2ppm/°C and a further 25% have
that the logarithms of the quantities are normally ones < -0.2 ppm/°C. Thus we can define good material
distributed and for these we quote median values and as that which gives useful average device properties
and the spreads are the standard deviations of the and small spreads of these properties.
logarithms which are often given as a factor e.g. a
logarithmic standard deviation of 0.3 is given as In a paper

9 
at the 1981 Symposium we showed that

factor of 2 variation. In general we are interested drive level effects (changes in the equivalent series
in worst values for which we quote the worst decile resistance and resonant frequency with power level)
i.e. 10% of the samples are worse than than this increased as QIR fell below about 1.8 million. Table
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5 gives an abstract of the data. We attributed the devices. Thus for exampleA the migration of lithium

effect shown to the lower breaking strain of lcw Q can adversely affect aging
°
, and the presence of

material. Table 6 summarizes the measured variation aluminium and iron adversely affects devices operating

of breaking strain with QIR. Note that we now believe in high radiation fluxes
2 5

. We have not systematically

that there is a correlation with dislocation density: investigated these effects because, as will be shown,

doubling the dislocation density from the expected our specification of QIR 1.8 million automatically

value (discussed later) reduces the breaking strain by ensures low concentrations of these impurities.

about 0.23 x 10
- 3

. The fragility of the material also
accounts for the cutting yield data (Figure 2) and the A piece of unexpected experimental data which

variation of damage depth with QIR for which we find needs to be considered is the angle of cut to be used.

that the damage depth d is K times the abrasive size Data
3 

has been presented which enables us to plot the

where K - 0.8 for Q = I million and K - 0.2 for Q = 2 deviation of target angle from an arbitrary origin as a

million. The data available are consistent with function of QIR. This is given on Figure 4 which is a

2 plot of angle deviation from ideal against the

K -
0
.
8
/~IR (4) reciprocal of QIR" By current standards these are

serious deviations and strongly suggest that we need a

when QIR is in millions, large QIR and a small spread of QIR in a batch.

There are many examples of the correlation of Finally, Table 8 gives yield data for one of our

devices when we deliberately used material with

device Q(QD
) 
with QIR" It is often assumed

(5 ) 
than different QIR values. The potential blanks are the

ones we would have obtained with zero cutting and

I = I + 1 lapping losses. The surviving blanks are those fed to

QD QIR L Qi (5) the device assembly line. It is clear that for Q = 1

million we used nearly twice as much quartz as well as

where the Qi account for other device losses (i.e. having 30% rejects.
losses to the electrodes and mounts etc). Table 7

gives some data on devices made by constant processes
3
. 4. THE PARAMETERS OF AVAILABLE QUARTZ AND THEIR

(See also reference 22). These strongly suggest that CORRELATIONS

at least one of the Qi terms depends on QIR or a 4.1 Purity
parameter correlated with QIR" There are a number of

possibilities (e.g. the failure to remove all the If we measure impurity concentrations and look

damaged layer at low QIR could give increased losses), at median values as a function of QIR we obtain
Figure 5. If we look at one value of QIR we find that

An obvious factor to consider is the dislocation the logarithms of the concentrations are normally

density ND, which as we shall see correlates inversely distributed with standard deviations of 0.3 to 0.5

with QIR" An individual dislocation should not really corresponding to factors of 2 to 3 in concentrations.

affect the performance of a device but when the If we look at individual suppliers, their data are

spacing between dislocations ("ND ) is comparable less spread out but still vary by factors of about 1.5

to the wavelength X of the vibrations (X- 0.3/f when so that highest decile concentrations can be about 3

f is the frequency in MHz) we light expect effects. times lowest decile values. Differences between

This suggests a maximum ND(cm ) given by supplier median values are such that the upper and

lower deciles deviate by a factor of about 2.8 from

ND 4 11 a f
2  (6) the median value given on the figure. Thus the worst

suppliers worst batch might have levels of 5 times the

where a is a factor (-7.2) which allows for the median value given. (Here "worst" is the least

fact that the dislocations are randomly distributed, favourable decile value). However in general the

(The distribution is assumed to be a Poisson one). worst batch should not be more than about 4 times the

Hence we arrive at a maximum density of about 80 f
2  

median value.

cm
2
. Bye and Cosier

5 
studied 1.4 MHz resonators.

Access to their original data allows the It is important to note that:

classification of the values of the equivalent series
resistance RI for a number of narrow ranges of ND (1) The data apply to the Z-zone: for the X-zones H

producing the result on Figure 3. It can be seen that and Li concentrations are typically 3 times higher and

RI does rise rapidly for ND larger than the predicted the other impurities can have concentrations 10 to 30

critical one. Note on Figure 3 that the change in R1  times higher. (See reference 26 for a discussion of

greatly exceeds that which could occur as the result the reasons for the differences in impurity

of the change in QIR. Clearly, this effect is incorporation in the various zones).

important for low frequency devices but is not (2) The data for crystals grown with NaOH mineraliser

important once the operating frequency exceeds 5 MHz. are not significantly different from those grown with

There is some evidence that for high frequency devices Na2CO3 except in terms of carbon content which is a

with a constant QIR better yields are obtained with factor of 5 to 6 higher than the median for crystals

low dislocation densities. This may be the result of grown from NaOH.

the greater breaking strain. However, we have not (3) Alkali metals were determined by flame photometry.

found sufficient evidence to be able to quantify this. Other data are from solid source mass spectrometry.

However, at the very higheat frequencies using very It is possible that there are systematic errors due to

thin blanks, Vig et al
1 

have shown that the strained incorrect choice of yield constants. These should not

material around dislocations can etch away to leave a exceed a factor of 3. Thus in a randomly selected

hole through the blank. The yield of devices with no sample absolute values are unlikely to exceed 15 times

dislocations under an electrode of area A is exp(-AND). the median value given on the figure for impurities

To obtain useful yields then requires hat AND is other than alkali metals. For the alkali metals likely

small. In a typical case A - 0.05 cm so that ND upper limits are the factor of 5 suggested above.
less than 10 cm

-2 
is needed to obtain a 60% yield.

