
UNCLASSIFIED

AD NUMBER

AD911373

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Test and Evaluation; JUN
1973. Other requests shall be referred to
Air Force Avionics Laboratory, Attn: NVN,
Wright-Patterson AFB, OH 45433.

AUTHORITY

AFAL ltr, 12 Jan 1976

THIS PAGE IS UNCLASSIFIED



BRF CLEEANING-RING LA"SER G-Y-RO-

Glary D. Babcock and Fredrick Vosola

Autonutics Division of Rdckwell internat~onal -w"o
TECHNICAL REPORT AFAL-TR-73-190

Jutt 1973

',, S 0

DISRIBUTION STATEMENT

Ditribultion limited to us. Govenment agences onlty; report cowers test and
evaluation of military harteer; June 1973. other requests for this document
must be referred to APAL/NVN. Wright-Patterson APE, Ohio 45433.

AIR FORCE AVIONICS LABORATORY
Research and Technology Division

Air Force Systems Command

Wright4Pattarson Air Force Bass, Ohio 4543



.. ... ... ~~ -~~~w~~4t gA~~~~~*~~ mn~fr. ~h~~A,.v S~j4 ~ "

A'Vt to & Okowm



RF CLEANING-RING LASER GYRO

Gary D. Babcock and Fredvtick Vesciat

Fi

"DISTRIBUTION STATEMENT

Distribution limited to US. Government agencies only; report coms test and
f evluetion of military hardware; June 1973. other requests for thit document

must be referred to AFAL/NVN0 Wright-Patterson AFR, Ohio 45433.

°li

I•



FOREWORD

This document constitutes the final engineering report for the RF Cleaning-Ring

laser Gyro program. The effort was performed from 17 April 1972 through
S28 February 1973, by the Autonetics Division of Rockwell Intenat
3370 Miralory7a Avenue, Anaheim, California 92803. The data contained in this report

were generated under Air Force Contract F33615-72-C-1741, Project No. 6095, for the

Air Force Avionics Laboratory, under the monitorship of Robert W. McAdory

(AFAL/NVN), Wright-Patterson Air Force Base, Ohio 45433.

This Technical Report has been reviewed and is approved for publication.

Y louel, USAF

Chief, N6vigation on
Weapon Delivery - on

ki



ABSTRACT

This document presents theresults of R F Cleaning - Ring Laser Gyro program
performed by the Autonetics Division of Rockwell International Corporation. One of
the most significant problems confronting ring laser development is short life. The
key to long ring laser life is a clean cavity (free of contaminants). The objectties
of the contract were to test the RF cleaning concept and to build deliverable RLG
hardware including both sensors and electronics.

The RF cleaning study was performed to determine the feasibility of using RF
energy to clean ring laser gyro cavities. A "dual discharge" approach was selected
as the most suitable RF coupling technique for cavity cleaning. Experimental studies
were conducted to select and optimize cleaning parameters and procedures. Compara-;
tive effectiveness of cleaning techniques was measured by optical spectroscopy and by
life tast of operational ring laser instruments.

Data are presented which indicate that oxygen Is the most efficient cleaning gas
and that RF clepning used in conjunction with normal thermal degassing processes can
provide for improved laser gyro cleanliness. Conclusions and recommendations for
future studies are also presented.

Instrument and electronic design of the deliverable hardware are described.
Autonetics state-of-the-art design and processing techniques are incorporated ia the
sensor design. Operating procedures and test results obtained with the equipment at
Autonetics are given. A summary is presented of brief studies conducted on !-LG
reliability, maintainability, and system safety.
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SECTION 1

INTRODUCTION

The ring laser gyro has shown much promise as a high accuracy, low-cost,
strapdown angular rate sensor for a wide variety of guidance applications. Its unique
sensing mechanism and inherently simple structure should allow operation under higb-g
missile environments as well as under normal aircraft cruise conditions. The laser
gyro theoretical limits on drift rate and maximum rotation rate appear to be consider-
ably better than required for the present needs of navigation and guidance systems.
Although ring lasers are still in the development stage, accuracies now being attained
are sufficient for some applications. However, before the laser gyro can be used
operationaily, its lifetime must be significantly improved.

A program was devised to investigate a means to overcome one of the major
factors known to limit laser gyro lifetime, namely residual contaminants on the interior
surfaces of the laser cavity. Information from other sources suggested that improved
cleaning to remove such contaminants could be obtained with an RF discharge in a
selected gaseous medium. The work reported herein included first the development
and evaluation of the RF cleaning technique, and thea the fabrication of a operational
laser gyro utilizing the cleaning process indicated to be optimum.

The lifetimes of ring laser gyro instruments are generally recognized to be
limited by four factors: (1) gas contamination, (2) gas cleanup, (3) helium permeation,
and (4) reflector degradation. Gas contamination may arise from residues left by
inadequate cleaning during fabrication, outgassing from the materials of construction,
decomposition of structural materials due to localized sputtering or plasma bombardment,
and inward permeation of contaminants from external sources.

Gas cleanup is the loss of gas from the helium-neon lasing m-xture due to
diffusion or Ion burial into internal surfaces and gettering effects of cathode sputtering.
Helium permeation is the loss of this particular gas due to its relatively rapid diffusion
through certain materials typically used for ring laser gyro construction, such as fused
silica. Mirror degradation is caused by bombardment of the reflective surface by high
energy particles from the plasma discharge in laser gyros.

Of these four categories, gas contamination appears to be the one which has the
greatest practical effect in limiting laser gyro lifetime and which also is the least con-
trollable by choice of materials or other design considerations. Furthermore, of the
several causes of gas contamination, it is apparent that residues left from inadequate
cleaning could have the most immediate and drastic influence with respect to degradation
cf laser gyro performance and termination of useful instrument life. For these reasons,
the prospect of more effective cleaning by utilization of an RF energy discharge coupled
into the laser gyro body interior was felt to be worthy of investigation. A significant
improvement in cleaning with the RF technique would contribute directly to the opera-
tionai lifetime capability of ring laser gyros.

The approach which was pursued with the RF cleaning studies was first to
investigate the techniques for application of the method to ring laser gyros, then to
optimize the process, and finally to evaluate its effectiveness by means of analytical
techniques and life tests. An important consideration throughout was how RF cleaning



would relate to the existing cleaning procedures generally established for ring laser
gyro fabrication. The objective was to have RF cleaning complement the conventional
processing procedure no as to obtain the most beneficial net effect.

The second part of this program was to fabricate a ring laser gyro complete with
operational and test electronics suitably packaged for laboratory tests at Holloman Air
Force Base. The objective of this effort was to supply for evaluation prototype hard-
ware to represent the state-of-the-art ring laser gyro technology available at Autonetics.
Accordingly, the hardware was designed and fabricated based on concepts existing at
the time for laboratory testing applications only, and involved no development effort
relative to packaging for adverse or variable environments.

The R F cleaning studies had progressed to the point that It was possible to utilize
essentially the final method developed on this program for cleaning of the ring laser
gyro instrument during its fabrication. The results observed indicated that RF cleaning
did contribute to a more effective and stable laser gyro Instrument.

--
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SECTION H

RF CLEANING STUDIES

1. INTRODUCTION

With the present state-of-the-art techniques, gas contamination appears to be the
primary limiting factor for long shelf life and the cause for short-term operating failures
in ring laser gyros. The laser cavity gas may become contaminated by inadequate
cleaning techniques during construction, outgassing from the materials and bonds used
in the gyro, and, under certain conditions, by inward diffusion of external contaminants.

The comynon technique for reduction of gas contamination sources is to thermally
degas the entire instrument through high temperature vacuum baking. Adhesive seals
and optical -oatings generally limit the baking temperature in ring laser instruments so
that impurity outgassing becomes P very time consuming and costly process.

The primary objective of this study was to investigate cleaning ring laser gyros by
a new process that has the potential of producing cleaner cavities in much less time and
at a lower cost. The technique involves coupling RF energy into a gas-filled laser
cavity so that a discharge will be sustained where ions bombard the wall and entire inner
surfaces of the instrument. Such an RF energy cleaning process was first developed and
successfully used to clean helium magnetometers. Since both instruments employ gas-
filled cavities constructed of similar materials,the process should be applicable to the
ring laser gyro.

The experimental approach to the investigation was to (1) evaluate techniques for
efficiently coupling RF energy into the ring laser cavity, (2) select and optimize cleaning
parameters, games, and an RF coupling network, and (3) determine the effectiveness of
the RF cleaning technique through the processing and comparative lifetime testing of
several operational ring laser instruments. Considerable emphasis was also placed on
optical spectroscopy as a technique for monitoring laser cavity cleanliness and for identi-
fying types and amounts of contaminants. A detailed description of the technical tasks
and specific experiments performed during the study are presented in the following
sections. The final section discusses the results of the investigation and lists specific
conclusions and recommendations for further work.

2. RF COUPLING TECHNIQUES

A series of tests were performed on several ring laser instruments and straight
laser tubes to determine the best RF coupling technique for the cleaning studies. The
following approaches were evaluated: (1) inductive coupling with a coil completely
surrounding the instrument, (2) capacitive coupling through two parallel plates sand-
wiching the instrument, and (3) direct RF contact coupling through anodes, cathodes,
getter pins, and other feedthrough areas. Three different RF power supplies available
from laboratory test equipment were used for these tests. Frequencies of 13. 67 MHz
and 40.68 MHz could be generated with this equipment.
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Each of the RF coupling techniques evaluated were able to sustain an RF discharge
in the reservoir area of the tubes under several different power conditions and efficien-
cies. However, difficulty was encountered in sustaining an RF discharge in the bore
areas of the ring laser. In a conventional straight laser tube, the bore usually consists
of a relatively thin wall capillary tube which is separatOd from the cathode-reservoir
section. This capillary can be surrounded with a network of RF electrodes and an
RF discharge can be readily coupled into the bore region. In a ring laser gyro employ-
ing single-block construction, the bores are drilled into the block itself and buried in
a thick wall of body material. Apparently, the field drop through these walls is
sufficient to limit RF discharge conditions in the bore.

An RF discharge could not be sustained in any of the bore areas of a ring laser
instrument when inductively coupled with a coil. However, the corner portions of the
instrument and nearby bore sections could be discharged via capacitive plate coupling.
These corner areas are somewhat enlarged to accommodate reflector mounting and
provide a thinner wall area for better field coupling. The bore areas could be discharged
by direct RF contact from anode to anode or to an external accessory electrode. Con-
siderable heating of the anodes was found to occur, however, ond in one case the
adhesive used to mount the anode failed, generating a small leak in the gyro. Direct
RF coupling through feedthrough pins has also been noted to melt or fracture metal-
to-glass seals.

