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1. INTRODUCTION

' Extfemely établc structures are becomlng 1ncrca31ng1y 1mportant

‘in metrology, geophy51cs, and space explorat:on, where prec1se systcms
must opcrate unattcndcd for long pcrlods of time. In recent years,'
number of materlals have been developed that are dlmcn51onally srable
eagalnst temperature changes. These include Owensfllllnols Cer-Vit
€-101, Corning ULE 7971, and Schott Zerodur, whose thermal expansione
coefficients are eXceedingly_low over a wide_temperature-interval
areund room temperature (see Fig. 1). 1It.is of furthex interest. to

L determine the dimensional stability of'these maferials with the pgssage
of time at constant tem?erature.'
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Sfandards, studied with Fizeau interferometry the ave:age'dimeﬁsional_
etability.of nine’oﬁe-iﬁ._bloeks of_the'folléwing,materials: eCorﬁing
ULE 7971’(titanium §ilicete), Corning glassfceramic'(two kinds), and
Corning 7940 fused silica.! Measurements were performed durlno a threc
three-year perlod (1969 1977) with an accuracy of 0.012 frlnge
. corresponclng to AL/L of a few parts in 107. Justice's results are
-summarizcd in Table I, | | |

‘Recently, dimensional stability mcasurcmenté of Ccr»Vit,ana
ULE were made by Biuce and.Duffy at Commonwcalth éeicntific and Industrial
Rescarch Organization.? Thcir technique involved optically contacting
Fabry-Perot mirrors to both cnds'of cach 5-cm saﬁplc and iIIUmihating

them with Xr% radiation.3 Changes in length of one part in 108 were

detected by monitoring fringe diameters over a QO-day pcriod, These

SRR GRS R e




“Berthold ¢t al.--3

| measurcments arc summarized in Table I and are compared with our results
and those of Justice. To account for nonbulk contributions (changes -

in optical phasc shift on reflection and optical contact interface

separation) Bruce and Duffy performed an aukiiiary experiment: Twao
a;e}  |  highly reflecting endplates, one with a flat surface and one with

curvature, were optically contacted to form a-"zero—spacer" etalomn.

'Thls etalon exhlblted long-term opt1ca1 path length change AL/L of
about -2 x 10-8 over 3p days, not unlike rhanges we observed for opt1ca1
contacts over the same perlod Bruce and Duffj, however d1d not attempt
to separate opt1ca1 .contact changes from changes.ln phase shlft on.
reflect1on.
- More recently, U E. Hochull et al. “ at the Unlver31ty of Marvland

reported dlnen510na1 stability of Cornlny 99JJW low-expansion material.

Their method involves conft uctlno a Fabry-Perot etalon, 51m11ar to that
of Bruce and Duffy, SlaVluO 'a laser to the caV1ty resonant frcquency,"v
and then comparing the slave laser frequency with fhat of a frequency-
'stablllzed laser. This technique should be limited only by the s;ablllty
of the second laser Av/v =,5eL/L = 5 x 109 for the Spectra Physics
Model 118. No attempt was made to evaluate changes dee to eerface 
cffects, |

The fact that low thermal expansion macerials change length with
time ae much as 1 ppm over a three-ycar period lcd NASA to initiate
the pfcscnt measurement program, in collaboration with the National
Burcau of Standaxds, Corning Glass Works, and the Univcfsity of Maryland;
Tho purposc of this progrim was to measure with increased accuracy, over

a period of time shorter than three years, the dimensional stability of the
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above- mentloncd matcrlals. In addition to thce threc ultralow cxpansion

mater1als, Heracus- Schott ilomosil was included in the study bccause S

'Sakuma of Burcau Internetlonal de Poids et Mcsures reportcd grcat

dxmen51ona1 stablllty for this mater1al This, in turn, raised the

questlon of whethe* Cornlng s fused silica (7940) was any less stable.
At the suggnstlon of Dr. Charles Freed of MIT the Ar17ona group 1ne1uded 
in 1ts study Un1versa1 Cyclops Invar LR-35 and Slmonds Saw and Steel =

Company Super Invar. These materlals are also used in appllcatlon;

where length 1nvar1ancc 1s 1mportant. In a nutshell our measurements

'of ULE agree well with those of Bruce and Duffy, but not as well \1th

those of Justice, probably because of 1nhomogene1ty and/or small temporal_
optical contact shrinkage among his nine samples. While our.measurements
of fused silica agree with those of Justice; as shown in Table I, for

Cer Vit we obtaln one- thlrd the Bruce and Duffy value This dlsctepancy

probably occurs because of the d1fferent131 expan51V1ty between the

Cer-Vit etalon spacer and fused 5111ca endplates used by Bruce and

'lDuffy.