4.2 Q I Variations

Finally, we should mention impurity concen-

trations. It is known that small amounts of some In 1978 we pointed out that there was a

impurities can adversely affect the properties of som correlation between the spread of QIR values in a

488



batch and the mean QIR in the batch. Now we have about Figure 7 gives some data on gradients in boules
about 10 times as much data we believe that the curves from suppliers A and B. Note that we only measure
for different suppliers differ. Figure 6 gives data variation in the z direction. Variations in the x
for two suppliers. The full lines are for measurements and y directions are difficult to measure: with errors
at 3410 cm 1 . The broken line is for measurements at of ±50% values range from 0.014 cm-2 (Q = 1 million)
3585 cm- 1 (Supplier B). Note that we believe that for to 0.007 cm- 2 (Q - 2 mil.ion) for gradients in the x
a given supplier a has a Gaussian distribution. For direction while gradiento in the y direction range

QIR x 2 million, QIR is essentially Gaussian. For from 0.02 cm-2 (Q -1 million) to 0.01 cm-1 (Q - 2
QIR < 2 million the distribution of QIR is slightly million). The figure shows that low Q crystals are
skewed with an excess of high Q values i.e. the mean less homogeneous than high Q ones and that Supplier
exceeds the median by an amount which increases as QIR B's boules are less homogeneous than Supplier A's
falls but the differences are small. At QIR = I material. The figure gives data for boules with bar-
million the difference is about 0.035 million. (We like seeds. However, when we have measured crystals
can see these small differences by comparing mean QIR grown on platelike seeds, the gradients found are
calculated from actual QIR data and the Q calculated scattered about a line midway between the lines for
from mean a). For most purposes we can neglect these Suppliers A and B. In fact all the data for other
differences. For QIR < 1.8 million Suppliers A and B suppliers is also scattered about the same line with
are respectively the best and worst suppliers that we rms deviations of about 0.035 cm-2 .
deal with on a regular basis. With a few exceptions
data at 3410 cm-1 for other suppliers lie between the 4.4 Dislocation Densities
two full lines. The average Supplier's line is just
above A at Q - 1 million and just below B at Q = 3 Previous work showed that at a given infra-red
million. The worst expected (i.e. upper decile supplier Q, log ND is normally distributed and can be described
follows the line for B up to Q - 1.8 million (standard by a relation
deviation as measured 0.15 million, actual about 0.14
million) and then falls slowly: values at Q - 2.5 log ND - A ± B + 2.5 log a* (10)
million are about 0.11 million (measured) or 0.10
million (actual). For Q 4 1.5 million, the where a* = a + a*,. Previously, we used a. at
fractional spread of Q values is related to the U - 3500 cml because this quantity is directly
fractional spread of the Z dimension by proportional to the hydrogen content. We can, of

course, convert data from any other wave number. In

LQ_ (1.i ± 0.3) AZ (7) (10) B is the spread of log ND at a fixed a* (i.e. at
Q Z a fixed QIR)" The majority of our data (perhaps 90%)

applies to boules grown on bar-type seeds. Dislocation
The standard errors of the data points shown on Figure densities in boules grown on plate-like seeds are
6 are about 9% of the plotted standard deviation, less, typically by a factor of two and give an over
However, at any mean batch Q, the variation of all distribution with A = 4.7 and B - 0.4 with no
standard deviation between batches is 21 t 9% of the size dependence.
value shown. This order of variation is shown by all
suppliers. The broken lines are standard deviations For bar type seeds, the dislocations fan out
corrected for measurement errors. Note that the data from the seed. Thus the'measured value of ND falls as
plotted are on the basis of boule averages being the the measurement area moves from the seed to the outer
mean of QIR at two points halfway between the outside surface. We measure ND halfway from the seed to the
and the seed in the boule. For Supplier B, the outer surface. Thus if other factors are constant our
corrected data for 3410 and 3585 cm-1 coincide. We measured value falls as the Z dimension of the boule
have done the obvious experiments of using boule increases. The data in Table 10 are for average Z - 30
averages based on more points per boule. (Table 9 mm. (In calculating the residual B, the size variation
gives some illustrative data). The corrected values in the samples has been included). To deduce ND for an
all lie on the same lines. Note that most of our data arbitrary Z dimension (in mm) apply the relation
(all the data on the figure) relate to Y-bar boules.
When we look at boules with plate-like instead of bar- ND - 30 NDIO/Z (11)
like seeds we suspect that the same relations are
valid. The corrected lines i.e. the intrinsic where NDIO is the value given by (10). Other measure-
variation of QIR are given by ment uncertainties contributing to the B (total) value

are 0.18 (errors in measuring ND which are equivalent

GA = 0.333 - 0.133 QIR (8) to a factor 1.5) and 0.05 (errors in measuring a*).
Substracting the total measurement errors still leaves

B - 0.375 - 0.125 QIR (9) a residual B value which represents the spread of ND
in one run presumably caused by point to point

for QIR < 2.1 million. Note that the deviations and variations in the growth conditions. The average
QIR values are in units of 1 million. For Q S 2 residual B represents a range of ND values from upper
million (8) and (9) represent upper and lower decile to lower decile equivalent to a factor of 1.9. The
values. As noted for Q z 2 million the upper tabulated values show quite clearly that different
decile value is larger than 0 B but CA remains the suppliers have very different values of A i.e. their
lower decile value. median ND values at a given QIR vary very
4.3 Gradients With Boules significantly. See Table 11, which also gives the

expected upper decile values. Calculating the batch
From the information given in section 3, it is mean QIR to give a target upper decile dislocation

clear that we would like a small gradient of Q in the density then becomes a little difficult but w have
boules used. Large gradients of Q and a have had batches meeting upper decile ND < 100 cm-1 from
associated with them large gradients of impurity Suppliers A and B. The batch mean QIR values were
concentrations which in turn imply large gradients of 2.2 and 2.5 million respectively.
lattice constants i.e. inhomogeneous boules are
strained. It is easier to measure da/dz. If we do 5. SPECIFICATION AND TESTING
this, we find that boules with da/dz , 0.1 cm- 2 have
a high probability of cracking with a 50* thermal As QIR falls the various parameters which we
shock. believe to be significant degrade only slowly. Thus it
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is not possible to set a definitely unacceptable level, falling to about 1% at a QIR of 2.4 million and
However, the rate of degradation does seem on average perhaps < 0.1% at QIR > 2.7 million. Tests on 21,000
to start to increase when the Q falls below about 1.8 boules and data deduced from a knowledge of the
million so somewhat arbitrarily we say that less than spreads of the thermal shock to break single boules
10% of a batch should have QIR < 1.8 million. At this suggest that the probability (p) of breaking a boule
level we expect: with our 50*C shock test is given by

(1) All impurities except hydrogen at levels < 10 ppm log p - 4.07 ± 0.12 - 2.5 QIR (12)
(2) Dislocation densities < 500 cm

- 2

(3) Cutting losses < 10% where QIR is in millions. In a batch of n the number
(4) Batch QIR spreads < 0.15 million (worst case, with found to have cracked might be expected to follow a

errors for measurement at 3410 cm-1 included) binomial distribution i.e. the average should be np
(5) Angle of cut variations <± 0.5 arc minutes. with a standard deviation of [np(l-p)] and the

fraction of batches with no boules cracked should be
To meet a 90% greater than 1.8 million specification, (1 - p)n. For n - 1000 and Q - 2.75 million, p is
the batch mean Q must exceed about 1.97 million (worst about 0.001 and we expect (and find) 1 ± I boules.
case (i.e. 1.80 + 1.28 o actual). If we measure a In a set of 8 batches 3 had no boules cracked. We
sample of 6 boules measuring at two points per boule expect 2.94. However, at lower Q values we find large
to be 90% confident that the batch mean Q exceeds 1.97 variations. At Q - 2.0 million we expect 100 ± 9.5
million we need t = 1.476 i.e. our measured mean batch boules in a batch of 1000. The spread found is roughly