It was determined that for the present ring laser cleaning experiment, the
optimum field coupling and wall bombardment conditions will be best achieved with
simultaneous DC and RF discharge. Here, the technique employed is to utilize the
normal DC discharge which operates the instrument In conjunction with an externally
coupled RF field. The RF field can be applied via a coil inductively coupling the
instrument or by capacitive plate coupling. Under normal DC operating conditions,
the plasma is confined to a portion of the interior of the instrument cathode and to the
central region of the tube bores. With additional RF excitation, the discharge spreads
to the wall areas of the bore and completely fills the gain section of the tube. In
addition, the entire reservoir area undergoes excitation due to the RF field. Thus,
all the interior surfaces of the ring laser instrument undergo bombardment without
excessive localized heating. The capacitive coupling technique appears to be the opti-
mum one for applying the HF field under this dual discharge condition. Inductive
coupling is satisfactory for small-size tubes, but the larger ring laser instruments
(40 cm) require very large coils in which it becomes very difficult to achieve resonance
conditions.

Capacitance coupling to the ring cavities was best accomplished by sandwiching
the instrument on top and bottom with two electrode plates. The plate configuration
used for 15-cm path length ring laser gyros is shown in Figure 1. Holes were cut in
the top plate to accommodate the getter and cathode pin feedthroughs. Similar plates
'were utilized for larger size instruments.

4
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Figure 1. 15-cm Ring Laser Gyro and Plates Used for Capacitive RF Coupling

3. RF NETWORK SELECTION

In order to capacitively discharge the gas-filled section of the ring laser during
the filling procedure, a high-voltage excitation is required. The voltage ]evel required
is not available from standard RF supplies, since these are designed to drive a nominal
50-ohm load. Therefore, a conversion circuit was designed and fabricated which
converts the low-voltage high-current output into a high-voltage low-current source.
The circuit is basically a balanced inductively coupled parallel-tuned tank that is
driven by a series-tuned circuit. The output of the tuned tank circuit has voltages
exceeding 400 volts. This level is sufficient to cause the gases in the plasma to
spontaneously discharge. The balanced circuit operates at half the voltage to ground of
the normal Tr circuit. Since RF radiation losses are proportional to the voltage squared,
the circuit has about one-quarter the radiation loss. Figure 2 shows the schematic of
the balanced circuit. L1 and L2 constitute a transformer which is necessary to obtain
double-ended output. C2 is a butterfly capacitor that maintains ground halfway between
the two output electrodes. C2 is taken as the combined capacitance of the plate elec-
trodes and butterfly capacitor. HI is the effective load the circuit must match. in
operation, L 2 and C 2 are approximately in resonance, w2 L2 C 2 z 1. The circuit is
used in conjunction with a Spectra-Physics Model 200 RF power supply. The supply
runs at 40.68 MHz and has a maximum power output level of 40 watts. Two parallel
aluminum plates were used to sandwich the gyro body on top and bottom for capacitive
coupling.

5
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Figure 2. Schematic of Balanced RF Tuning Circuit

The optimum RF network circuit components were selected by trial and error
taming with the aid of a Johnson Direction Coupler. The directional coupler consists
of two indicating circuits placed back to back that are coupled to the center conductor
of a short section of transmission line. The combination of inductive and capacitive
coupling is such that the incident power Is capeelled out and the indicator circuits
measure relative reflected power. Since the indicators are back to back, one measures
actual reflected power and the other measures actual incident power, which because
of the indicator circuit placement appears to be reflected to the coupler. The ratio of
reflected power to incident power is used to determine the standing wave ratio (SWR)
which can be directly metered with the Directional Coupler. For maximum power
absorption by the load, minimum power losses in the cable and efficient operation of
the exciter, the standing wave ratio should be as close to one as possible.

Figure 3 displays the exciter, directional coupler, standing wave ratio meter,
tuning circuit and capacitive coupling apparatus that were used for the RF cleaning
studies. The component values that were utilized for coupling RF energy on to the
15-cm size ring laser gyros are shown in Figure 2. Coupling into larger size Instru-
ments could be achieved with the same basic circuit by merely increasing the number
of turns on L2.

.. .
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Figure 3. Exciter, Directional Coupler, Standing Wave Ratio Meter, Tuning
Circuit and Capacitive Coupling Apparatus for RF Cleaning Studies

4. MEASURING CLEANING EFFECTIVENESS

In order to optimize the parameters and procedures of the RF cleaning experiment,
it was necessary to establish the levels to which cleanliness could be monitored in a
ring laser gyro instrument. Both optical and mass spectroscopy were considered as
possible techniques for measuring cleaning effectiveness. The optical spectrograph
approach was selected as the most suitable one for the present RF studies since
continuous impurity analysis could be conducted under operational conditions both on
and off the fill stand without removal of fill or cleaning gases for sampling purposes.

The radiation emitted by matter in the plasma state may exhibit either a continu-
um or line spectra or both. Its analysis by spectroscopic measurements of continuum
intensities, line intensities, and line profiles can often provide considerable information
about plasmas. The frequencies of the lines emitted from an excited atom or molecule
are characteristic of the atoms or molecules themselves, while the shape of the line
indicates the environmental effects on the emitter.

The emission of a spectral line is determined by the population of the upper
quantum level of the line and by Einstein's transition probabilities. Thus, from the
Intensities of the individual lines, the density of atoms in upper states of the lines can
be calculated if the transition probabilities are known. A continuous emission spectrum
is always formed when at least one of the respective quantum states is a free state, the
energy of which is in a continuum of permitted values. Continuum radiation can thus

7



be due to free-free or bound-free transitionA and the emitted intensity is proportional
to the product of the electron density and the ion density. Continual continua may
also be formed by merging of unresolved lines or lines which are close to each other
and very broad. Such contina are called apparent continua.

The optical spectrum of a helium-neon plasma is complex due to the strong
emission characteristics of neon. The spectrum consists of numerous discrete and
intense lines which often make it difficult to monitor minor transitions from impurity
elements. Figure 4.displays the spectrum of a partially contaminated helium-neon
filled ring laser gyro. The numbers associated with each of the peaks are from dial
readings taken from the spectrophotometer and may not precisely correspond to exact
spectral wavelengths. All the peaks in Figure 4 can be identified with either neon or
helium except for the 6563 A line (circled) which Is associated with hydrogen. The
"intensity of this hydrogvn transition corresponds to approximately 0. 3 percent contami-
nation of the helium-neon gas in the ring laser gyro.

A series of experiments was conducted to determine minimum detectable spectral
transition levels for several likely ring laser gyro contaminants. The experimental
technique was to: (1) determine all spectral transitions associated with helium and
neon, (2) identify major spectral peaks for each of the likely contaminant materials,
and then (3) examine the optical spectra of normal helium-neon fill gases with known
amounts of impurities added. The impurity gases monitored were hydrogen, oxygen,
nitrogen, air, water vapor, and argon. Acetone and methyl alcohol were also evaluated
as representative of organic type Impurities. All of these materials are likely to be
found in various types of contaminated instruments. Laser power output was also
measured during the detection level tests. to provide a measure of gain degradation under
varying impurity conditions.

A 40-cm ring laser gyro was used for the impurity detection experiments. This
instrument was a previously assembled unit which was refurbished with a new cathode-
reservoir assembly. Initial attempts to monitor optical spectra were made with a hand-
held spectrometer consisting of a set of simulated diffraction gratings. This technique
was useful for quick visual monitoring of large amounts of contaminant gases. However,
it was found to be extremely difficult to visually pick out small impurity transitions
because of the strong emission characteristics of neon. Also, many of the likely con-
taminants possess transitions that are beyond the visible spectrum. A high-resolution
scanning monochrometer is the most suitable type of instrument for impurity detection
measurements.

The Jarrell-Ash scanning spectrophotometer pictured in Figure 5 was used to
monitor optical spectra for.the impunity tests. This unit automatically scans the
spectral region from 3500 A to 8500 A with better than one angstrom unit resolution.
Both the ring laser gyro and spectrophotometer were attached to the gas fill station as
shown in Figure 6.

The vacuum evacuation portion of the fill stand employs a trapped-Gil diffusion
pump capabla of pumping below 1 x 10-8 torr. The fill station is equipped with a set of
throttling valves for admission of precise amounts of external gases as well as helium
and neon fill gases. Pressure levels are measured by a capacitance manometer with a
range of 0.001 to 10 torr. Thus, Impurity levels down to 100 ppm (by pressure) could
be achieved by direct fill methods. Impurity levels to 1 ppm and lower could be
achieved by successive dissolution techniques.

8
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Figure 5. The Jarrell-Ash Scanning Spectrophotometer Used To Measure
Optical Spectra of impurities During RF Cleaning Experiments

Figure 6. Ring Laser Gyro on the Gas Fill Stand Along With the
Jarrell-A sh Scanning Optical Spectrometer
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Optical spectra were initially generated for the helium-neon mixture (90 percent
He 4, 10 percent natural Ne), for neon in a 1:1 Isotopic ratio of Ne 2 O/Ne 2 , and for
He3 ., The latter two are normally used as the final fill gases in an operational ring
laser gyro instrument. The major spectral peaks of each of the fill gases were
identified. Relative peak Intensities were found to be very dependent upon fill pressures.

* Fill pressures of 2.5 and 6.0 torr were selected as a reference for al spectral data.
The spectrum of He 3 was found to be very similar to that of He4 with no additional
peaks and with only minor changes in relative peak intensities. The spectrum of the

*mixture of neon isotopes was also very similar to that of natural neon.

Minimum detection levels and spectral characteristic of the impurity materials
were as follows:

1. Hydrogen. The optical spectrum of hydrogen is identified by a major,
well defined peak at 6563 A. The transition is a very strong one and
tends to dominate the spectrum even when additional impurity elements

* are present. The detection level of hydrogen, as a singular impurity,
is approximately 30 ppm. However, several other likely ring laser gyro
contaminants have hydrogen related transitions which limit the minimum
detection level to a few hundred ppm under mixed impurity conditions.

2. Oxygen. The spectrum of oxygen was found to be considerably different
from the normally published values taken under discharge conditions.
The spectrum consisted of a general continuum over the scanned
"spectral interval witl only two distinct, but minor peaks. A singlepeak
was observed at 844 A with a doublet occurring at 7771 1 and 7774 A,
respectively. When 10 percent oxygen was added to the normal
helium-neon fill, the two discrete spectral peaks increased in amplitude
by a factor of four. Successive dissolutions decreased peak Intensities.
The presence of large amounts of oxygen greatly attenuates the normally
strong helium-neon spectra. However, the oxygen transitions are greatly
attenuated with the addition of other impurities, particularly hydrogen.
Oxygen alone can be detected In the helium-neon gas fill down to approximately
100 ppm.

3. Nitrogen. The spectrum of nitrogen is characterized by a large number
of both minor and major spectral peaks. The major lines show broad
leading edges due to associated minor spectral transitions and are readily
identifiable. The line at 6723 K is the most pronounced one for impurity
detection measurements. Minimum detection levels were measured
to be slightly below 200 ppm.