In common with Bruce and Duffy and with Hochuli, the method we

‘used to study length chenge-is based on Fabry?Pefet'interfcrpmetty{‘

The samplc serves as the spacer, with highly rcflecting mirrors optically-
contacted to both ends of .the sample as shown in Fig. 2. When the

spacer length L changes by an amount AL, the Fabry-Perot rcsonances

~ drift by an amount Av, where

CMvfv m -ML/D. o | | (‘1).

More precisely, L in Eq. (1) should.be rcplaced by the one-way optical -
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patﬁ lcngth of‘thc Fabry"Pcroﬁ résénator, including not only thc sémﬁlc;s
phy51ca1 lcngth, but a1<o the optical contact 1nterfacc scparatlon and - |
the optlcal phasc Shlft on reflection from the mirrors.- Thus for.corrc;t‘:
cvaluatlon of measurements of this kind it is neccssary to be able to
'separatc out thé above surface effects from bulk effects, which obev

a law AL « Lon. Thl§ s¢parat10n is not possible using a single Fabry—Perdt:
fésonétor,s éhd’wevdescribe in the next section‘hbw the usé of two
»Fabry-Peroﬁ réSonators of identical material but different.iengthé makes

possible separation of bulk frbm'(combined)'surface'effects. Flnally,

we describe an auxiliary experlment that we performed to estimate the

'1nterface drift of an average optical contact (see Fig. 3). This; in

turn, makes it p0551b1e to estlnaLe the change in optical phase shlfts., 

Details of the work described below are contalned in the dlsseftatlon

2.  MEASUREMENT TECHNIQUE

i

The method of meacurewent is an outgrowth of a technique previovusly

. described for ultraprec1se neasurement of thermal e\p“n51on coeff1c1ents.7
As shown in Plb. 4, a frequency stabilized laser. beam is passed thlough
& Fabry-Perot resonator (FP), which consists of the samplc as spacer

- with confocal mirrors optically contacted to either end. Modulator

KDP, driven by a-variable frequency rf source, impresses tunable sidebands
on the laser light, which are used to track the cavity resonances,
Unmodulated laser light is blocked by polarizer P, and the

combination of P and quarterwave plate A/4 attenuates reflections back
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from the TP Tesonator into the lascr.: Sample'cavitics are maintdincd .
in tempcraturC-controllbd ovens 0. Light transnlttcd by thc C&Vlt‘cs
at resonance is monltored by dctector D, whose output is'displaycd on;‘

an osc1lloscope screen CPO Whon .the FP optical path length changcs~

”;_for any- reason, the subscquent shift in cav1ty resonance‘ls t;acked

by the movable 51debands and measured by frequeucy counter FC.

At flrst, we experleﬂced dlfflculty in obtalnlng adequafblyv
reproducible measurements of cavity resonant frequency. The resonant
frequencies varied with mode»matching lens position, because the rougd-
trip‘cavify optiéal path length depends on the dégfée'bf off-axis
illumiﬁation.a'-We fin#lly‘achieved reproducibility, at the éxpéns;
of somexthroughpqt, by adding a 0. 6-mm- -diameter apertu re and ellmln“tlna :
the matﬁhinw lens. o
To reduce noise due to air pressure fluctuatlons within each
FP resonato£, all sannles Qere malntalned 1n a vmcuum cont:nuously

less than 300 mTorr. Cryogenic pumps were used to avoid sample

contamination by pump Vapors..

“Two-Cavity Method

To‘separate surface effects (oﬁticalvcontact dfift én&ﬁbhdge
shifts) from bulk effects (AL = L), wé fabri;ated a long‘(IO ch} and |
a short (8 cm) ctalon of cach material. If we assume idcnticaivmateriél_f
and a length change AL = L, then the frequency shifts Av/v should be |
thoe same, irrespective of cavity length (sce Eq. (1)). We must e\poct howeve
‘thht surface cffects also change with timec in a mannex qnitc<indcpendcﬁt

of L. Lect us dcnote such contact and ph1$c~shift changes with time and
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temperature as 4¢(¢,7). Then we may define a temporal dimensional

, sfability coefficient at constant temperature s o
S 1fery . C g
% I (AtJT- - G

analogous to the thermal expansion cocfficient

Generalizing Eq. (1) to read optical path lghgth instead'of L,

and - using Eqs. (2) and (3), we obtain
o aTAT + atAt + (x/2nL) 0 (¢,T) _ ';v (45
1 + (A/2nL)¢(tq,T0) o