QIR must exceed 2.05 million (if we measure at 3410 a factor of 2. The logarithmic standard deviation in
cm 1 ). This gives us 90% confidence in the short term. the range 2.0 to 2.6 million is about 0.35. Some of
In the long term it implies that 97.7% of the boules this dispersion can be attributed to variations in the
have QIR ' 1.80 million. Thus we can afford to relax spread of Q values in a batch, the uncertainties in
a little and we set a limit of 2.00 million which batch mean Q values and to variations in dislocation
gives a worst case long term average of 94.5% of densities.
boules with QIR < 1.8 million. (Note with our best
supplier the long term average is 99.8% exceed 1.80 As far as we are concerned the inspection and
million or 90% exceed 1.91 million). We now need to thermal shock tests are valuable: using them can
set a rejection level. By reversing the arguments, we decrease losses both during cutting and device
can see that if our measured mean batch Q is less than fabrication by factors of about two.
1.92 million then we can be 90% confident that the
batch does not meet the criterion mean batch Q - 2.00 6. CONCLUSIONS
million. At this level, the batch from our worst
supplier contains 20% boules with Q < 1.8 million. This paper has attempted to show how measurable
(The best supplier's batch at this level should still parameters of quartz (QIR, dislocation density,
contain 95.6% of good boules). Thus there appears to purity) affect device yields and performance. This
be no real problem. Unfortunately, this is not the leads to a specification in terms of these parameters
case. All batches of quartz contain some rogues - and while there are different trends for different
crystals which have poor seeds, incorrectly mounted suppliers, imposing the specification (batch mean
seeds or crystals which have suffered as a result of QIR > 2.00 million plus inspection and thermal shock
spurious nucleation etc. Typically, the number of testing) has roughly doubled the yield of useful
rogues may be 5%. The supplier will see many of these devices per kilogram of quartz and has significantly
rogues - they are mishaped or contain obvious reduced fabrication losses when compared with a
inclusions. However, even the most conscientious specification QIR < 1 million. It is noteworthy that
suppliers do not remove all the rogues. If 2% rogues these improvements have occurred over a period in
remain, there is a 12% probability that our test batch which device specifications have been very
contains at least one rogue which we may not be able significantly tightened with respect to parameters
to spot at the infra-red test stage. We would be (e.g. drive level effects and aging) which we expect
suspicious of any sample of six with a range (i.e. to be related to the properties of the quartz used.
maximum measured Q - minimum measured Q) which
exceeded 3.6 times the expected standard deviation ACKNOWLEDGEMENTS
(in a batch of 6 the expected range is 2.53 times the
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TABLE 3

RMS Differences

Quantity Difference x 10
-6

TABLE 1

The Constants in Equation (1) Q3585 - Q3410 0.105 0.119 0.127

cQ3585 -Q3500 0.101 0.113 0,123

V(cm-l) CU Q3500 - Q3410 0.081 0.094 0.105

3410 0.169 -0.0190 Q range (millions) 0.8-1.5 1.5-2.5 2.5-3.2

3500 0.135 +0.0250

3585 0.144 +0.0250 Standard errors are about 0.007 x 106. Arithmetic average

differences in the quantities have average values of about
0.006 million. Hence the ratios of the C. values in

(1) C., give Q In millions Table I cannot vary much from the ones assumed. Actual
ratios are C34 10/C3500 - 1.252 t 0.019, C3410iij585 -
1.174 t 0.018 and C3585/C3500 - 1.067 - 0.016. Similarly

(2) For 3585 cm
-1
, Cu depends on resolving power. the errors in the a*, values should not exceed ± 0.0009.

For instrument resolutions of < 1.2, 1.4, 1.6,
1.8 and - 2 cm

-1
, C has values

of 0.160, 0.156, 0.Y46, 0.141 and 0.139 respectively.

(3) For Q3410 2.4 million, Q3585 from (1) exceeds Q1410.
For Q3410 - 2.5, 2.6, 2.7, 2.8 and 2.9, these excesses
are respectively 0.03, 0.06, 0.10, 0.15 and 0.22 million
for a resolving power of 1.7 cm

-
1. TABLE 4

(4) The most recent datal
7-23 

suggest that the values of R Measurement Errors
C, may be 3.5 - 1.5% too large. However, this is less
than the uncertainties of about 4.5% in Cu .

Wave number RMS Errors x 10-6

(5) Note that the scale defined by equatil . ) -- s (cm

average device performance. If we make IEC standard
devices from boules from different suppliers, we can 3585 0.086 0.095 0.101
expect the measured device Q values to have a real spread
due to systematic variations In dislocation densities etc. 3500 0.053 0.061 0.071
The sIA known scalesl,12-1

4
,1

7
-
23 

suggest spreads of
8 t 3% at Q - I million and 10 t 4% at Q - 2 million. 3410 0.061 0.071 0.077

Q x 10-6  0.8 to 1.5 1.5 to 2.5 2.5 to 3.2

Standard errors are about 0.005 x 106
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TABLE 5 TABLE 8

Drive Level Dependence (Power Change 5 nW to 100 pW) Device Yields

Q " 2 mllion QIR - illion QIR (Millions) Good devices per Good Devices per
QI -2 ilio QR Imilin100 potential 100 surviving

blanks blanks

AR1 (ohms) 1.0 T 1.0 2.5 ± 3.0

R 1  (ohms) 17 30 1 48 70

if (Hz) 8.0 ± 4.9 23.3 ± 8.7 2 90 95

f (11Hz) 10 10
Variations in yields at various times give uncertainties

of about ± 2 or ± 3 in the yield figures. These may
Rl is equivalent series resistance f is the resonant frequency. reflect the variations in Q values in the batches. For
R, isd Af are average values of the changes seen. Q - 1 million the variations were ± 0.2 million and for

Q - 2 the variations were + 0.1 million.