4. Air. The presence of air in the gyro gas fill is characterized, as one
might expect, by major spectral peaks associated with nitrogen and
oxygen and by minor peaks associated with argon. The detection sensi-
tivity for air contamination is primarily defined by the spectral tran-
sitions related to nitrogen. To detect low impurity levels and to distinguish
a pure nitrogen source from an air leak, the spectral transitions associated
with argon also have to be monitored.

* * 11
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5. '.rgon. The detection sensitivity for argon as an impurity contaminant
in the helium-neon plasma was measured to be approximately 25 ppm.
This was the lowest measured value of all the potential contaminant
materials that were tested. Argon it not expected to be a normal ring
contaminant unless a leak occurs at one of the seals. Its high detection
"sensitivity, along with the fact that it is not usually getterable, makes it
the prime candidate for m.onitoring gyro leaks.

6. Water Vapor. The presence of water vapor is evidenced by spectral
peaks, correspoiding to hydrogen and oxygen. The hydrogen peak at
6563 A and the oxygen doublet at 77 7 4 AL generally occur in the amplitude
ratio of 7/1 when water vapor Is present as a contaminant. Variations
of oxygen and hydrogen from this ratio usually indicate the presence of
additional oxygen or hydrogen related impurities.

7. Organic Impurities. Organic contaminants in the ring laser gyro gas fill
are Identified by spectral peaks associated with hydrogen and oxygen.
The ratio of hydrogen to oxygen is a function of the type of organic impurity.
Acetone, for example, is characterized by an extremely large hydrogen
peak with virtually no detectable oxygen. Methyl alcohol, on the other
hand, shows a moderate hydrogen peak with a small but distinguishable
oxygen transition. Apparently, organic materials are dissociated under
plasma conditions. The amount and nature of the constituents liberated
are related to the bond structures of the individual materials. The
"presence of an organic material in the plasma can be detected by
measurable variations in the minor spectral peaks of both oxygen and
hydrogen. However, the identification of the specific type of organic
impurity is extremely difficult to establish with optical spectroscopic
techniques alone.

Relative amplitudes of impurity transitions as a function of percentage gas contamination
were also established during the impurity detection experiments. The results for argon,
nitrogen, hydrogen, and oxygen are displayed in Figure 7. One can note that both argon
and hydrogen possess fairly intense impurity transitions. Nitrogen and oxygen, on the
other hand, provide small %mplitude transitions which greatly limit the minimum
detectable levels. Examination of the transition Intensity curves for both the oxygen
doublet (7771, 7774) and single transition (8446j indicate a crossover point at approximately
0. 0.1 percent contamination with the doublet providing better detection sensitivity at the
lower impurity levels. The percentage contamination curves in Figure 7 for oxygen
were generated by direct fill techniques. Generating similar curves by dissolution
techniques involving filling the instrument directly to a known contaminant level then
reducing the level by pumping out a portion and adding additional He-Ne,did not prove
successful due to a residual level of oxygen that remnined in the tube. Apparently under
oxygen discharge conditions a considerable amount of oxygen is absorbed and ion-
implanted in the ring laser gyro cathode and/or body material. Such oxygen desorbs
very slowly with time and requires a considerable period to pump out. This effect was
also noted in the life-test portion of the program and is discussed further under that
subject.
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It was observed in all cases that contaminants attenuate the total spectrum of
helium-neon. The attenuation of several strong neon transitions for varying amo~t~n
of hydrogen are displayed in Figure 8. The attenuation profiles of the neon 6532 A
line with respect to hydrogen, oxygen, and nitrogen are displayed in Figure 9. These
curves indicate that hydrogen shows complete attenuation at lower levels than both
nitrogen and oxygen. This is in agreement with the power output measurements of gain
degradation which indicated that laser quenching was moat sensitive to hydrogen
limpurities. Small amounts of oxygen had little effect on laser output and i• some
cases appeared to enhance laset gain. The attenuation profll6 of the 6328 A line was
found to be similar to the 6420 A line. Continuous monitoring of the spontaneous

__• emission from this transition which provides the stimulated 'aser output offers a means
S~for direct measurement of laser gain as a function of contamination sources.

• The experiments to establish minimum impurity detection levels with optical
S~spectroscopy indicate, in general, that the presence of contaminants in the normal ring
S~laser fill gas can be detected to a level of a few parts per milIton. The identification

levels of specific impurities are in the range of 20 to 55 ppm depending on the type and!
or combination of materials involved. These levels of detectiot provided a satisfactory
base for monitoring the effectiveness of cleaning processes and procedures and also
for optimizing the parameters of the RF cleaning experiments. In addition, the ability
to identify different impurities under operational conditions enabled continuous impurity
analysis during the life-test portion of the program.
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5. CLEANING PARAMETERS

In glow discharge cleaning, removal of impurities is brought about by one or
more of the following mechanisms:

1. Heating due to impingement and recombination of charWed particles.

2. Impurity desorption due to electron bombardment.

3. Impurity desorption due to low energy ion bombardment.

4. Volatilization of organic residues by chemical reaction.

All of these factors were taken into consideration when selecting the optimum parameters
for RF cleaning.

I Both the bombardment and heating effects of the RF discharge were found to be
greatly dependent on cleaning gas fill pressure. The optimum pressure was taken to be
the point of most efficient coupling of the RF field Into the laser cavity. This optimum
pressure was slightly different for each type of cleaning gas.

A series of tests was conducted on a 15-cm ring laser gyro in which RF coupling
was measured as a function of cleaning gas pressure. The efficiency of coupling was
determined by measuring the tuned standing wave ratio of the RF network. Couplingeffects could also be monitored visually by observing to what extent the RF discharge
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completely filled the reservoir section of the ring laser gyro. Measurenents were
taken over a pressure range from 10 to 0. 1 torr for several likely RF cleaning
gases, Optimum pressures for HF couplings under dual DC and RF discharge
conditions were as follows:

Helium (He ) - 8.5 torr

Argon - 1.0 torr

Oxygen- 6. 0 torr

He 4 -Ne 2 0  
-. 7.0 torr

Nitrogen - 3.0 torr

Neon (Ne20 N22 - 6.0 torr

These differing optimum coupling pressures are no doubt related to atomic diameters.
mean free paths, ionization potentials and ionization characteristics of the respective
gases.

As one might expect, the amount of heating of the gyro surfaces due to particle
bombardment is directly related to how efficiently the RF field is coupled into the
cavity. A set of comparative time-temperature relationships was established to
determine the heating effects of likely cleaning gases under optimum RF coupling

Sconditions. Tha measurements were taken at the optimum RF coupling preL•sures
previously listed at a constant power input level of 25 watts. A plot of temperature
rise versus cleaning time is displayed in Figure 10. The temperatures indicated in
the figure are those of the fused silica ring laser gyro body and were measured with a
thermocouple taped to the exterior of the instrument near the bore area. One can note
that thermal equilibrium occurs approximately 60-nin after the initiation of the RF
discharge for each of the gases. The reactive gases (oxygen and nitrogen) appear
to generate larger heating effects than the inert gases.

The temperature of the fused silica reservoir cover of the ring laser gyro was
also measured after the 60-min cleaning cycle. It was found to be 75°F hotter than
the side wall temperatures indicated in the ilgure. This is no doubt due to the fact
that the reservoir cover is normal to the applied RF field and receives maximum
energy from bombardment effects. Also, radiation losses are. considerably less than
on the side walls due to the fact that the cover is somewhat shielded by the top
capacitance coupling plate. The internal surface temperature of the gyro is probably
much higher than either of the measured external temperatures and should provide for
considerable thermal degassing. Ideally, the exterior of the gyro should be heated
to its thermal limit (3509F) to also provide for maximum volume outgassing of the
fused silica. This was readily accomplished by Increasing the RF power into the
cavity. Under maximum available power conditions (40 watts) utilizing oxygen
cleaning gas, the temperature of the instrument cover increased to over 4009F in
35-min. This is past the breakdown temperature of the epoxy cement used to seal
the ring iaser gyro body. in fact, during such a cleaning cycle ?. cement failure
occurred at a getter pin feed through, resulting in a gyro leak. Approximately 32 watts
of RF power were found to heat the gyro within safe baking limitations within a 60-min
period. These conditions were selected as optimum for the subsequent gas selection
experiments.
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Figure 10. Temperature Rise Versus Time for Different RF Cleaning Gases

The experiments to select the optimmn gas for the RF cleaning process consisted
of monitoring impurity levels before, during, and after RF cleaning. In this way the
effectiveness of each cleaning material could be directly determined. The gases eval-
uated were oxygen, nitrogen, helium, Ne 2 0 -Ne 2 2 , and argon. He 4 - Ne 2 0 was used, as
the standard fill for measuring reference Impurity spectra before and after filling with
each of the cleaning gases. These initial tests were conducted with a single 15-c.m ring
laser gyro under the optimum pressure and coupling conditions described earlier.
Laser power output was also monitored after each selemtion test. Equivalent starting
conditions were achieved by venting the instrument to air for a specified period before
cleaning.

Prior to any cleaning, the optical spectra from the 15-cm test instrument
generally indicated approximately 1000 ppm of contaminant gases in the helium-neon
fill mixture. The instrument did not lase under these conditions. During RF cleaning
considerable amounts of observable contaminants were liberated. At the end of the
cleaning period the contaminant level was found to be greater than 1 percent of the total
fill. The primary impurity materials that were observed in each of the spectra were
hydrogen and oxygen with an occasional trace of nitrogen.

Dual DC and RF discharge cleaning with helium gas appeared to liberate extremely
large quantitles of hydrogen with only moderate oxygen liberation. Argon cleaning
showed a fairly large liberation of i th hydrogen and oxygen. The neon isotopic mix-
ture showed low impurity gas liberadion effects with larger hydrogen evolution than
oxygea. BF cleaning with oxygen showed virtually no hydrogen liberation. However,
the spectrum of pure oxygen is a very diffuse one and may somewhat attenuate the

17



hydrogen transitions. Cleaning with nitrogen liberated considerable quantities of
oxygen with smaller amounts of hydrogen.

Spectra ttken either after pump-out and refill with the helium-aeon mixture all
showed trace amounts of either hydrogen and/or oxygen for all cleaning gases. Argon
showed slightly lower trace contaminant amounts than both helium and neon. The
reference spectra taken after oxygen cleaning, pump-out, and refill showed no detectable
hydrogen but considerable amounts of remanent oxygen. Hydrogen attenuation due to
oxygen was not observed in earlier helium-neon reference spectra were both Impurity
materials were In moderate amounts (<1000 ppm). Thus, the hydrogen removal may be
a real effect. The large amount of remanent oxygen noted after RF oxygen cleaning was
observed in the impurity detection experiments and can probably be explained by the
reactive nature of the gas In that it tends to more readily enter into sorption-desorption
types of interactions. The spectra taken after nitrogen cleaning showed very small
hydrogen impurities but notable oxygen content. This is also probably due to the slow
desorption characteristics of oxygen and Is related to the considerable oxygen liberation
observed during the RF nitrogen cleaning cycle.