Measurement of Av/v for long Vs short cavities makes possible evaluation
.of Ad (2, T), the cnanges in lumped optlcal phase Shlft Designatihg the ‘

long and short caV1t1es by subscrlpts L and S

Av_ - Av ¢ (t0,70) ]! G507 )
"“"""""‘"L, S "(OLTAT + C*-i;At) (l + '23_' 7 "‘J N R Middtiod )
v [ L VA Ly J 2§ L I K

5
ftr -¢(t »T )‘ -
by 0s+0
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It is shown in Appendix A that the first term on.the right-hand side is
negligible compared to our cxperimental error of 102, Thus Eq. (5)

can be solved for A4 and, using the fact that ¢(¢q,Ty) < 7,

L.L

oo Hhs - R '
8¢ (t,1) = _75' oo (Avp - v, . (6)
. ] L ’ - ‘

 wﬂéré e is tﬁé velocity of light and LL and LS were determined tdiéng
part'in 10%, using Browne and Sharp gauge‘bldcks. This means that A¢’”
can be measﬁxed tovthat accuracy. (Another order of magnitude is
_acﬁievable by méasuringlc/ZL using 1a§¢r t-2am si&ebands for probeé
and iﬁproved dielectric coatinés.). | '

We ﬁhow below that, when the timg-dependent slopes .of cumulative
frequency change vs time foirlong and short saﬁplc’paifs Become‘qualg
these slopés measure the dimensional‘stabiliﬁy of the materials;

--Equation (6);may-be,rewfitten - T LI

o - | - o o SR
b(8,1) = - Zpavt, , 3 o
where : .
¢ Lw ’ . s
,AYL A ” (AvL - AvS). | ‘ . (8)_}
f S : : R

AyLé in Eq. (7) is that part of the change in resonant freguency of

the long cavity duc to changes in surface effects.
In Appendix B it is shown that the total time-dependent resonant
frequency change AvL is approximately equal to the sum of the time-

. ’ D . .
dependent resonance changes duc to bulk change, AvL-, and surface

. offects, AvL¢- A
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Avb4 = Av;" o+ by 7, B L g (Q)TV |
Similarly, for the short cavity,
RN D 5 o
A%S = AvS + AvS . : S '(10)'f,,“'

1f, during a.period of time, the slopes Av/At for long and short

_cavities become equal,

dop/at = bug/at, | ‘ S on
‘then .
D 6 _ ,. D 6 S '
Av;” + Byt o= AvgT o+ Avgt. o . (}2)
Assuming our pairs arc made of identiczl and homogencous materials |
o ) ) - o T
so that
av,? _=_'AVS¢._ - e
- But from Eq. (7), this means that
(e/2nL )88 (2,1) = (e/27L)o(E,T). | (asy

Finally we have assumed that all A$(¢,T) are identical because all
reflective coatings werc deposited at the same time as idcntically‘da
possible. Thercfore, since LL = 10 cm and Lg = 8 cm, Eq. (15) can

hold only if

B (£,T) = O | | (16)
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fér thcAtinc period where long and short ;ayify rcsonance f:cqucncy,
islopcs Av/At are cqual During'fhisvpériod surface effects ‘arc no

‘ IQnger ch anging, leaving only the bulP cffcct atAt .Thﬁs,:ﬁhcn‘thg o
siopcs Av/At bccomejcqual for 1ong and short cav;tigg, this'quanfity

measurcs the dimensional stability directly
lAv _ ) . - ..‘ v‘ :
v T % ' S ‘ (1n.

Thermal Expénsion

It is clearly desirzble in these mvasurements to maintain each
sample at a temperature where its thermal expansion is minimal. Figure
7 VS T for the seven materials of interest.

In the case of Cer-Vit, Zerodur, and ULE, we were réa ily ab ¢ to Feep

1 shows our measurements of o

&

: AL(TD/L < 107° with $0.020°C temperature control. However, for theA

jniremalnlng samples, o é 5% 10‘7(C )1 at room temperature w1th zero ’f +*vf7

thermal expansion occurrlnc at 1nconven1ently low temperatures. For

these samples, we'took the approach of maiutaining constant temperature
vhere we could control it best (+0.005°C C long-term variation at Toom: tcwp-
4erature) and cérrectxngrior small thermal changes using precise témperature
measurcment (t0.001°C) and precise knowledge of "thermal expansion

cocffiqients, Thus we Kept AL(T)/L within one part in 10?.