TABLE 6

Breaking Strain as a Function of QIR TABLE 9

QIR Data on Two Samples of Six Boules From Different Batches

QIR (Millions) Breaking Strain ND (cm
- 2

2.3 2.0 x 80
-  

g Q3aloQ58
2 point 6 point 2 point 6 point

2.1 1.5 x 10-
3  

105

1.7 1.25 x 10
- 3  

180 2.66 2.66 2.63 2.69

1.0 1.05 x 10
- 3  

670 2.77 2.72 2.76 2.72

2.68 2.73 2.65 2.76

*These are the expected dislocation densities.
The thermal hock to break a crstal is roughly 2.79 2.71 2.78 2.63

TB - 34 + 5Q (*C) when ND - ND  and Q is 12 millions.
For each factor of 2 by which No exceeds No subtract 2.60 2.60 2.50 2.59

8.8°C.
2.58 2.69 2.57 2.59

2.680 ± 0.086 2.682 ± 0.049 2.648 ± 0.108 2.663 ± 0.071

2.87 2.79 2.91 2.80

2.79 2.71 2.72 2.70

TABLE 7
2.73 2.79 2.78 2.87

Changes in Device Q Values
2.70 2.74 2.78 2.73

2.56 2.65 2.47 2.54

SQD for Increase when QIR

QIR - I million raised to 2 million 2.74 2.75 2.77 2.77

Expected Found 2.732 t 0.103 2.738 ± 0.053 2.738 t 0.146 2.735 ± 0.112

Philips 2.7 x 104 2% 37%

Toyo 2.0 s 10
5  

10% 201 Data are QIR'x 10-6. Columns headed n-point contain Q's measured
at n points per boule. Standard deviations are for the sample.
To obtain batch valuts it is necessary to multiply by Yates'

Expected changes are calculated using equation (5) correction (N/(N- )] where N is the number In the sample.

assuming that the Qi are constant.
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TABLE 10

The Values of A and B in Equation (10)

A B(Lotal) B(residuai)

Over all Distribution 5.00 0.37 0.30

Supplier A 4.75 0.26 0.14

Supplier B 4.94 0.24 0.10

Supplier C 5.36 0.20 0.09

Average Supplier 5.00 t 0.31 0.23 0.11

Uncertainties in A, B (total) and B (residual) values are

respectively about t 0.06, t 0.04 and t 0.05. Variations between

batches from one supplier do not significantly exceed these values.

B (total) may depend on QIR: B (total) values for QIR ". 2.5 are

on average 0.02 less than the tabulated ones and for QIR - 1.5 the

B (total) values are about 0.02 higher. Note that with these values

ND is in cm

TABLE 11

Dislocation Densities (cm
-2

)

Median Values

QIR - I million QIR - million

Over all Distribution 670 120

Supplier A 380 70

Suppiler B 580 100

Supplier C 1530 270

Average Supplier 650 110

Upper Decile Values

Over all Distribution 1700 300

Supplier A 630 100

Supplier B 850 150

Supplier C 1700 300

Average Supplier 1310 230

Worst Supplier 2100 400
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Standard deviation

0.123±0.007 from graph

0.125±0.007 from data
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Summary

A non destructive method using X-ray diffraction Before introducing our method we recall a well
provides a fast solution to the determination of crys- known property in X-ray diffraction called anomalous
tal handedness on a quartz plate. We observe succes- scattering which gives a difference between left and
sively both sides of the blank, measuring the inten- right-handed crystals. This property may be also linked
sity of the reflected beam on some lattice planes. to the lack of an inversion center in a crystal.
With a chart calculated according the anomalous scat-
tering for a quartz crystal we can settle the hande-
dness. Before this observation, we only have to know
which of the two sides of the plate is the side cor-
responding to the "+V" angle value. Results are given without using the diffraction formalism but
for several doubly rotated quartz plates cut in cultu- only with the reflection model of an X-ray beam uponred or natural, right or left handed, crystals. a lattice plane, we can describe the effects of the

e anomalous scattering. If we call I (hkl) the intensity

Key words : X-ray diffraction, quartz, hande- of the X-ray reflected beam on a lattice plane of which
dness, anomalous scattering, absolute orientation. h,k,l are the indexes, this intensity is associated

with the positive direction of the perpendicular to
Introduction the plane. This direction corresponds to the "+" side.

Then we call I (;l) the intensity of the reflected

Theoritically when we prepare a quartz resona- beam on the same planebut on the other sidenow cal-
tor we always know the handedness of the crystal. If led

it is a natural quartz this property has been opticaly
verified on the block at the very begining of the pre- The anomalous scattering theory foresees that
paration of the sawing. If it is a cultured quartz with a non centrosymmetrical crystal as quartz the
the handedness is known either from the observation ratio I (hkl)/I(K

T ) 
may be different from 1.2 If for

of natural faces grown in the autoclave at both ends r hane quktz
of the quartz bar, or optically verified. This quality I /1 1r thn t i s beater than one
is not lost during the process of the manufacturing (hkL)(hk) > , then it will be smaller than one
of the resonator whose handedness is identified by a for a left-handed quartz :I (hkl) /I( )  1 1. With
tag. So it seems useless to try to determine this
property on a finished resonator, but sometimes we quartz this ratio is very close to one because the
wish to verify this quality if we match right and crystal is built with only silicium and oxygen atoms,
left-handed quartz for a resonator. We also may have which are lignt atoms, and because we use here the
a set of unlabeled old quartz resonators for which we copper wavelength.

need absolutely this qualification. In such a case an Now, the only task is to distinguish which side
optical method cannot be undertaken because it works of the lattice plane we are observing, because the
only with plates whose orientation is close to a Z
cut. The etching methods are destructive and they can- same side will give, for instance, the great value if

not be used on a finished resonator, the quartz is right-handed and the low value if it is
left-handed. But we are in an actual maze because

We propose a non destructive method using X-ray when we turn the blank on the goniometer table, the
side formerly placed in front is now behind and all thediffraction. On a goniometer we observe successively obevtnsaecngdThsme*ertincd-

each side of the plate, measuring the intensity of observations are changed. The same observation condi-

the reflected beam on some special lattice planes. tions give the weak value instead of the strong one

This method has been checked with slides we have made given just before. We cannot yet determine the hande-

and with finishedresonators,some even coated with their dness because the observed effect cannot be iscribed

metallic electrodes. to the handedness. We would be able to answer the
question if we had known before these observations

The X-ray goniometer we use has been concepted where the side called "+" of the Lattice plane is

in our laboratory in Besan~on. This device is useful placed in the blank. This problem is nothing other

for measuring the orientation of doubly rotated cuts.' than knowing the absolute orientation of the blank,

It is also very convenient for the handedness deter- i.e. determining the 0 and P angles with their signs

mination. The crystal is placed on a rotating table. on both sides of the bLank.
3 

TheoricaLLy, when we

The plate orientation is determined without any refe- observe the front side or the au f of a blank

rence sample. This procedure avoids error coming from they have the same absolute value for e and . Only

a reference measurement. The size of the quartz is of the sign of 0 is changed. No the problem is to find

no importance. We can measure easily a quartz as big the value of 0 and 0 with their signs.

as those coming from autoclaves or as small as a watch
resonator or a finished 100 MHz resonator.
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Determination of 0 and D angles has been checked for plates of several origins.