The power output measurements taken after the different RF cleaning cycles were
somewhat inconsistent with the impurity content observed in the optical spectra. In
particular, lasing intensity was observed to be greatest after oxygen cleaning, even
with moderate amounts of oxygen impurity still evident in the gyro. This can possibly
be attributed to the removal of hydrogen by the oxygen cleaning process, since hydrogen
has been found to be the impurity material -to which laser gain reduction is most
sensitive. Also, 6mall amounts of oxygen impurity may actually enhance lasing intensity.
The power output of the test ring laser gyro after RF cleaning with the other gases was
down by a factor of 3 to 5 from the oxygen value.

6. COMPARATIVE LIFETIME TESTS

A second series of selection experiments were conducted in which the candidate
cleaning gases were evaluated with several different ring laser gyro instrument
assemblies, one for each candidate gas. These experiments provided for equivalent
starting conditions and allowed for direct comparative evaluation of RF cleaning effec-
tiveness under operational conditions. Four gases were evaluated: argon, helium,
oxygen, and nitrogen. Argon is the gas that has been traditionally used for normal DC
glow discharge processing. It is inert, relatively low cost, and,since it has a relatively
heavy molecular weight, provides efficient high energy bombardment. Helium possesses
several extremely high energy transitions in the lower end of the ultraviolet spectrum
and thus may be very effective in dissociating and liberating surface absorbed impurities.
Oxygen and nitrogen are reactive materials which may be useful for clean-up of
hydrocarbon-type impurities.

18I
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The Instruments used for the comparative life-tests were 15-cm pathlength ring
laser gyros similar to the one shown Ir Figure 1. Selection of the 1-cim pathlength
size for the life-test study was based primarily on the availability of gyro bodies and
components. In addition, these instruments have comparatively small sized reservoirs
and possess large surface area-to-volume ratios which should make gas contamination
sources more distinguishable in shorter time intervals. The life-test ring laser gyros
were previously assembled instruments that were stripped, recleaned, assembled, and
rebuilt with new cathodes, mirtors and gettering assemblies for the life- test study.
All the instruments were operated at the 1. 15 ýam infrared lasing transition. The gyros
utilized aluminum cathodes and were equipped with two DC fired barium getters. Each
unit employed a fiat output mirror, a curved mirror, and a diaphragm-type mirror such
that the cavity length could be tuned with a piezoelectric element.

Equivalent sets of mirrors were used on three of the units, designated RF-1,
RF-2, and RF-4, so that each cavity supposedly had similar optical losses with corre-
sponding laser output. The fourth unit, BF-4, employed slightly different curved and
output mirrors which would result in somewhat lower laser output intensities.

A special epoxy resin was used to seal the components and covers to the ring
laser gyro bodies.

Each of the life-test instruments was RF cleaned according to the following
procedure.

1. Attach the ring laser gyro to the gas fill station and evacuate for a 3-hr
period.

2. Flush the ring laser gyro with cleaning gas and pump out.

3. Refill the ring laser gyro with cleaning gas to the optimum coupling
pressure specified for each gas.

4. Perform a dual discharge RF cleaning cycle for a 60-min period. Hold the
ring laser gyro temperature rise to less than 350IF over this period.

4 205. Pump out cleaning gas, purge with He -Ne and evacuate overnight
(approximately 15 hr).

6. Fill the ring laser gyro with He 3 and Ne 2 0 - 2 2 in a 10 to I ratio to a pressure

of six torr. Allow a 45-min mixing period.

7. Tip off the ring laser gyro from the fill station.

This processing schedule was considered to be the type of short-term procedure that
would be practical with a successful RF cleaning cycle. Total cleaning and fill time is
less than 24 hr.

After tip off each of the ring laser gyros was operated at a constant current value
of 6 ma. Power output was monitored periodically with a Hewlett-Packard 8330A
Radiant Flux Meter. Optical spectra were measured immediately after tip off and at
selecteI intervals during the operating lifetime. The getters in each instrument were
not fired so that impurity buildup with time could be monitored.

19



Figure 11 displays the power output curves taken during the operating lifetime of
each of the ring laser gyros. One can note from the figure that the unit RF cleaned
with oxygen exhibited the longest lasing lifetime of all. However, output intensity was
not stable and decreased with time. Both of the units cleaned with the inert gases
showed extremely short lasing lifetimes. The unait cleaned with nitrogen showed a
power output dip with increasing lasing intensity until failure.

Examination of the optical spectrum of each of the life-test ring laser gyros
shortly after tip off indicated a significant level of impurities in each unit. Both the
argon and helium cleaned units showed considerable quantities of hydrogen (o 300 ppm)
with no observable oxygen. The nitrogen-cleaned unit showed less than 100 ppm hydro-
gen present in the fill gas. The oxygen-cleaned unit showed nearly equal amounts of
both oxygen and hydrogen with approximately 200 ppm of each gas.

Observation of the spectra at selected intervals during the lifetime period showed
that the initial contamination levels measured in each ring laser gyro remained relatively
constant for a period of time after which a rapid hydrogen buildup occurred. The
hydrogen buildup in the oxygen-cleaned unit was somewhat slower than that in the other
three. This can be seen in Figure 12,which is a plot of contamination increase with
time for each of the life-test ring laser gyros.

It is interesting to note that for the units cleaned with the inert gases, the lasing
action ceased long before the hydrogen buildup was observed in the tube.
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Figure 11. Power Output Curves During Life-Test of Ring Laser
Gyros After RF Cleaning With Various Gases
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Figure 12. Contaminant Buildup With Time During Life-Test of Ring
Laser Gyros After RF Cleaning With Various Gases

The steady state contamination level followed by rapid hydrogen buildup in each
life-test instrument can probably be attributed to the gas clean-up action of the cathode.
Initially, the pumping effect of the cathode is sufficient to handle the outgassing rate of
the internal ring laser gyro surfaces. Saturation then occurs. and the cathode voltage
drop Increases with continuing impurity buildup, such that increased power is required
to maintain constant plasma current levels. The increased power to the ring laser
gyro possibly generates sufficient heat to rapidly liberate the pumped impurity materials
from the cathode. Additional operation a. constant current continually increases cathode
heating due to continued impurity liberion. Gas clean-up effects were directly
observed on the oxygen-cleaned ring laser gyro. The oxygen impurity level was
observed to decrease from 200 ppm to =100 ppm during the lasing lifetime. The cathode

design utilized for the 15-cm ring laser gyros has a surface area of 8.8 cm 2 . Thus, at
4 ma it operates at a current density of 0.45 ma/cm2 . The rapid gas liberation effects
at higher current densities may suggest that operating the cathode hotter at higher
current levels would greatly reduce its gas clean up action.

Monitoring of the optical spectra also revealed a gradual buildup of the RF
cleaning gas in the ring laser gyro during the life-test period. This was indicated in
the unit cleaned with argon as a 25-30 ppm increase in argon concentration over a
time interval of 140 hr. Similar impurity level increases of nitrogen were noted in the
nitrogen cleaned ring laser gyro. Such liberation of cleaunig gas suggests that it is
being sorbed during the cleaning cycle. Also, Ion implantation effects may be occurring
due to the application of the high energy radio frequency field.
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The life-test gas selection experiments indicate t)at oxygen is the most efficient
and suitable gas for RF cleaning. The oxygen-cleaned ring laser gyro provided the
highest intensity and longest duration lasing lifetime. Impurity degassing levels
appeared to be significantly loevcr utilizing oxygen as opposed to other cleaning gases.
Also, oxygen provides for the moat efficient coupling of RF energy into the laser cavity
so that maximum thermal degassing of the gyro surfaces can be achieved.

7. EFFECTS OF RF CLEANING ON RING LASER GYRO COMPONENTS

To assess the effects of the RF cleaning process on ring laser gyro components,
a 15-cm instrument, similar to the ones used for the life-test portion of the program,
was assembled and operated under maximum RF power and coupling conditions for over
20 hr. Temperature rise of the instrument was constantly monitored and kept below
350 F to ensure that adhesive bonds were not damaged by excessive heat. Prior to
assembly, each of the components of the gyro was examined and characterized. The
mirrors were photographed under 10OX magnification as a reference for possible
changes in scattering center density. After completion of the 20 hr test interval, sub-
sequent disassembly and examination of the instrument indicated the following: (1) a
very slight change in the Surface structure of the fused-silica body in localized areas
of the iutericr portion of the reservoir, and (2) a very faint deposit of metallic material
near two of the getter pin feedthroughs. The surface structure change in the fused
silica was probably duw to breakd•.wn of the material under RF field conditions.
According to Bennett (Ref 1) neon atoms in the lower laser exacted state of a helium-
neon plasma are de-ercited by colliaion with the cavity surface. In this energy exchange
the atom loses an energy equivalent to 16.62 eV. This energy loss to the surface is
more than twice the energy required to rupture a silicon-to-oxygen and chemical bond
(Ref 2). -Studies by both Taylor (Ref 3) and Martinez (Ref 4) have also suggested that
the interacion between the RF excited plasma and the cavity surface is a reduction
process which is capable of decomposing silica to produce oxygen as a by product.

The mnetallic deposit noted in the gyro reservoir was traced to sputtering of the
getter assembly. The sputtering appeared to be confined to the pin section alone and
not to the getter trough. Gettering material was apparentiy ,maffected and evaporated
under normal firing conditions.

Examination of the mirrors after disassembly of the test ring laser gyro indicated
no observable structural damage or increase in scattering center density. Breakdown
or alteration of mirror surfaces will probably not occur with the dual DC-RF discharge
cleaning technique since the RF field is not efficiently coupled into the bore sections.
No coating*- were observed on the mirror surfaces such as might have come from
possible nrigration of decomposition products generated by RF field bombardment.
This type of coating buildup seems unlikely, since sputter] ig is a ballistic rather than a
thermal type process. The fact that the sputtering effects were noted in the gyro with
time suggests that the RF cleaning technique could not be used for extended cleaning
cycles at relatively high power levels such as 40 watts. Much lower po;wer levels
could be utilized for longer periods but would greatly liUnt the thermal degassing effects
generated by the RF discharge. However, active cleaning should still be provided by
alectr-on and low energy particle bombardment. The use of lower power levels may also
aid in reducing ion implantation effects.
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8. 11ORMAL VERSUS HF PROCESSING

A 15-em ring laser gyro designated RF-5, similar to the ones used for the gas
selection studies, was assembled and processed utilizing normal thermal degassing
techniques. This instrument was used as a reference point to compare the effective-
ness of the RF cleaning process. The normal thermal degassing technique for ring
laser gyros Involves a four-to-five day processing cycle. The Instrument Is vacuum
baked for a 50 to 60 hr period. Short DC oxygen discharge cycles are employed
before and after baking as additional cleaning procedures. A 24-hr pump out is
employed after final processing before the instrument is filled and tipped off.