3. TREATMENTIRND PREPARATION OF SAMPLES

Heat Treatment,  Etchine, and Handling

The five nonmetallic materials we studied were heat treated no

less than 2.5 ycars‘priqr to the beginning of our measurcments. These
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heat trcatménts, which are proprictary to the manufacturcrs,'wcrc all
presumably standard althouah our ncasurcmcnts of thcrmal cxpansxon,
vduxﬁxarcstrongly dctermlnec by hcat trcatmcnt, 1nd1catc that Zcrodu1

may have recelved a nonstandurd heat treatment, i. e., unllke other

_ Zerodur samples we ‘have measured in the past Lhese samples exhxblu no

§ thermal expan51on Zero crossing near room temperature.

To{rélieve grinding and polishing stresses in the above materials,
we etched each sémple in hydrofluoric acid to a depth of- 80 ym. Residual
stress birefringence was less than 10 nn/cm. .

The Invar and Super Invar samples were also identically heat

treated about 2.5 years prior to measurement. The heat treatment is
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aterials Were machined-into annufér cflinde;s4
between steps two and fhree of the heat treatment process. Since

;fIﬁvar materlals are ferromagneulc alloys, great care was taken ‘not to G
ﬂdrop or’ Jar the samples nof %o-heat themvébove 100 C These sampleé'.. R

r.were shielded from magnetic fields in-our ovens through the'use df‘

0.25-mm-thick Co-Netic AA magnetic shield alloy. Magnetic fields we.e

- ~ minimized through the use of bifilar, noninductive heater wvindings. -

’

Multilayer Dielectric Coatings and Optical Contacts

ALl multllay r cie electric coatings.wcrc complétcd simultqncously»
~on Novcmbcr 2, 1974. The coatings consisted of 21 quarterwave layers
of ZnS and ThFy deposited alternately. The measured FWUM of the Fabry-

Perot resonances varied from 3 to 10 Mlz, indicating that the reflectivitics

(v99.5% at 633 nm) were not identical. The coated mirrors were
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" maintained under partial vacuum in a dessicator from their febrication

until optical contacts were made on May 28, 1975. The Fabry-Pcrdth

~ samples-were then assémblcd'in‘théir.oven encloﬁurcS} wﬁich”Weré o
éontinuodsly maintaihed by cryosorption pumps at a ércssUrcileﬁs,than 
' 300 mToxr. - The total fime the coatingé were.eXposed-t;vatmospheric -
pressure waé about 10 hours during contacting and asscmbly.
| To form Fabry Perot etalons with the Invar materials (see Ref. 6), it was
necessary to choose optically transparent endplate materlals whose |
‘thermal expan51on matcﬁed ‘that of the Invar spacer. We used as a
: ;guldellne for allowable mismatch tolerance 30 x 10"8 c- 1, whlch
~in our experience with thermal erpansion measurement, corresponds to
the onset of.nonlineér dis;orﬁions over é 10°C interv;l, We us?d
Homosil ehdplates for the Invar etalons at 27°C, ané Cer-Vit endnlétés_

. Hfor the Super Invar etalohs at 28 c, correspondlng to thermal expanslon N

;:f“""“ mlsmatches 1ess than 7 and 9 X 10“8 (C ) 1, respectlvcly

4. TEMPERATURE CONTROL AND MEASUREMENT -

Oven Desi~n and Temperature Control. . N . <

~ -
N

Our oven design is based on én érrangément demonstratéd by 1}:
{illiams,® who achieved microdegree tempefaturc Stabilify at §0°C fof:_:
SGVe;al dayé at the centc;_of3two concentric sphcficallqvcus. Ouf . %
¢ylindrical geomctry precluded use of the spherical design. Wc-therefe%é
surrounded our massive cogpcr sample holders with 6 cm of polyurcthane
insulation and piacéd this inside a cylindrical copper oven whose

temperature was controlled by Yellow Springs Instrument Company
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" model 63RC controllers. This oven in turn waé'surroundcd with 6 cﬁ

‘of the same ihsulation and placcd insidc,# stainless stbcl cylinder

(scé Fig;lsj,‘ The entirc asccmbly was situated in a cold env1ronﬁcnt- 
supplicd by a f;eezer (£0.5°C at 7°C). Due to dlffcrlnv heat leaks, not al‘
our ovens'pe:fofmcd-equallvaell. TémperﬁtUre Stability ranged from -
20.005 to i0.0SS°C. By locating the ultralow expansion éamﬁles, such -

as ULE, in the oven with poorest temperaturg regdlation, and through
knowledge of thermal expansion coefficients, we»ﬁere able to correct for
temperature- dependent length changes to one part in 10%; that Js, errors

~:m thermal expan51on coefF1c1ent compounded W1th uncnrtalnty 1n.temne;a*u*a

were kept negligible.