The absolute value of these angles are deduced First plate

from the observation of two different reflections.
For a doubly rotated cut these two angles are calcula- 0 = 12,240 I1 = 8,550
ted from the observation of three or more reflections.
A theoretical point of view requires thus because Side "+(V Side "-D" Observed
from the three perpendiculars to the observed lattice side

planes we have a three axis system. By angular trans- (hkl) PC PCi-o (hkl) 1 i Pc-1°
formations we can express the blank orientation with 0 c c 0 o
o and (. If it is a routine control, we need only two
measurements. (040) 55 290 (040) 305 180 125

Determination of the 0 angle sign (124) 259 338 (124) 101 180 281

The sign of 0 angle is very easily determined
using the symmetry difference between the quartz crys-
tal and its lattice. The quartz symmetry is lower than (120) 131 82 0 20) 229 180 49
that of the lattice. Their point groups are respecti-
vely 32 and 6/m mm. For that very reason we have a
difference between the reflected beam on two lattice The observed side is the side "-V'

planes as (hkl) and (khl). In chart we find the value
of the ratio I(hkl)/I(khl). For the sign determination Table 1

it is very helpful to observe planes for which this
ratio is very small or very large. So if we can see a On this table we have, on the first line, the plate
reflection on one of them, the reflection on the other orientation expressed by 0 and 111. Then, we have three

is too weak to be noticed. If the chart gives the columns : one for the side corresponding to the +4

indexes of the plane and its 0 and D position, with angle, one for the side corresponding to the -( angle
the reflective power we deduce immediately the sign and one for the observed side we have called previously
of the 0 angle. The absolute value has been determined the front side. The indexes of the lattice planes and

before. This method can only give the sign of 0 because the differences between the calculated and observed
as we have seen that the sign of ( is changed with the values of the 1i angles are indicated for each sign of
side of the observed blank. the 4 angle. As the difference remains constant for

one of the two hypotheses on the D angle sign, the
absolute orientation of the front side is 0 = 12,24° ,

Determination of the angle sign = - 8,55 °.
On the chart we read 1(120)/1(120) = 1,22 and

For the determination of the D angle 
sign we

use a very different method. Given three lattice 1(124)/1 (24 ) 
= 0,98 for a Left-handed crystal. The

planes 1, 2, 3 of the quartz crystal and their first measured intensity associated with (120) is 3350
perpendiculars, respectively nl, n2, n3 , these three (arbitrary unit), and the second associated with (120)

directions form an axis system. The blank being placed is 4200. With the same arbitrary unit, 1(124) = 13100
on the goniometer table, from the front side we can and 1 = 13400. We conclude that the plate has been
see this axis system as a rigth-handed system. Turning

the blank to the opposite side, the same axis system cut in a left-handed crystal. It is the expected hande-
is now left-handed. dness, because it was a natural quartz, with the charac-

teristic left trigonaL trapezohedron, in which a very
-* 2, - thick Z-cut has been optically checked.

If we project these three directions Al. nl, n3

on the plane of the blank, we have P1 " P2 " P3. With Second plate

the goniometer we use, we are able to measure the
angles PI" W2" W3 between P1, P2 ' P3 and a direction 0 = 34,650 I P = 22,500

on the blank, for instance the edge of the blank. Observed
When the axis system is right-handed we have the fol- Side "+" Side "-(D" seside
lowing inequality Il < < 13" When it is left-handed

we have : 1 > P2 > W3 " So we can find a distinction (hkl) 1c 1C-i0 (hkl) ic IPc-i i o

between both sides of the blank. In practice we compu-
te these W angles for three or more reflections on (16) 280 204 (116) 80 4 76
both sides of the blank. It corresponds to the orien-
tations 0, +0 and 0, -4. Then we measure the iio angle _
on one side of the blank. Comparing the observed va- (143) 175 354 (143) 185 4 181
lues po with the calculated values Pc we deduce the
"sign" of the front side.

(H21) 52 108 (12T) 308 4 304
Handedness determination ___

As previously seen, we know which side of the The observed side is the side "-V'

plate is placed in front of us on the goniometer
sample holder. We measure the intensity of the TabLe 2
reflected beam on the same lattice plane for each
side of the plate and, from the difference which ap-
pears, we deduce the crystal handedness. This method
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For a Left-handed crystal : I(12)/I(21) = 1,18 For a left-handed crystal : 1(130)/I(130)= 1,22

and 1 (3) /(143) O 1,05 Observation 1 (130) = 6600 1(630) = 5300

I(i )  27400 1621) = 32400 Conclusion left-handed quartz.

Observation : This plate is a finished resonator, coated with
= 8900 3) = 9500 electrodes.

Note : When measur'ng the intensities of the reflected
Conclusion Righ-handed quartz. X-ray beam, we have to take care that each side

of the plate presents the same surface finish.

This plate has been cut in a cultured quartz block.

Third plate Conclusion

0 = 35,110 l'l = 21,50- The quartz handedness determination for doubly

rotated plates is easily obtained taking in account
Side "+V' Side "-" Observed X-ray diffraction properties, in particular the anoma-

side lous scattering effect, and using a special goniometer.

(hkl) c IA c- (hkl) P -o Po This method is suitable for all enantiomorphous crystals.
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Conclusion left-handed quartz

This plate has been cut in a cultured quartz block.

Fourth plate

E= 9,250 15,08O

Side "+V' Side "-" Observed
side

(h k L ) c c _- j 0 (hk L) 1c P c -o o

(021) 222 4 (021) 138 280 218

(141) 251 62 (141) 109 280 189

(130) 66 52 (130) 294 280 14

The observed side is the side "-4"

Table 4
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RESISTANCE - MEASUREMENTS OF QUARTZ CRYSTALS AT VERY LOW DRIVE LEVELS

J.S. Yerna

Philips Quartz Crystal Devices
Doetinchem, Holland

Summary 2. NONLINEARITIES OF R AT LOW DRIVE
LEVELS

The change in application caused by
the introduction of I.C.'s with low power The lowering of the drive levels in
and low noise level has an impact on the crystal oscillators introduced a phenomenon
starting up behaviour of quartz crystals, that hardly was known before. Namely the
This paper discusses various ways of increasing of the resonance resistance of
measurement with respect to the behaviour of crystal units at low drive levels.
R in a large drive level spectrum. Back in the year of 1954 Mr. E.A. Gerber
R reported this effect for the first time.
1. INTRODUCTION After that, it became more and more evident,

that this effect could have a great influence
Since Prof. Cady demonstrated the on the reliability of quartz crystal

first quartz stabilized oscillator in the oscillators, especially when the applied
year of 1919, the construction and also the drive level is low.
application of quartz crystal units have In MIL-C-3098 D appears for the first time a
changed tremendously. low drive level test, the well known V1 scale
When we consider the progress over the past division method. This means a check at a
fourty years, we see that the frequency level of drive of approximately 100 VW.
stability of quartz crystal oscillators has A more sophisticated version of the
improved roughly by a factor 10 each decade. MIL-method was proposed by Mr. M. Bernstein
The growing demand for quartz crystal units in 1967. A diagram of this set up is given
with better stability figures has forced the in fig. 2.
crystal industry to improve their crystal Fig. 3 shows some graphic results obtained
design techniques and to look for new with this method.
materials and technologies. (CAD and CAM). This method was later adopted in