Normal processing of the ring laser gyro was accomplished on a turbomolecular
pumping station. The fill stand apparatus along with its attached thermal degassing
chamber is shown in Figure 13. The normally processed 15-cm instrument was baked
to a temperature of 2800 F. This is somewhat below the baking limitation Imposed by
the epoxy sealing resin. The lower temperature was selected to insure that small
leaks would not occur due to differential thermal expansion effects at the relatively
large sized anodes employed on these gyros.

Power output and periodic optical spectra were measured during the life-test
period, Figure 14 displays the output versus time for the normally processed gyro.
The RF-oxygen cleaned gyro output curve has also been plotted in Figure 14 for
comparative purposes. The laser output shows a more stable profile with time for
the normal instrumeat. Laser lifetime is better by a factor of 1. 2.

Figure 13. Fill Station for Ring Laser Gyros With a Turborn~leeular
Vacuum Pump and a Baking Chamber
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Figure 14. Laser Power as a Function of Time for a Normally Processed and an
RF-Oxygen Cleaned 15-cm Ring Laser Gyro (Getters Not Fired)

The optical spectra 6f the thermally degassed ring laser gyro taken shortly after
tip off indicated no detectable impurities. Observation of the spectra during the life-
test interval showed virtually no impurity buildup for an extended period followed by an
extremely rapid buildup of impurity which was substantially hydrogen. This is the same
type of effect that was observed with the RF cleaned gyros and is no doubt due to gas
clean-up effects. A dip followed by an increase in laser intensity can be noted in the
normally processed gyro just prior to failure. The dip in Intensity corresponded to a
moderate increase in hydrogen. The following increase in intensity corresponded to
rapid liberation of oxygen. Final quenching of laser action was due to very rapid
hydrogen buildup which greatly attenuated the oxygen spectral transitions that had been
observed earlier. The increase in power output corresponding to increased oxygen
concentration certainly suggests that oxygen enhances laser action. Also cathode clean-
up saturation effects appear to occur earlier for oxygen. This dip in power followed by
an increase was also noted in the RF-nitrogen cleaned ring laser gyro.

Close examination of the optical spectra of the thermally degassed ring laser gyro
indicated that after the very rapid buildup of hydrogen, the ratA of hydrogen increase with
time leveled off to a relatively constant value. This was also observed in each of the life-
test gyros. This constant Impurity increase with time may present a good Indication of
the actual hydrogen buildup rate of ring laser gyros. By utilizing the optical spectra data in
conjunction with the impurity detection curves of Figures 7 and 8 the hydrogen buildup
rates were calculated for each of the life-test Instruments. Insufficient spectral data
were available on the nitrogen-cleaned gyro for calculation. The calculated hydrogen
ratas are listed In Table I. One can observe that the rate is lowest for the normally
processed instrument. The hydrogen buildup rate of the RF oxygen cleaned ring laser
gyro is approximately twice that of the normally processed unit and is by far the lowest
of the RF cleaned inbtruments.
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Table I. Hydrogen Buildup Rates and Projected Lifetimes of RIng Laser Gyros

(Gyro) Cleaning Method Hydrogen Bulldup Rate Projected Lifetime
(torr llters/sec)_ . (hre/g of getter)

(RF-1) Helium - 1.78 x 10-7 47

(RF-2) Argon - RF 9.3 x 10-8 89
(RF-3) Oibgen - RIF 2.5 x 108 334
(RF-5) Normal 1. 23 x 0-8 678

Impurity levels in a ring laser gyro must be kept at reasonably low levels to
Insure performance stability. This is normally accomplished through the use of
gettering materials which effectively pump the contaminants which are constantly
degassed from the wall of the instrument. The pumping rates of gettering materials
have been fairly well established. If one knows the impurity buildup rates of a
ring laser gyro,the total lifetime can be projected for a given amount of getter
materials.

The projected lifetime per mklligram of getter was calculated for each of the
life-test ring laser gyros and is also listed in Table I. The calculation was made
based on the assumption that both oxygen and hydrogen were primary contaminants
in each gyro. The oxygen buildup rate was assumed to be equivalent to the measured
hydrogen rate such that the total rate is twice that listed in Table I. The pumping
rate of the gettering material was taken from the measurement of Ehrke and Slack
(Ref 5). Their data show that a diffuse deposit of barium getter will pump approxi-
mately 60 liter-microns of hydrogen-oxygen gas per milligram of getter. The projected
lifetime value for the normal instrument given In the table is In reasonable agreement
(less than a factor of 2) with actual lifetime periods measured on ring laser gyros of
similar configuration. All of the lifetest ring laser gyros employed two barium
getters that each contained 4.4 mg of gettering material. Assuming approximately
80 percent of the available gettering material is successfully activated during firing,
the total projected lifetime of each of the test gyros would be seven times the number
calculated in Table I. Thus, the projected lifetime of a normally processed instrument
would be slightly over 4600 hr.

9. NORMAL PLUS RF CLEANING

Two ring laser gyros were also processed to assess the possible cleaning
improvements that could be realized by using the RF technique In addition to the
normal thermal degassing procedure. The two gyros were processed simultaneously
on the turbomolecular pumping station. One gyro, designated RF-6, was processed
utilizing the normal baking procedure and was used as a reference for the experiment.
The other gyro, RF-7, was processed in a similar fashion but in addition underwent anRF cleaning cycle. Figure 15 shows the arrangement for common attachment of the
two ring laser gyros to the fill station. These two ring laser gyros were units that
were previously processed during the RF gas selection experiments. The normally
propessed gyro was originally the unit employed for RF - helium cleaning. The
normal plus RF gyro was originally the RF - argon cleaned unit. Both of these gyros
originally showed very short lasing lifetimes. After failure each unit was opened to
air for a two-d&y period before reattachrnent to the fill station. The RF cleaning
cycle consisted of a 45-min dual DC-HF discharge period with oxygen. This was done
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Figure 15. Normal Plus RF Cleaned Gyro and Reference Gyro on Fill Stand

both before and after thermal baking. The normal processed gyro employed similarly
placed DC oxygen cleaning cycles. Pumping time after processing was 24 hr, Each
gyro was filled to six torr with a ten-to-one mixture of He 3 and Ne 2 0- 2 2 .

Optical spectral taken on each ring laser gyro shortly after tip-off showed 'consid-
erable amounts of oxygen impurity in both instruments. Under normal processing
conditions a 24-hr pumpout is sufficient to remove all traces of oxygen from a ring
laser gyro. Apparently, under RF-oxygen conditions sorption effects are greatly
enhanced and desorption is a very slow proccss. Possibly some of the oxygen
observed in the normally processed ring laser gyro is due to migration from the
normal plus RF gyro. Also the fact that the two instruments were processed simul-
taneously may have presented additional gas conductance limitations for pumpout due
to the manifold assembly.

Getters were fired in both of these instruments and comparative getter depletion
rates were monitored. The getters should eliminate any cathode cleanup effects that
might occur and establish equivalent impurity starting conditions so that degassing
rates can be compared.

Removal of all observable impurities in the optical spectra of the normally
processed RF-6 ring laser gyro occurred within minutes after the getter was fired.
Removal of all oxygen Impurities in ih(; normal plus RF-oxygen processed RF-7 unit
took 48 hr after getter firing. This suggests that continued desorption of oxygen was
still occurring in this instrument with time.
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The power output versus time of these two gyros is displayed In Figure 16. One
can note relatively Stable operation through the lifetest period to date. The slight
variations in intensity are probably related to multimode conditions since these
instruments were not apertured. As of 9 March both instruments had been operational
for over 646 hr. The comparative depletion rates of the getters in each instrument'i were observed to be greatly different for the first 100 5hr of operation in that the
depletion of the normally plus RF cleaned gyro was nearly twice that of the normally
processed unit suggesting oxygen desorption was still continuing. During the last

I - 100 hr of operation, depletion rates have been noted to be nearly the same. It
appears that getter depletion rate will have to be monitored over longer time periods
to assess possible improvements in degassing rates.

After 430 hr the getter on the normally processed gyro had been depleted by
approximately 20 percent from its Initial volume. If the gyro continued to deplete
getter at this rate its total lifetime would be approximately 4300 hr. This is in good
agreement with the projected lifetime calculated for gyro [IF-5 in Section H1-6.
Additional data were obtained on a 40-em ring laser gyro as to the effects of normal
processing plus RF cleaning. The gyro was cleaned utilizing the normal vacuum
degassing cycle of 300 F for 48 hr. After completion of all processing steps the
instrument was filled with helium-neon gas and was observed to lase with nominal
intensity. Subsequent RF cleaning utilizing the same helium-neon fill mixture
liberated sufficient contaminant gas to reduce laser intensity by a factor of four.
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Figure 16. Power Output vs Time for Ring Laser Gyro RF-6 (Normal Processing)
*1 and RF-? (Normal + RF Oxygen) After Getter Firing
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10. CONCLUSIONS AND RECOMMENDATIONS

The specific conclusions derived from the RF cleaning stdies were as .follows:

1. Although the RF cleaning process is a feasible and effective techhique for
ridding ring laser gyros of contaminants, it does not alone provide for the
levels of cavity cleanliness that can be achieved with thermal degassing
procedures. However, RF cleaning used in conjunction with vacuum
baking can produce cleaner cavities than can be obtained by using only
thermal processes. Thus, it is recommended that an RF cleaning cycle
be added to all ring laser gyro processing techniques.

2. The primary cleaning improvement provided by the RF process is its
ability to liberate impurities from the reservoir section of the gyro.
With conventional processing any cleaning effects from plasma bombardment
are confined to the bore and cathode section which constitute only a small
portion of the gyro surfaces. With the RF cleaning process, plasma
bombardment occurs at all the interior surfaces of the gyro.

3. Oxygen provides the most efficient gas medium for the RF cleaning process
at optimum coupling pressure. However, oxygen because of its reactive
nature readily enters into sorption-desorption interaction and is removed
very slowly from the gyro. Thus, RF processing should be performed
prior to thermal degassing procedures which will facilitate oxygen removal.

4. Extended RF coupling into a ring laser gyro can cause sputtering of gyro
components. Therefore, the RF cleaning cycles should be confined to
moderate power levels of less than 25 watts and to short time intervals of
less than 45 min.

5. A dual DC-RF discharge technique provides the optimum coupling
mechanism for RF cleaning. The gain section of the ring laser gyro
Is weakly coupled so that lower energy bombardment effects occur to clean
without damaging optical surfaces. The reservoir section of ring laser
gD ros couple very efficiently and higher energy impingement occurs to
accelerate cleaning effects.

6. Because of the possibility of sputtering and implantation effects under
energetic RF conditions the RF process cannot be used for extended
thermal degassing.