Temperature Measurement

Extremely 1mportant in dimensional stablllty measurcment is.the
‘“f?stablllty of- the thermometen.- Out. prlmary thermometers mere o pa1r "f;fﬂﬁfgf;j
of Rosemoun; platlnum resistance thermometers (PRT) that we callbratéd |

W1th a Jarrett Instrument Conpany trlple-p01nt 0L~xater cell and

“placed with the relatively high expansi:n, fuscd silica sampics. All
'icmaining sampleﬁ‘wére mdnitored by two Thermometrics, Inc. thermiétérs,.”
.one at either end of each copper cylindér’(fﬁsedvsilica_snmplcs were
mohitored by one thermistor and onc PRT). PRT units similar to ours

were used for moonshot'cxﬁcrimcnts and haéc been calibrated by the
National Burcau of Standards and found stable to 0.002°C over five years.
The -thermistors, thth were scaled in glass'cnvclépcs and aged,

‘were selected by the manufacturers to have stability no worse than




- Berthold ¢t al.--14

0. 005°C/yeaf. Thls temperature uncertainty times’ the thcrnal expansion
cocff1c1cnt ylcldcd unccrtalnty AL(T)/L < 10~9 for all our . samplcs o
exccpt'Invar LR-35. In that particular case, the dlmcn510n;ih;fab111tyh
proved so large (sce Table I) that the thermal drift unccrtalnty provcd
negllglble (<0.2é).' The above estimates of thcrmonctcr stabl*lty were

~o B . verified when the ovens were dismantled and the thermometers vere

recalibrated with the triple-point-of-water cell.

5. FREQUENCY STABILIZED.LASER AND BEAM MODULATION
Ji Thé iodihe—sﬁébiiizedA3He-22Ne laser system use& was suppliea.
toAus by the National Bureau of Standards. This laser déli?eis‘about
. 100 W of pover ét 633 nm aﬁd derives ité sﬁaﬂility from'anAintraéavity
absolpthn cell filled with 1 2591,. -As described by Sch eltzérxet al., 07»

'the long -term frequency unﬁe*t 1nty Av/v is- approxlmately 10 ?9 due to -

‘Tf"-v,”fV'v-v-7error in dav to- -day resetablllty Laser'stabxlltyyls'thuS»nQL'a ?5”7?ﬁ“"$1.'*;

limiting error in our dimensional stability-medﬁdrements.
Small modulation of the laser beam was achieved from 10 Mz tér
1000 MHz utilizing an Isomet model EOLM 400X modulator. With_a
fpolarizcr placedvafter the KDP crystal and crdssedikith rcspect.to tﬁé '
= - ' lascr becan's llnear polarization, the light was amplltude modulat d,‘;f
w%th the carrier suppressed. The percent nodulntlon may bc calculatcd

using (Yariv!l)

. - I » v .
Itransmittcd/I = sin®r/2, . (¥S}

incident

=1800 Vand V... . =50V,

oy 4 }
whexe T = V For our XDP, VA/Z applied

npplicd/VA/Zi
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“1lecading to’O.G%.modulafion, which agreed with the measured value. As -
shown in Flg 6 the modulation dcpth is qultc flat bctwcen 500 Mz
and 1000 Miz.. Thc largc variations below tha range were, duc to
llmpcd ance mlsmatches resulting in voltavcs in excess of 50 V bctwcen

KOP electrodes and to subsequent increased modulation.ﬂ

| 6. RESULTS AND CONCLUSI SS,

In Figs. 7a through 7g, we show the cunelatlve drift vs time
of Tabry-Perot resonant frequenc1es for 8- and 10-cm samples of each
materlal. Each data p01nt has been corrected for.the small temperature-
dependent frequency Shlft Av = V'bs AT, mhere ¢ is the thermal | A
.expanclon voefficient, AT is the temperature dlfference W1th respect

ture, and v 4. 36 x 10'% Hz.
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The results of the auxiliary experimont (F*g 3) to estimate

'the average chanoe in. opt1ca1 contact 1nterface sepafetlon are, snoun 1n

- e e -

LFlg 8 Th 'cumulatlve resonant Prequency drlft of the two resonatorei ug"
was compared and the differerice divided by the number‘of extra»optical
contacts. ' This avefage‘drift is niotted'vs tine, and from this curnr

we see that the frequency.d;ift due to an averagc confact asymptoLlcnlly

-approachcs about 10.5 VHL, cor:nsnondlng to a deerc ase in average optlcal

contuct scparation AL = -(Av/V)L = -2.2 nm. This value is approximanely ,

equal to the rms roughness of ecach optical surface. We observe 21so
that the curve in Fig., 8 is 51m11a1 to most of the curves in Figs. 7h
through 7g during the first 00 days, and we conclude that the major
contribution to the carly changes is attrlbutable to Lhc 0pt1cn1