MT- ,09P r, F and G. One of the most
The availability of new active iirpu tnt disadvantages of this measuring

components like transistors and integrat-7 . method is, that the lowest detectable drive
circuits (which are essential low-,,l .age level is somewhat below I pW. which is much
solid-state devices) has opened :ie way to too high to investigate the crystal
oscillators with lower power corgumption and behaviour at noise levels.
with that a neglectable own warm-I~g-u .1 r-i Some other attempts were made after that, to
is important for a good stability. mcasure D.L.D., but no solution was usable
The introduction of such oscillators had had for final check of crystal units before
an impact on quartz crystal design and shipment.
specification.
It may be of interest to see how the applied In order to overcome this lack of
drive level changed trough the years as a adequate measuring equipment for D.L.D.

result of new oscillator design. testing PHILIPS has developed its own
(See fig. I.) measuring systems.

Before discussing these systems, we have to
In 1950 to 1960, drive levels of 10 mW. remember the basic principles of quartz

were normal and even drive levels of 20 mW. crystal oscillators. (See fig. 4.)

were not unusual.
Nowadays, drive levels for AT-cut bulkwave Every crystal oscillator can be
resonators are mostly specified at 500 pW., considered as an amplifier with a feed back
but we see a growing number of applications network in which the quartz crystal is
were the level of drive is reduced to a few incorporated. To make such circuit
pW. oscillating, there are 2 important conditions

which have to be fulfilled.
The subject we will discuss now is the

measurement of the dependency of some 1. The loop gain must be )1.
quartz crystal parameters to drive level
variations. 2. The feed-back signal at the
We prefer the use of the term D(rive) amplifier input must have the
L(evel) D(ependency) which is, in our correct phase angle.
opinion, more universal than S.L.D.

When a crystal oscillator is switched
on, there is only some noise power at the
amplifier output which is for modern devices
far below I pW.
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A very small part of this noise sufficient low R -value between the test
spectrum can pass the feed back network clamps, an oscilyation will build up starting
with the quartz crystal. When this signal fro 0 the initial noise level (approximately
arrives at the input with the correct phase 10 - 10 Watts) to its limitation point
angle, oscillation will be build up in of 10 W. following the e-law. (Fig. 7).
accordance with the e-law.

If the crystal under test should show
It will be clear, that the presence a certain degree of D.L.D., it is possible

of some non-linearity of R can cause that thl oscillation amplitude cannot reach
starting troubles during this critical phase. the 10- W. limiting point (point B in

fig. 8).
3. THE PHILIPS APPROACH FOR MEASUREMENT In the example of fig. 8, the building up of

OF D.L.D. the oscillation is terminated at a much lower
level of drive (point A).

In general one can say that there are Normally, in such cases no oscillation is
basically 2 ways for quartz crystal observed and only with very sensitive
measurement: active and passive, each having equipment, some oscillation can be
its own advant-ges and disadvantages, established.

Measurement of the D.L.D. effect of If a crystal reaches the 1 mW. level
quartz crystal units can also be done both (point B), the LED indicator will light up.
active and passive. This means that the quartz crystal's
Block diagram 5 shows schematically the resonance resistance did not exceed the
measuring systems which have been developed D.L.D. r4ect level during its starting up
within PHILIPS including the usable from 10 Watts.
frequency and drive level range of each
method. D.L.D. test oscillators of this type

are employed on automatic inspection
Before discussing in detail the 4 machines used for quantity production.

measuring methods, it is good to point out A disadvantage of this method (which had led
the application field each method was to the development of method 2) is, that it
developed for. is not a real D.L.D. measurement rather than

a check for R R-max. in a certain drive level
METHOD 1: This is a fast go-nogo test range.

for screening large quantities of
fundamental quartz crystal units which we A crystal unit with a RR-curve like
are producing for consumer and semi- curve I in fig. 9 for example, would pass
professional applications, this test as a good one. On the other hand,

crystals with curves like curve II would
METHOD 2: This is an improved version have been rejected although the D.L.D. is

of method 1 which gives more qualitative much smaller.
information about the quartz crystal unit
under test. The measuring time is about 4 The advantages of this measurement
times method 1. are: fast, easy to calibrate, simple set up

and inexpensive.
METHODS 3 and 4: These methods are

based on the passive transmission method 5. "AR" MEASUREMENT (METHOD 2)
according to the l.E.C.-444 recommandation.
The advantages of these methods are, that This is essentially the same negative
the D.L.D. of both resonance frequency and resistance oscillator of -200Aas described
resonance resistance can be measured at the with method 1.
came time over wide power ranges in a good, The difference is, that the oscillator's
reproducable way. negative resistance is almost Oflat normal
The application field is primarily the state. This means no oscillation can occur.
manufacture of high professional quartz After triggering the control logic,
crystal units. (manual or automatic, see fig. 10) the

negative resistance of the oscillator will
4. D.L.D. OSCILLATOR FOR GO-NOGO TEST OF grow very slowly.

QUARTZ CRYSTAL UNITS This is done by a pindiode attenuator. At a
certain negative resistance level, the loop

PRINCIPLE OF MEASUREMENT: (See fig. 6). gain will exceed I and oscillation starts.
This test set up consists of a carefully When the amplitude of oscillation reaches
designed crystal oscillator which can be the I mW. level, the pindiode attenuator
considered as a true negative resistance over will keep oscillation at this level for
a wide frequency range, a feed back network approximately 1 second. After that, the
which limits the poler dissipation in the oscillator is brought back to its normal
crystal unit to 10 Watts and a detector state whicl means -R is almost 0 A and
circuit with a LED for visual indication, oscillation stops.
The negative resistance (and with this the The oscillator is ready now for the next
D.L.D. reject level) of the oscillator can trigger command.
be changed by connecting a positive resistor
in series with the oscillator. The principle behind this measuring
In this manner, each value between method is as follows: The control voltage
O and 200f1 may be selected, to the pindiode attenuator has a close
Connecting a quartz crystal unit with a relation to the crystal's RR
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So the maximum control voltage - Depress the start button. Both
(corresponding with highest R R-value) attenuators are switched now in an opposite
necessary fj5 maintaining oscillation sense at regular intervals by a signal from
between 10 and 10 Watt is stored in an the control logic.
analogue memory. The stepping time (scanning speed) may be
Reaching the 10- 3 Watt level, this selected between 1 dB per 10 seconds to
corresponding RR-value is subtracted from 10 dB per second.
the stored RR-max. value. The result, we
call this "aR", is displayed on a meter, - During one complete measuring cycle,
or, in case of automatic repeating the drive level of the crystal unit under
measurement, recorded with an X-t recorder, test is varied from -64 dB to max. and than
(See fig. 11). back to -64 dB in 1 dB steps.