7. Small amounts of oxygen enhance 1. 151 laser output power. Small
amounts of hydrogen greatly reduce laser output.

8. Optical spectroscopy is a useful technique for determination of impurity
buildup under operational conditions. However, it is difficult to
distingul.-h types of contaminants and quantitative amounts from optical
spectra. Also, analysis of multiple impurities Is difficult due to
attenuation effects.
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Future work to reduce contamination levels in ring laser gyros should probably
involve the measurement of outgassing rates for each of the identifiable impurities in the
gyro. With this knowledge. thermal degassing times and temperatures can be established
along with RF cleaning procedures to reduce gyro outgas levels to sufficiently low rates.
Techniques also need to be established for precise monitoring of gyro contamination
'levels while both on and off the gas fill station. Mass spectrographic analysis used in

* conjunction with a multlchannel optical spectrum analyzer which observes transitions
- from the ultraviolet to the infrared may provide the most precise monitoring techniques.

and valuable information of the plasma chemistry of the helium-neon discharge.

Future work also needs to be done to better establish the exact effects of gas
contamination on ring laser gyro performance.

-42
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SECTION HI

RING LASER GYRO FABRICATION

1. INTRODUCTION

In this section the ring laser gyro fabricated by Autonetics for AFAL is described.
The unit contains a ring laser gyro angular sensor and all required power and control
electronics suitably packaged for laboratory tests at Holloman AFB.

The ring laser gyro instrument has been designated RLG-1140. It contains the
latest Autonetics state-of-the-art refinements to a design which has been highly devel-
oped, built up into hardware, and tested previously. The RLG-1140 exhibits the good
bias stability and linearity characteristics of the previous Autonetics 40-cm ring laser
gyros. In addition, modifications have been made in mounting design, thermal design,
magnetic design, and fill stand processing which significantly improve other areas of
performance. Instrument temperature sensitivity is reduced through the use of a
thermal control structure which surrounds the instrument on all sides and shields it
from ambient disturbances as well as permitting rapid temperature control. The
magnetic design improves bias repeatability through the removal of all materials
which retain significant residual magnetization from close proximity to the Faraday
bias package. Lifetime is extended through the use of RF cleaning techniques along
with the utilization of a long-term vacuum bake in the fill stand processing.

The electronics for RLG-1140 consist solely of proven circuitry functions which
provide comnplete sensor control, including Faraday biasing, all secondary voltages
and controls, and rapid output data processing. These electronics are of a modular
design which facilitates maintainability of the package. The electronic unit is adaptable
to the control of additional ring laser gyros with certain modifications.

The organization of the following material is as follows. First, the features of
the instrument and electronic design are discussed. Operating procedures and elec-
tronic design are discussed. Operating procedures and electronic schematics are
included. Next, a summary of test data collected at Autonetics with RLt-1140
is presented. This parc of the report concludes with a discussion of reliability,
maintainability and system safety considerations made for ring laser gyros.

2. RING LASER GYRO DESCRIPTION

The RLG-1140 instrument is the third iteration in a 40-cm pathlength design
originally developed for AFAL under Contract F33615-70-C-1618. The basic features
of the RLG-1140 design are as follows:

Size: Volume 43 in.3

Width 6.5 in.

Weight Sensor 2,6 lb

Pathlength (geometric) 40.5 cm

Scale Factor 1.7 Lec/pulse

Bore Size 0. 080 in.
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Gas mixture 9:1 He 3 :Ne

Total pressure = 3.3 torr

Excitation voltage 1150 volts

Discharge current (total) 4 ma

Wavelength 0.633

Laser frame maturial Ultra-Low Expansion (ULE) titanium silicate

Readout Device Dual silicon photodiode

Antilock mechanization Faraday bias package

In Figure 17 a full-size drawing of RLG-1140 .3 shown. The basic ring laser
gyro concept developed by Autonetics utilizes a precision triangular optical cavity in
an integral ultra-low thermal expansion body. The pathlength of 40.5 cm is the largest
"possible commensurate with single axial mode operation. (Performance improves with
increase in cavity length.) The instrument is constructed of ULE titanium silicate and
has a 0.080-in. -diameter bore along each of the legs of the triangle to form the optical
path. The center of the body is hollow to provide for a gas reservoir and to accommo-
date a cathode and getters. At the three corners of the triangle, high-quality reflectors
are bonded.

Gyro output nonlinearities are minimized through implementation of a proprietary
multiple FM biasing technique via a Faraday bias element in one leg of the triangular
optical path. With this type of bias scheme output nonlinearities are removed through
application of an AC electrical signal rather than with any mechan':cal motion, resulting
in no moving parts and inherently higher g capability. The detection of the magnitude
and the sense of the gyro beat frequency is achieved through the use of a dual photo-
diode mounted adjacent to a combining optics prism on the output mirror.

In the following paragraphs the crucial design features of ILG-1140 are discussed
in detail.

a. Body Material

In order to minimize thermal effects, ULE titanium silicate was chosen as the
body material. This material has a thermal expansion coefficient of 3 x 10-8/deg C.
With this material warm-up time can be minimized. Angular tolerances are selected
to allow easy fabrication and optical alignment.

b. Bonding Cemeat

The cement used on parts which have access to the plasma section of the
instrument Is an anhydride-cured filled epoxy which is bakeable to 3000F. Important
features of this cement include: low water vapor transmissibility, constant long-term
adhesive and chemical properties, low resin creep on polished surfaces, and compatible
thermal expansion.
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c. Laser Wavelength

For several reasons, including the laser inewidth and input power requirements,
a helium-neon mixture was chosen as the lasing medium. The 0.6383- visible transition
in the He-Ne system was chosen for the operating wavelength in preference to the 1. 15iL
IR transition possible in the same gas system. This choice was made, because both
theoretical and experimental studies indicate that performance at 0. 63311 would be
superior to that in the IR.

d. Bore Size

In the design of the optical cavity, the bore size must be considered along with
the mirror radii in determining such quantities as laser gain, fabrication tolerances,
and alignment tolerances. From the point of view of gain, smaller bore size is favored,
because gain per length is inversely proportional to bore diameter, However, smaller

t !bore size reduces the tolerance allowable in placing mirrors and windows onto the gyro
body and also causes diffraction losses if made too small compared to the spot size of
the laser beam. For these reasons a compromise must be reached. This trade-off
resulted in the choice of a 0.080-in. bore size. This bore size was easily drilled into
the ULE block. It permits gain per length of the instrument to be greater than 0.1
percent/cm, which Is quite adequate for good operation.

e. Choice of Polarization

The orientation of the Brewster-angle windows which terminate the plasma
section of one leg of the instrument, fixes the polarization of the two eounterrotating
laser waves to be s-polarization. This polarization is desirable because ultra-high
reflectivity mirrors are easier to obtain for s-polarization than for p-polarization

- with light incident on the mirrors at 30 deg, as in the case of RLG-1140.

f. Mirrors

Three multilayer dielectric mirrors are used to terminate the optical cavity.
Two of the mirrors have ultra-high reflectivity (-0.05-percent transmission loss). The
third is an output mirror with 0.4-percent transmission at 30 deg angle of incidence.
One of the ultra-high reflectivity rInrrors Is deposited on the flat surface of a specially
prepared diaphragm substrate which is backed by a piezoelectric element to control the
optical pathlength. The second ultra-high reflectivity mirror is deposited on a curved
substrate. The mirror radius chosen produces a relatively small spot size at the sur-
face of this curved mirror, which is the point of maximum beam size in the cavity.
With this spot size, body fabrication tolerances were routineiy met, and optical align-

£ ment was assured when the gyro was assembled. The third mirror, or output mirror,
is a fiat mirror. An additional requirement on this mirror is that its front and back
surfac-es be parallel within a few seconds of arc so that the combining-optics prism
mounted on it will function properly.

gCombining-Optics Prism

A combining-.optics prism Is mounted on the output mirror to make the counter-
rotating-beam outputs nearly collinear before they impinge on a photodetector. The
angle between the two beams just after exiting from the combining-optics prism is
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given by 2n6. In this expression, n is the index of refraction of the prism material
and 0 is the amount by which the prism corner angle deviates from 90 deg. The angle
2n8 is typically about 1.5 mTn, and it determines the regions in which the two beams
interfere constructively and destructively, i.e., the fringe spacing. The prism corner
angle in this case was chosen so that the two detectors spaced a certain distance apart
in a standard dual photodiode package are spaced 90 deg apart on the fringe pattern.
Two detectors positioned in this way yield sense information as well as magnitude
information.

h. Cathode

A cylindrical aluminum cathode with specially prepared oxide-coated surface is
employed in RLG-1140. Because of the large cathode surface area, the cathode cur-
rent density may be maintained at a low value. Sputtering and subsequent gas cleanup
will be inhibited due to operation at this low current density, This design is the result
of an intensive research program that included consideration of material properties
which relate to outgassing, sputtering, and ionic pumping and discharge properties
dependent on current density through size, shape, and discharge geometry.

I. Anodes

Two glass-beaded Kovar anodes are used on the instrument. Each anode
terminates a gain section of equal geometric length within fabrication tolerance and
equal discharge current vithia 0.1 Aa. With current paths balanced in this way,
Langmuir flow bias effects are minimized.

j. Getters

Six barium-aluminum alloy getters are mounted in the gyro gas reservoir. Each
getter bar contained 4.4 mng of getter material. The getters were fired under vacuum
prior to final gas fill on the fill stand.

k. Apertures

Aperture parts are mounted on ULE spacer blocks in the gap between the
Brewster-angle windows. The aperture comprises two rods with highly polished ends
mounted orthogonally on the spacer blocks. One rod is the aperture in the x direction
and the other in the y direction. The opposite end from the polished end on each rod is

i: threaded, so that the aperture rod can be held in place by a locknut once It is properly
adjusted. Aperture rods are adjusted so that TEMooq modes oscillate in the RLG
wldle transverse off-axis modes c.-perience too much loss tu lase. The aperture rod
material was chosen to be Mallory --aetal, a low thermal co Afficient of expansion metal.