contacts, rather than to thc reflection pnaxc shifts.
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As cxbiaincd in ihc discussion of the two-ca?ity'mcfhod whéh
the slopes Av/AP for long and short cavities bccomc equal, thls quant1ty
measurcs thc d1m0n51onal stablllty (Eq. (’6)) Slnce, for long and |
short samplcs of Cer-Vit and Homosil, the slopes were cqual for prac-
t1ca11y a1l mcaSuremcnts, it appears that surface effects were always
negligibie fbr these.samplés {see Figs. 7c and d). ;Hdwgver, thekslopes '
of the_remaining curves (ldng versus short Cavitiesj Figs. 73, b, and - |
e through g):are'diséimilar during the first 60 days and then become
é@hal;' For these samples, we concluded that the early curvature is due
to Sufféce effects -and, as describedjin.thé}preéeéing baragraph;'the"

major contribution to these surface effects resulted from a decrease

in optical contact separation. The only exception to this interpretation

is the 10-cm Invar LR-35 sample, which showed an apparent increase

Jine optlcal contact separatlon. ThlS anomaly was rcsolved when we took

endplates was only in partlal_optlcal contact. ,Thls‘caused the endpléte'
to tilt and ihcreasc,_rathéf than decrease, the Fabry—Perotﬁoptig31 ”,
path length. |

| ‘In Fig. 9 wevprescnﬁ a summary overlay of Figs. 7a through g. :
Herc we have pxprcssed‘the dimensional chaﬁgcé oflthe 8—cmbsamplcs iﬁ;;
te%ms of normalized optic#l path length A(OP)/Ob = -AvL’S/Q, Qhere_OPvf

o

LL st (surface effccts). Table I summarizes in a single number the
J .

dimensional stability for the seven materials mcasurcd. This numbcr-

corresponds to the asymptotic linecavr slopc for cach curve 1n Fig. 9.
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The mctalfurgists and gTass'scientistS'wé havé“consultéd feel
‘that a quantltatlvc dCSCTlpthﬂ of the mechanisms we have becn obs;rv1fg :
 will be extremely d1ff1cu1t | Ve out11nc bclow three rcsults from our Mift
measuxcmcnus that nay be Lse;ul for future unntltatIVC analy51s.-‘
(1) Zcrodur and Cer-Vlt are structurally similar mat911als théy
are both glass cermics an“ealed in such a way that thcy have a room |
. temperature thermal expansion zerc cr0551ng. A However, their dime n51ona1
stability is quite different. For Zerodur, ie ébtain a daily length
‘éhange in parts per b11110n of 0 = 0, 03 for Cer-Vit 0.50 * 0 03.

" (2) Invar LR 35 and Super Invar are both iron-nickel alloys W1th
identicalfheatvtreatments. Invar LR-35 is composed of approxlmately
63.5% Fe and 36.5% Ni compared to Super Invar whose ;ompositioﬁ is.

' 63.5% Fe, 31.0% Ni, and 5.5% Co. The addition of 5.5% Cd to Sﬁper

' Invar not only causes thlS mater131 to have a room tenperature thelmal

C . -

ST 'i”r"expun31on zero cr0551ng, but also a dally 1engtﬁ chanfc of 0t '6 03 ""f"ffrv:.

parts per bllllon compared to 5.64 * 0.03 for Invar LR-35.
.(S) We obtain no significant difference betueen the dlmenslonal .
stablllty of ocur fuse d 5111ca samples of Homosil and Corning 7940.

‘Thc daily length change of Homosil in parts per bllllon is ~0 56 r»O{OS

and that for Corning 7940 is -0.51 * 0.03.
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APPENDIX A

¥Ye wish to show that ' _
N ' ( A (b(to,TQ). -1 ‘ X ¢(t0 }?0)'-~1 o ,,97 -
(gt? + o\t e = ~ Pt o 0T

We»note‘that; for all materials involved;‘aTAT = AL/L < 1076. oOur

experience with atAt is more limited, but based on the worst case
measured by Justice, atAt < 10°6, We therefore conclude that

a AT + o, AE) < 10-5,
ot t ,

Slnce ¢(t0,TQ) < ﬂ, and (A/Zw)[¢(t0,1o)/L] << 1, we can expand

inequality (A.1) to read

(aphT + 0, ALY (1 = A/2Lp + vos = 1+ M2y - ..0) << 107,

.}_QA,Q)ITHH

-

CBut A/ZL z 10"S for long and short CaVlthS, 50 the left-hand 51de of )

inequality (A 2). < 10‘10



Ahu TXB

EFrom‘Eé. (4)v

Av/v = .-[aTAT + atA+ + —2—?-\—‘A’b(t T)J { TR L @(to,To)} o
(B ])'

but ¢(£g,Tp) < 7 and A/20L << 1. Therefore
Avfv = ”?EﬁTNT’+ atAt + E;Z-A¢(t,?i]t | . (B.2)