The advantages of this method are: - The resonance frequency FR and the
resonance resistence R of the crystal unit

- relative simple set up, as a function of the Yevel of drive are
inexpensive; recorded simultanously using a 2 pen

- method gives qualitative XY-recorder.
information about D.L.D.;

- relative short measuring time Fig. 15 to 18 are showing some
(between 2 and 5 seconds). measuring results, obtained with these

methods.
Some disadvantages are:

- limited frequency range; References
- difficult callibration of aRR;
- no measurement of FR, as a function

of drive level changes. 1. E.A. Gerber: "VHF crystal grinding";
Electronics, Vol. 27 No. 3, PP. 161 - 163.

6. D.L.D. MEASUREMENT OF QUARTZ CRYSTAL March 1954.
UNITS, USING THE I.E.C.rT-NETWORK
(METHODS 3 AND 4) 2. M. Bernstein: "Increased crystal unit

resistance at oscillator noise levels";
PRINCIPLE OF MEASUREMENT Proc. of the 21st Annual Frequency

Control Symposium.
Fig. 13 shows the well known

rC -network which is adapted with 2 3. MIL-C-3098 D through G and MIL-C-3098 H
stepping attenuators. (Draft).
With thisoet up, a drive level range from
2,5 x 10 to 5 x 10 Watts can be 4. A. Verhulst: "D.L.D. measurement using an
scanned automatically in two ranges, using EBM oscillator";
1 dB steps. PRR 54/18-822 (Internal PHILIPS ieport).

The great advantage of using 2 5. H. Dohmen: "Guide to the measurement of
attenuators is, that the RF voltage on quartz crystal unit parameters";
channel B of the vector volt meter remains PRR 54/18-811 (Internal PHILIPS report).
constant over the entire 64 dB power range.
This means for example, that crystals can be 6. IEC publication 444.
driven over a dynamic power range of 64 dB
without changing meter settings or 7. C. Franx: "On precision measurements of
re-callibration of the RR measurement, frequency and resistance of quartz

crystal units";
During the development of this Proc. "f the 23rd Annual Frequency

measuring method, it became clear, that for Control Symposium, Atlantic City,
drive levels below 10 nW., the vector volt May 1969.
meter sensitivity was not sufficient and
also the S/N ratio was bad.
For these reasons, a different rr-network
has been developed. A simplified diagram of
this network is shown in fig. 14.
The last part of the rr-network was
replaced by a low noise transistor in a
common base configuration. Using this
special network, the drive level range was
extended to 0,25 pW. with a reasonable S/N
ratio.

MEASURING PROCEDURE

- Connect network A or B to the
meauring system, depending on the desired
drive level range.

- Insert the quartz crystal unit and
wait for automatic lock of the PLL.

501



Electror, tubes
0.rm~n,un, frAisiOst

100000og S. z fwssd

0.01

1950 1960 1970 1980 I99

fig. I

RAS@U? ASSS T CIETS I MUJA
,o~~ll 000114 m , ADJ S

1, IRA 1/4 It

At 15 to£ 114 1

SM 1I90. ?USK 10 CLOSE SVIlTAN

FIC. 2 MODIFICATION OF CRYSTAL TEST SET

502



f T HE A

C Os0 F

k -'r*OI PIC W I. ' I A 1 0 5 Ni 40* PIC*OC I 0E D AL OS
- _0 -O.

e It

I TO
5 31cqa, c I , Riuct 11ALI 01

-as-0.a

t- 

R

I L

J u'~o~ t IodIoo , _ S * ~

Ioopgott )I wh -h mmns. Ar Ff ID,. wP4 w.M~

-Peed hock Squ t 0 osec nput usit -hoe ,orc phose25MzI....NOH

.- 200

.- ISO.

S-10

-5 
A

defitclato

0.

LIDO

figs S i ,Cws

5wto



-- ~ ~ --tvIO Cot b-

p, d. tr-qg.w

75 Ft Wf rput

25

~F a0

25 
K erb 2O-'

70h -1 rol[wJ

r II fig 7

n;p;- I C .p
A1e07ta WA Aft-.~~o

b.SdB0.oILd

~ S~'flePoer

F7 Or t~. 3rlorA IChItr

w co"Ioo 4-C

504



PIiIPIS-ELCOMA QUARTZ CRISTAL UNITS D.L.D. TEST FORM
'N NNNN NVM B.'St A E. MIR

fig t5

1

I N I s
.0 _ _________. . ~ .__________

___ _ _ _ _ _--- : __ N _ _ _ _ _ _ ____

__5

ow ~ ~ ~ fg 15 ,Wlo, .

PHI~~iS-ELCOMA~~ QURZC1TA NT .. D ETFR

0hIVE IV& m



1,HILIP1S-ELCOMA QUARTZ CRISTAL UNITS D.L.D. TEST FORMi I I . I NqM d 2 1 0 1)0 H, I RIESP L', Iil~dI O(I 
L8

3C -
210

'S 
-25

_________ _________ _____________ ____________ s
AD _ __ _ _ __ _0K i _ _ _ _ _ _so

C2 -2;-, Ill. love lo,'. I-owI.
1

1
,C0,f

f ig. 17

PHILIPS-ELCOMA QUARTZ CRISTAL UNITS D.LD. TEST FORMjIRE[Out~ '! 01 v ON 9
75 

I4 1
SI'L(IIICAYION 4322 1 0ORDERN,. ll. 16140RE 8611

- _ _ 
- __

____ _ _ _ __ __ 2

I __

__________20_ 

_ _ _ _ _I__ _ _ _ _ _ _ _

-10114 -
_ _ _ _ _ _

fig. 1

Soo



happens normally during its service lifetime.
Clearly, an aging measurement made during

thermal cycling, as described above, gives a

more realistic indication of how an oscillator
will age in the field, particularly if the

duration of the test is limited to 30 days.

The present standard aging test will probably

be revised.

It is interesting, and unexplained, that one

group showed better aging during thermal
cycling than at constant temperature.

DC Bias Induced Aging

Elsewhere in these proceedings is a paper

entitled "Aging Studies On Quartz Crystal

Resonators and Oscillators" in which it is

shown that a DC bias on a resonator can have a

long term effect on the frequency of the

resonator. The effect is independent from the

polarization effect observed for SC-cut
crystals.

Several of the TCXO that were tested for this
paper were opened and tested for the presence
of such a DC bias. A voltage was found in all

cases, ranging in value from 100 millivolts to
more than four volts.