1. Gas Fill Mixture

The laser gain medium is a helium-neon gas mixture. From previous studies at
Autonetics, it was known that a certain ratio of Ne 2 0 to Ne 2 2 yields best gyro perform-
ance. This optimum ratio was used in filling RLG-1140. The He:Ne ratio and total

- pressure are slightly higher than the optimum values for the operating current desired
"* (4 L 2 ma). As tube gas pressure decreases with time due to helium diffusion and gas

cleanup, tube gain should increase slightly before decreasing. This will tend to make
gain more level with time initially. The tube design is such that helium diffusion should
not cause significant tube operational degradation for a period of several years.
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m. Pathlength

In general, larger ring lasers exhibit better performance than smaller ones, in
agreement with theory. Larger instruments also have larger scale factors. For fixed
bore size, a longer tube has higher gain than a short one and will lase even with higher
losses in its optical circuit. For these reasons, it is desirable to build a ring Laser
gyro with the longest pathlength compatible with single axial mode operation. This
pathiength is approximately 40 cm.

n. Magnetic Shielding

Multiple magnetic shields are employed in order to reduce RLG sensitivity to
stray magnetic fields. First, the most field-sensitive quantity in the instrument, the
Faraday bias package, is surrounded by a molypermalloy shield. The entire instru-
ment assembly is then enclosed by two outer molypermalloy magnetic shields
separated from one another by 1/4 in. of insulation.

o. Photodetectors

A standard silicon dual photodlode package containing two detectors mounted a
small distance apart is adjacent to the combining-optics prism. The spacing Is such
that the detectors can be adjusted to be 90 deg apart on the gyro output fringe pattern.
Two detectors positioned in this way yield rotational sense information as well as
magnitude information. The detectors chosen and preamp design employed permit a
dynamic range in excess of +100 deg/sec to be realized.

p. Frequency Lock Prevention

A Faraday bias package is used in RLG-1140 in order to linearize the gyro
input- output curve. The physical location of the bias package is in one leg of the RLG
between the two Brewster-angle windows. The manner in which the Faraday package
introduces a bias can be understood from consideration of the following information.

When plane-polarized light traverses an optical medium along the direction of a
magnetic field, the plane of vibration is rotated. The sense of rotation Is reversed if
the direction of the magnetic field is reversed. The angle of rotation depends on the
optical material and Is proportional to the magnetic field strength and the length of
path in the medium. This phenomenon is called the Faraday effect.

In the ring laser, a Faraday material is combined with two quarter-wave plates,
one at each end of the cell, to generate an artificial bias. The quarter-wave plates are
oriented with their slow and fast axes, respectively, aligned so the net phase change
for light traversing both of them is zero when no magnetic field is applied. The light in
the ring laser is plane polarized (s-polarization) due to reflection losses of p-polarized
light from the windows oriented at Brewster's angle with respect to the direction of light
propagation. For maximum bias scale factor, the plane-polarized oppositely directed
traveling waves are changcd to circularly polarized light before entering the cell by
orienting the quarter-wave plate axes at 45 dCg to the direction of light polarization.
Both wa, es have the same sense of polarization but traverse the cell in opposite
directions. The magnetic field is in a different direction for each wave. As a result,
one beam is advanced in phase while the other is retarded. The two traveling waves
are converted back to plane-polarized light by the second quarter-wave plate. The
phase shift results in a frequency difference between the traveling waves.
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The scale factor of the package In RLG-1140 ii given by:

eV9 1

H 1.08X 104 L

where

B =scale factor (Hz/gauss)

c = velocity of light = 3 x 1010 cm/sec

V = Verdet constant of Faraday material (nii/gauss-cm)

(V = 0.147 for glass used in RLG-1140)

= length of Faraday element (cm) = 0.38 cm

L = optical perimeter of ring cavity (cm) = 40.9 cm

With parameters appropriate for RLG-1140, the scale-factor B/H is found to be
33800 Hz/gauss.

The bias package in RLG-1140 is made up with a 0.38-cm-long glass Faraday
element and two 1-mm-thick quarter-wave plates. The package is bonded together
with an optical cement whose refractive index is intermediate between the indices of
the Faraday element and the quarter-wave plates. The outer surfaces of the quarter-
wave plates are antireflection-coated to prevent reflection losses upon insertion in the
RLG. The bias package is mounted in a beryllia holder which in turn is mounted to a
reference surface on the gyro body.

The use of beryllia facilitates rapid temperature control of the Faraday package.
By employing the heater-sensor mounted directly on the beryllia part, the Faraday bias
package can be brought up to its operating temperature within less than two minutes and
held fixed to better than A0. 10 F. The field coils which are used to apply an ac magnetic
field to the bias package are contained in an aluminum housing which slips over the bias
package. The aluminum housing in turn is contained in a molypermalloy magnetic
shield which is connected directly to the gyro base plate. In this way, heat developed
in the field coils can be shunted to the gyro base. Two coils mounted coaxially with
the bias package (one on each side of the package) are used to apply the ac bias fields.
Each of the coils has two windings.

The method employed for reducing frequency-locking effects to tolerable limits
is the electronic FM-bias technique. Effectively an electronic dither signal, the FM-
bias signal is applied through an electro-optical device (Faraday element) so that the
RLG signal is rapidly driven through the input rate range where it tends to lock. The
result is a linearized input-output characteristic which provides good performance over
a wide input rate range including zero rate.
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I Several FM bias schemes have been conceived, analyzed, and tested in
operational form at Autonetics. All schemes can be described by the following
generalized differential equation for the locking dynamics:

0 = B+BLsin T+Bigi (t)

where

heterodyne signal phase

dt

B0  angular rate to be measured

BL locking threshold

Bi = modulation depth of Ith FM bias signal (amplitude of the signal)

gi(t) unity amplitude time function of ith FM bias signal.

The average value of •Is the analog of the input rate, BO. The locking threshold,
BL, describes the width of the dead zone occurring about zero input when no bias
scheme is used. The FM bias signal itself can be either a slngle waveform or a
combination of two or more waveforms. Achievement of optimum performance is
critically dependent upon selection of FM bias signal parameters.

A multiple FM bias scheme is implemented in RLG-1140. Several ac bias
waveforms are summed and applied to the Faraday bias coil. The rates and depths
of the waveforms are chosen from a computer simulation of the RLG equations with
FM bias in order to reduce nonlinearities to less than 0.025 percent. Total bias
package power is an optimunm value compatible with bias package thermal design.

q. Thermal Control

There are two temperature-control circuits operative in the RLG-1140. One
controls the Faraday bias package temperature and the other the overall body
temperature.

A A beater and sensor are mounted directly on the beryllia holder for the Faraday
bias element. With this arrangement, the bias package can be brought up to its oper-
ating temperature within less than 2 min and held there to better than :0. 10 F. The
control temperature is typically a few degrees higher than the overall body temperature.
It is important to hold the bias package temperature fixed, because modulation index
settings are critical and must be maintained. Modulation index values will vary with
temperature due to change in bias package scale factor with temperature.
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The ULE body is enclosed on all sides as well as top and bottom with a high heat
transfer structure which consists of a thin beryllium copper sheet held against the
body by a corrugated beryllium copper sheet spring captured within a thicker aluminum
sheet which is the principal thermal conductor, Figure 18. The ULE body is held under
slight spring compressioa on all surfaces from the heat transfer structure and is in
positive contact for location with three raised pads on the thick aluminum bottom con-
ductor sheet. The heat transfer structure which contains the ULE body Is supported by
three mounts located at the middle of each side. The mounts extend below the bottom
of the heat transfer structure and bolt to the RLG base plate. Each mount contains a
thermistor and has a heater element attached to the outer surface for steady state
temperature control of the RLG. The principal thermal paths out of the heat transfer
structure are through the three mounts to the base plate.

r. Cavity Length Control

Due to small optical length changes in the TULE body, the fused-silica Brewster
angle windows, and the piezoelectric package during warmup, cavity length is iuaia-
tained constant by varying the voltage applied to the piezoelectric package. The
piezoelectric package employed produces a one wavelength (one mode) shift per 80 V
applied. Such a large swing at such a comparatively low voltage is achieved by
cementing together many 0.010-in. -thick plates and connecting all of these in parallel
electrically. Assembly of the package with very thin cement layers produces a
piezoelectric stack with a thermal expansion coefficient comparable to the fused silica
housing which contains it.

3. ELECTRONIC DESIGN

The RiLG control electronics provides laser optical path length control, plasma
starter logic, active plasma discharge current balance, Faraday bias and bias heater
control, and photodetector readout electronics. Figure 19 shows a functional block of
the RLG and Electronics.

a. interface Description

(1) Input Power Requirements

Input power shall be +28 ± 2 VDC with a peak requirement of 50 watts during
norr&I operation.

(2) Output Signals

There are two output data lines for RLG output data. The instrument output
consists of an A and B output line in A-B format. The output levels are compatible
with standard TTL logic input requirements. The output waveform is shown in
Figure 20 and is a fixed pulse of 0. 5 psec width with a scale factor of 1 pulse per
1.7 s•'• rotation.
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S~The load condition imposed on each output driver is dependent on the length of
i coaxial cable attached and the number of TTL devices to be driven. The following
S~criteria shall be used.

1. A maximum of 100 ft of RG58A/U or equivalent (29 pfd/ft) shall be used

on each line.

2. Any pair of data lines shall be of equal length. If lines are in excess of
coaxial15 ft in lengthe then a 50 ohm + 10 percent resistance termination will be

required. A maximum of five TTL devices will be used to terminate each

line.

b. Detailed Functional Description

(1) Power Supply Group

(a) EMI Filter, Reverse Polarity and Transient Protection Circuit. An EMI
filter is used in the primary power +28 VDC and return lines to prevent any noise on
the power supply from reaching the electronics. It also prevents any EMI generated
in the switching preregulator from getting ou-t of the electronrcs back into the power

~ supply. A diode Is connected in series with the +28 VDC input to protect against
accidental reversals of input power polarity. A Thyristor diode is placed In shunt with
the input power and is set to conduct at 36 to 38 V. A fuse in series with the +28 V will
open circuit if an overvoltage condition occurs.
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(b) Switching Preregulator and Circuit Breaker. A power switching transistor,
commutating choke, and an IC voltage regulator comprise the switching preregulator
and circuit breaker. This circuit provides two functions: (1) It has a wide Input
voltage range and provides a very efficient means of stepping down a high AC voltage
to a lower constant DC voltage, and (2) the addition of two small signal transistors Q2
and Q3 across a current sampling resistor make the regulator IC and power switching
transistor Q1 function like a circuit breaker. The circuit breaker is set to act if the
load current exceeds 4.5A. To reset the circuit breaker, simply remove the +28 V
input for a 5 sec period and then reapply power. If overload has cleared, then the
breaker will be reset, and all will operate normally. A measured efficiency of this
circuit under normal operating conditions is between 90 and 95 percent depending on
input voltage and load current. The switching frequency is provided by the low voltage
DC-to-DC converter stage. This prevents any tendency for the switching regulator and
inverter to "hunt" or drift across each other's frequency, which can cause large low
frequency ripple to appear on all DC outputs from the low and high voltage supplies.