We can 1gnore the thermal term, aTAT 51nce we have prior. knowiedne of

the thermal expan51on, and correct for lenwth changes due o temperature

chenge. Then -

: X .
o + ——— AME. T | LK ]
aAv/v Latm: L Ad (%,T) (5.3

-and we recognize the first term on the right

'a;;t“g-mf)/z ST /S

~ where AvD is the tlme dependent bulk length chance contribution to the

ophlcal path lencth chanae Flnally, using Eq. (7) and Eq. (B.4),

Eq. (B.3) can be written

Y /) A [ 2L AV o "5f 
A\)/\) = Av /\) - m(— -‘E—' A\)) ‘ , : » (B.S)

so that
Av = Avp + Av¢. ' o : (B.6)
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~Fig. 2,

-Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.
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Fig. 8.
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FIGURE CAPTIONS

Tﬁérmal expansion ﬁocfficicnt; méasurcd at thc'Univc?si;xbpf‘; g
Axizona‘for,dimcnsional stability materials.

Unéqual—length Fabrnyerot rcsonatofs in_cvécudtcd copper.i
housing (left); parts shown disassembled in photo.
TwoAFabry-Perot etalons, one wiih 12 dptical contacts, the
other with 2; used to measure.the average Ehange in'optical N
contact interf;ce separation. |

Schematié diagram of épparétus used to ﬁéffprﬁ'diménsionél.'.

stability measurements. Mirror M, is translated as indicated

by arrow to measure additional samples.

Transverse and longitudinal cross-sectional views of stabie oven.

Relative sideband intensity vs modulation frequency.

{(b) 7971 ULE, (c) Cer—Vit,.(d) Homosii fused silica, -(e)

-7940 fused silica, (f) Super Invar; (g) LR—SSfInvar.

cumulative resonant frequency change vs time due to an average

optical contact drift.

~Normalized optical path-length change vs time for seven .

materials,
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Table 1 .
Average Daily Lengfh Change AL/L (parts per billion)
Lo 4 - .o .oBruceand
Material - Justice’ ‘ Duffy = UA
Corning 7971 ULE , C -
titanium silicate _ -0.38 + 0.14 . -0.2 £ 0.1 -0.17 + 0.03 =
Corning 9623 : ’ __‘ . »
glass ceramic o =-0.32 £ 0.14 By ST
~ Corning 9622
_glass ceramic ~1.09 + 0.14 - . e
Corning 7940 - ) - - o
fused silica - -0.50 * 0,14 -~ = =~ - =0.51 % 0.03
Owens-I1linois Cer-Vit . B
C-101, glass ceramic " 1.5%0.1  0.50 % 0.03
Heraeus-Schdtt, . N
Zerodur glass ceramic - e - 0% 0.03
 Heracus-Schott v Lo
. Homosil. fused silica .. .. .. == o - 70.56- % 0.03
. - -: T S ."7,:.:‘:7“-' i ‘_2 ;r . -* »‘-‘ R : g .’ -'? :: v' »

Univéfsél'EJéiops ' . - '
LR-35 Invar _ - L e - 5.64

I+
o
o
(&34

-Simonds Saw & Steel . _ o -
Spper Invar ; S e e - 0

1+
(oo 5
(]
“

o ke bl e i o s,



Table II __

Heat Trecatment Prescription -

* for LR-35 and Super Invar Samples

_ Temperature Time . '

_Step (°C) (hr) Note |
1 82 . % Wéter quench .
2 316 1 - Air cool
3. 96 48 Air cool

A



‘Berthold et al.-~Fig. 1

so LV T T S N Y S S -
: tnvar LR-35" = - .
60 - \ H .I N
Homos i
0 " g0 -
[ -3
230 |- o o
@ o .
- Cer-Vit _ ) :
X0 ~ . i
8 | eescaemescb- - e s T
Zerodur ULE
B Super Invar -
.-30- H I i 1 ! i 1 L
~20 o 20 4o 60
Yemperature (°C)



Flg. 2

st oot ¥

PP
- .