While further investigation of the effects of
low voltages on TCXO resonators remains to be
done, designers may want to take this
phenomenon into account and design new
circuits to eliminate any DC bias on the
resonator.
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FURTHER RESULTS OF TEMPERATURE COMPENSATED CRYSTAL OSCILLATOR TESTING

Vincent Rosati and Peter Thompson

US Army Electronics Technology and Devices Laboratory (ERADCON)
Fort Monmouth, New Jersey, 07703

were presented at the 37th Frequency Control
Summary symposium and the reader is referred to the

Proceedings for a description of the tests and

The availability of Temperature Compensated apparatus used.1

Crystal Oscillators (TCXO) in the one part per Since the first presentation of this work, an
million (ppm) class remains a problem for additional 40 oscillators have been received
military designers. and tested. The new oscillators were specified

to have f-T stability better than 1 part per
A continuing evaluation at Fort Monmouth, NJ, million (ppm).
is aimed at determining the capabilities of
TCXO, particularly the higher stability types. Two additional tests have been added to the

previous battery, namely, trim effect and
Since the last (37th) Frequency Control aging during thermal cycling. ( The trim
Symposium, at which initial results of the effect2 is the rotation of a resonator's f-T
program were reported, additional high characteristic caused by the insertion or
stability TCXO have been ordered, adjustment, i.e., trimming, of a series load
Significantly, three of the vendors who had capacitor to tune the resonator to frequency.)
claimed a capability of making 0.6 or better The trim effect test gives an indication of
TCXO requested cancellation of orders after the useful life of a particular TCXO design
more than one year. when coupled to the typical aging performance

of that design. The aging during thermal
This paper will present the results of cycling gives a more realistic indication of
measurements of frequency-temperature the performance of an oscillator than aging at
stability, trim effect, aging at constant constant temperature.
temperature, and aging during repeated
temperature cycling.

Trim Effect
The data reinforce our previously stated
findings that TCXO in the one ppm stability Oscillator f-T curves were first obtained
class are at the edge of the state of the art, after setting the frequency to the marked
and notwithstanding manufacturer's claims to calibration frequency at the marked
the contrary, 0.6 ppm or better TCXO are not calibration temperature by adjustment of the
available for use over a wide (e.g., -55 C to trimmer capacitor or potentiometer. The
+85 C) temperature range. oscillators were then offset +2, +4, -2, and

-4 ppm. After each readjustment the f-T curve
Key words was again observed. Figure 1 is typical of the

results obtained. Note that when this
Crystal oscillator, aging, stability, trim
effect .. ,

TRIM EFFECT (0.6 ppm TCXO)

Introduction

It is often found that the Temperature 1.5

Compensated Crystal Oscillators (TCXO) that
are specified for military systems fail after
a relatively short time, sometimes even before
a delivered system is released to the field.
The failures are chiefly related to 0.9
out-of-tolerance frequency performance. In
some cases the cause has been found to be
poor aging and, as a result, the consequent -
distortion of the frequency-temperature curve
due to the trim effect (sometimes referred to -0.5 TRIM ( STABILITY (ppm)
as "skew"). In other cases, the oscillators
could not provide the required 0 -4 .468 .57
frequency-temperature (f-T) stability even x -4 .9

before any long term aging.
-h.E

To assess the current state of the art of
moderate precision TCXO, there has been an Fig. I Frequency-temperature stability of a
ongoing program of testing and evaluation at typical 0.6 ppm TCXO at different trimmed
Fort Monmouth. Initial results of the program frequency offsets.
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oscillator is adjusted for -4 ppm offset (to CYCLE" CHAMBER
correct for a hypothetical aging of +4 ppm),
the stability falls outside the 0.6 ppm
specification limit. The rotation of the f-T TEMPERATURE PROFILE
curve is obvious.

so

Table I shows the results of trim effect tests
on 56 TCXO. Observe that for oscillators in
the classes of one to three ppm the trim s
effect has no influence on f-T stability.
However, for stabilities better than 0.6 ppm a U
frequency trim of four ppm caused all but one
of the models to degrade beyond the f-T Ch 30
specification. Also note that three vendors, V
who had promised delivery of five TCXO each
with 0.2, 0.5, and 0.6 ppm, cancelled the W 0_DAYS
orders at their own request. It is evidently (I
still true that 0.6 ppm (f-T stability) and 3
better TCXO are at the edge of the state of
the art. W -30

FREQUENCY-TEMPERATURE RESULTS

-60
CLAIMED # PASSED F-T # PASSED F-T -SAKC-CYCLE--TE. RM SOA-CYCLE-

STAB (ppm) (zero trim) (4 ppm trim) I--FGtJENCY HEASL996W AT THIS TIME
3 4/5 4/5 Fig. 2 Thermal profile used for the2 5/5 5/5
1 4/5 4/5 aging-during-thermal-cycling measurement.
1 5/5 5/5 Fequency-temperature runs, indicated by the
1 4/5 4/5 triangular profile, were made once per week.
1 3/3 3/3
.6 0/3 0/3.6 3/5 0/5 AGING VS THERMAL HISTORY

.6 4/5 0/5

.5 5/. 5/5 L3

.5 7,s 1/5

.5 ' 5 0/5

.6 MF. CANCELLED

.5 4FG. CANCELLED I. 2
.2 MFG. CANCELLED -'

a-

TABLE I Sl.L.uary of results of trim effect L ILI

-est.

Aging During Thermal Cycling ,

Two oscillators from each group of five from
seven vendors were subjected to the thermal X C.STANT TE P
cycling profile shown in Fig. 2. The other 0 CYCLED

three oscillators from each group were aged at Fig. 3 Representative aging curves comparing
a constant temperature (60 deg. C). TCXO aged at constant temperature and during

thermal cycling.
The cycled oscillators were held at 60 C for
twenty hours. The frequency was then measured
and recorded. Following the frequency AGING VS THERMAL HISTORY
measurement, the temperature chamber was set
to -60 C for two hours, then to +80 C for two
hours, then returned to 60 C. This profile was
repeated daily except that once every seven LOT AGING .(ppm) AGING *(ppm) RA7O
days a f-T curve was generated. The NUMBER CONST TEMP TEMP CYCLE CYC/CONST
temperature of the constant-temperature 1 .06 .13 2.1
chamber was stable to +/- 0.05 C for the 2 .11 .30 2.7
duration of the test. The temperature of the 3 .12 .44 3.5
cycled-temperature chamber retraced to +/- 4 .14 .19 1.3
0.125 C. The data shown below represent the 5 .15 2.3 15.3
results of 38 days of testing. 6 .17 1.3 7.6

Figure 3 is a representative plot of the aging 7 .25 .11 .44
of a thermally cycled TCXO versus the aging of
a TCXO of the same design held at constant
temperature. Table II is a summary of the * TOTALFREQUENCYCHANGEFOR38DAYSOFAGING
results of aging 35 TCXO (14 cycled and 21
constant temperature ). Note here that the TABLE II Summary of results of aging test.
usual effect is to worsen the total aging if
the TCXO is repeatedly temperature cycled, as
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