+
+ ..
M
4
i
~ .
H .
i
¢
.
v
{
i
. ' .
" ’
. .
‘ ' PN
: 1.
.
(%]
. w
m m»v 4, ........‘.u..!.rr...r.....r.b.v o
. (& L
Ll R &
% R RIS ] s SRR B
Z Sl Kiensbeiidl s otk Joll O
& T I TR 3 ...ﬁl.u.. ‘
! us . “ .
. < . .
' M U . . . . N
< =
: m ' ) =) .
1 w w
] o . . Q .
. 9 . . S .,
. ™ .
0 . : ...
H - .
. .
: .
. M . . .
. ° ot . -,
. . g
. ) . |

.




Berthold et al.--Flg. 3

E Ser Ty
»

V4

N

s

7y

17,




Stable
Laser

[}
.

- i - -

b

-
P

L
T e
t

X H
§ ]
H

1 !
117

-
o o] {r— o - -

‘SZ‘.

Tk
Ly ==
sk gy Svit

| RPN 3 ISR

Nize

|| KDP P 24

o5




-~ . D aniuweaeZdn., v - e T s .
Koo, yemone e S e N Rl LIS G e e R FE R 0 e s i B 25 b et e b e G TS e N e DR P 2

S N o o ' Berthold ct al.--Flg. 5 -

lg——30.5 cm —]

Rl NN\
o NN
insulation \ég_ﬁ_’jé& o
- Nwzzzy -
N

7

Samb!é '
chamber -

" Copper cylinder
with heater

Insulation

Stainless .
steel cylinder

Transverse Cross Section : Longitudinal Cross Section




i R e S R R e e -

17 .
15
- L]
131 - °
8 =
|
2{ 11 ) .
= L] [}
=
-g 3 [~ [
o o
.QO) o
o 7 .
L]
» - °
> .
- et o
. ® _ : |
- - . ;’G’ B . ‘3»4. - . . .. N
RN G ¥ ICTE A S P EEP TS
- "o
°
] = ° - . . . ® ® .
2 ]

‘ ! 1 ! 2 1 | 1 “! e
50 *00 . 200 300 L0O - 500 600 . 700 800 900 - 1000

Hodulétlon frequency (MHz)

Berthold ct al.--Flg. 6




Berthold et al.--Flg.

/9

bt Py

Lonan B oy |

et et

10 cm

laalan

k0 160

120

30

e

60 80 100
t(days)

Lo

20




Berthotdmet al.--Fig. 7b

60

50 | o 8 cm | (1 11
Lo + ‘ : ‘ . !
0L .}

20 |-

AvL,S (MHzZ)

) 10"1 . .
L wen g T

~10 1 ' 1 ¢ 1 ! ! t

N 0 20 4o 60 80 100 120 140 160
: ' t(days) :

BT T T o - - i L. .. Vet e - oW e I . i e el
TR e R I . S T S e e L e s st g e T




/¢

Berthold ct al.--Fig.

s
bid “
bhort -~
=) “
thuntd -
bod .
. .
“peid
-t N
e o
]
. -—
lr/w -
"~
€
O et bt
O petred m -
L and Ly o
[ce)
N as
bt
ecs b
1 1 | I S | ! ]
o (o) : O N [0 <O
homd o~ ™M -3* (Ve
R 1 i 1 [

[
(zi) S oy

<O
(V]

.

<

e

©

v

o

-

t (days)




- 40

AVL,S (MHz) -

- 30

berthold et al.~-Fig. 7d .~

20

t{days)

e ¥
80 1Q’0 120 140 160




e

et al.--Fig. 7e

Berthold

!
s
L
3
|
1
1
4
;

4oL

vy s (Mﬁz)_
i

1 1] ! 1 1 14 1 1

: !
0.~ 20  ho 60 -~ 80 100 © 120 140 T160.

N e LR P )




ferthold et alo=-Fla. 77

30
- ] 8 cm I ,
20 - xl'l 1'51 1 11 I S | I 1 I I I
L. i
CASTRS ;i I I © 10 cm _
i
4
B!
~10. S I N N T  IEY RO B 1
-0 20 ko - 60 80 100 120 140 160
' " t{days) o A




!_ .

v v 3
D
. “
s -
)

»
-

-

AvL,S (MHZ)

{

.1

f

1

80

-

100

1
120




FW* : ' v : : - " gerthold et-al--Flg, &

e s | !
[ )

O Y

160




e TR T ASMBRTIR AT

IS N R TIVR SVINY LA e TTE Y. g

500’—
© Zerodur
400 4+ Code 7971 ULE
D Cer-Vit
¢ Homosil fused silica
- & Code 2840 fused siiica
S 30} . © fnvar LR-35
A X Super {nvar
x -
g 200,
0 .
3
(<8
S we
L g
0
~1)
(<] 20 4v 55 lCO IZO %0 :SS icd
1 (days)
. _-, g} Ry oy g