(c) Low Voltage DC-to-DC Converter. This module is used to provide all voltage
levels used in the control electronics group and regulated +28 VDC to the Faraday dither
generator power amplifier. The inverter stage is a saturating flux oscillator which
runs at approximately 18 kHz switching frequency. A special alloy 0.5 mil tape toroid
core is used in the transformer in order to keep switching losses down and improve
transformer regulation. A toroid core is used to provide minimum stray field radiation
as well as best efficiency. All secondary voltages are provided with an independent
winding for each. Each secondary winding is optimized for wire size in accordance
with the load current required. Each winding is followed by a full wave capacitor input
rectifier-filter system. Ferrite beads are used in all areas where transient suppression
is of importance. These little devices make an ordinary conductor into an RF choke and
thus present a high impedance to transient currents. Close attention is pa'I to the power
returns or grounds. This is the major advantage to individual secondary windings in
that common ground currents can be eliminated. Both +15 V and -15 V tracking voltage

-* regulators are provided to ensure complete immunity to any input voltage fluctuations
"for all precision circuitry and references. The +15 V and -15 V regulators are also
used as circuit breakers to protect the precision circuitry should a short or overload
occur during maintenance or setup procedures. This feature was considered necessary
because the power dissipation of the regulators could be easily exceeded if such a fault
condition occurred. About 20 times normal toad currents would be required to cause
the main circuit breaker to function. The +15 V and -15 V regulator/circuit breakers
are interlocked so that an overload on either will shut down both sides. To reset the
circuit breakers, follow the same procedure as mentioned previously for the switching
regulator - main circuit breaker reset operation.

(d) High Voltage DC-to-DC Converter, Electronic Ripple Filter, and Voltage
Regulator. This module provides the DC excitation power for the RIG plasma. It is
designed to operate one 40-cm RLG at a total continuous load of 7 ma at -1500 VDC
output. The inverter stage is a saturating flux oscillator. The secondary transformer
voltage is 750 VAC. This is full wave voltage doubled and run through a three stage
RC filter to remove harmonies and reduce the ripple at full load to about 2 V p-p.
Voltage regulation Is achieved by a switching regulator in the +28 VDC input circuit.
The control signal is derived from the anode current source circuit and serves to keep
the voltage drop across the current source control transistors constant at around 75 to
100 VDC.
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(2) RLG Control Electronics

(a) Path Length Controller. The block diagram of the pathlength control
electronics is shown in Figure 21. The cavity length is modulated at a low audio-
frequency rate by driving a piezoelectric transducer with a 1-kHz sinewave signal.
This produces a corresponding modulation of the output intensity to the photodetector.
When the cavity length is located at the center of the intensity curve, the output power
is modulated at twice the fundamental frequency. The output will be either in phase or
out of phase with the driving frequency, depending upon whether the pathlength is longer
or shorter than that which maximizes intensity. Thus, by demodulating the 1-kHz
pickoff signal at the photodetector and servo-controlling the cavity length to produce a
null signal, the cavity length is stabilized.

The pathlength control electronics consist of two active 1-kHz bandpass filters,
a demodulator, an integrator, a 1-kHz oscillator (part of the signal generator module),
and a high-voltage amplifier. The bandpass filters are centered at 1-kHz and provide
the required signal-to-noise at the demodulator input. The integrator provides a high
gain at dc, which provides an average pathlength control error of less than 0.02 pin.

"(b) Data Converter. Refer to Figure 22 for the functional flow of the readout
signals. Power modulation of the laser beam is converted to current modulation with
a dual, high-speed silicon photodiode, which is spaced to provide two quadratur.e signals
with an integrated circuit operational amplifier. The sinewave outputs of the amplifier
are converted to two square waves in quadrature. Logic is performed on the signals
to determine the quadrature phase relationship (rate direction) and convert the signal
frequency to pulse rate (rate magniftude). Pulse transformer coupled outputs can be
provided to give complete ground isolation if so desired.

(c) Current Source and Starter. Figure 23 shows the plasma excitation block
diagram. An active current source is utilized in series with each anode to provide
dynamic high frequency response to any change in anode current. A single temperature
compensated zener source is the precision reference for both anode circuits. In
addition, the individual current sources are coupled with an active current balance
circuit which provides further anode current stability as well as maintaining the anode
currents equal within 0. 1 1Aamp. Thus, balanced anode currents are obtained regardless
of changing conditions at the plasma tube, such as anode resistance, dynamic gas char-
acteristics, etc. A logic network cortinuously monitors the individual current sources
and activates or turns off the high voltage starter pulses which induce the ring plasma
discharge ignition as required. A 1-kHz pulse signal from the cavity length control
reference oscillator when applied to the starter circuit results in a 4000 V high fre-
quency pulse of I msec repetition rate applied to the gyro. This pulse easily initiates
the gas discharge which is sustained by the high voltage supply and the current sources.

A signal output is provided to the high voltage supply as reference to cut back its
output when the gas has ionized and the current sources are operating nominally.

•. (d) Thermal Control. Temperature control is provided for the RLG by a set of
thermistors and heaters mounted in the instrument. The controller is referenced to a
temperature-compensated zener source and provides control of the constant temperature
supports for RLG thermal control structure to approximately 0.05 F. This condition
can be maintained between 75OF and 85 0 F.
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(e) Faraday Bias Electronics. The Faraday bias electronics provide the
precision current for the Autonetics anti-lock mechanization. The amplitude and
frequencies are maintained very precisely by utilizing ultrastable components. in all
critical areas. In addition to the careful choice of stable electronic components, the
circuits are designed so that positive and negative thermal coefficients are balanced
wherever possible.

The scale factors of Faraday bias elements are temperature sensitive.
Consequently, the RLG has a separate temperature controller which will maintain its
Faraday bias element at a temperature slightly above the laser gyro body. This con-
troller will maintain approximately ±0. 05OF control and has a fast reaction time. This
control will fix the optical scale factor of the Faraday bias element.

4. OPERATING PROCEDURE

This section describes the step-by-step operating procedure for readying the
Ring Laser Gyro Model RLG-1140 and Electronic Controller Model 717 for functional
use. At the completion of this procedure, the instrument may be tested in accordance
with any program prescribed by the operator.

Prior to turn-on the RLG should be mounted on a metal base plate which acts as
a heat sink for the instrument. The heat sinking capacity of this plate should be
equivalent to a convective cooling surface of 200 in. area or greater.

The Ring Laser Gyro Model RLG-1140 and Electronic Controller Model 717 are

prepared for operation by performing the following startup procedures;

1. Set all controls on the Model 717 Controller in the following positions:

a. Power switch in OFF position
b. Gyro Heater switch in OFF position
c. Pathlength Servo switch in OFF position
d. Monitor switch In PLASMA CURRENT position

2. Connect P8 to gyro connector J8

3. Connect two lengths of RG58A/U or other 50 to 52 ohm impedance coaxial
cable between J12 and J13 and any A-B input format counter with a 1 MHz
or higher count rate capability. The coaxial cable must be terminated into
a 51 ohm, 1/2 watt ± 10 percent composition resistor at the counter end of
the cable. Failure to do so may result in improper counter operation due
to coaxial cable ringing. Preset trigger levels of the couater to fire at +1 V
and +3 V.

4. Connect P3 and P4 to a well regulated +28 VDC power source capable of
supplying at least 2 amp DC continuously. Verify that P3 is connected to
the + terminal and P4 to the - terminal. If P3 and P4 are reversed, and
applied voltage is less than 50 VDC, then no damage will occur. A
protection diode prevents reverse polarity damage.
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5. Turn on +28 VDC power source and observe voltage setting. Set
voltage to +28 ± 2 VDC. Set current limit control (if present) to a
value greater than 2 amp DC.

6. Turn the Power switch to GYRO ON position on RLG Controller. Observe
the plasma current on the monitor indicator. It will rise to a value between
8 to 10 ma during startup. After approximately 2 to 3 sec it will fall back
to a value of 4 to 6 ma. As soon as the plasma current falls back, then
proceed to the next step.

7. Turn on the gyro heater by moving the Gyro Heater switch on the
controller to the ON position. Switch the monitor selector to GYRO
HTR VOLTS. It should indicate between 0.9 and 1 on a scale of 0 to 1.
This reading will be influenced by the setting of the +28 VDC power
supply voltage. At +28 VDC, it will read 0.95. Next move the Monitor
Selector switch to GYRO TEMP position. Record the reading (refer to
conversion tables for gyro temperature value). Next move the monitor
selector to BASE PLATE TEMP position and record value (refer to
conversion tables for base plate temperature value).

8. After the gyro has been on for several minutes, switch the pathlength
controller to ON position. Observe the ±100 p~a meter. It may or may
not move from 0 initial value depending on where the center of the
instrument mode is. However, after some period of time (15 min),
it will move off to one side to a reading of 60 to 80 l±a. At this pblnt,
if the operator so chooses, a mode nearer 0 may be obtained by switching
the Pathlength Servo switch momentarily to MODE CHANGE and then
back to ON position. The next axial mode nearest 0 will be captured.
In no case should operation of the gyro be attempted for sustained
periods if the current exceeds 190 Va. No damage will occur to either
the instrument or the controller. However, the dynamic range of the
servo will be exceeded, so that there is no assurance that the instrument
Is operating at the center of the gain curve.

9. After a warmup period of 30 min, the Instrument is ready for
functional use.
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5. RLG-1140 PERFORMANCE TESTS

The experimental performance checkout of RLG-1140 consisted of a setup
procedure and a subsequent short testing period. Various adjustments were made
after each short test run to enhance the performance of this instrument.

a. Setup Procedure

The mating of the RLG and the control electronics requires many adjustments
to be made to prepare the instrument for the tests which establish the performance
characteristics. These procedures are summarized briefly below.

The cathode current is first set at approximately the final value as determined
by the instruments during the insertion of the Faraday bias element. The Faraday
biasing currents are set at nominal values such that the total power drawn by the
RLG from the electronic controller unit will be approximated. The unit is next
operated until it comes to a thermal equilibrium. The temperature of the RLG is
then elevated slightly by the heater controller so that thermal control can be achieved.
The apertures are then set to eliminate any off-axis TEM modes from lasing.

At this point all physical adjustments to the laser cavity are completed and the
various control loops, e.g., the cavity length servo controller, photodiode detection
and counting logic, etc. will now operate. The Faraday bias element temperature
controller is then set to maintain the bias element temperature slightly above the
temperature of the gyro body.

The final adjustments of the Faraday bias currents for best performance are
then completed. After a short period the various control loops are rechecked to make
sure that power levels and temperatures are within certain nominal ranges.

The thermal configuration of RLG-1140 was designed for a laboratory
environment which would include a mounting flange that would adequately heat sink the
RLG. The heaters on the instrument are able to control the temperature of the RLG
as long as the temperature of the flange to which it is mounted is maintained within the
temperature range of about 65oF to 80 0 F. The testing of RLG-1140 was conducted
with two different heat sinks. One was a 12 in. x 12 in. x 1/2 in. normal convection
air-cooled aluminum plate operating in the laboratory ambient at 720F. The second
was a 26-in. -diameter 3/4-in. -thick aluminum plate which represented an essentially
infinite sink.

The warmup time from a cold start, I. e., room temperature, is dependent
upon the thermal conduction rate fron the base of the RLG to the mounting flange and
the temperature of the mounting flange. For the two thermal mounting cases given,
the times for the thermal controller to come into control range were between 15 and
25 mrin The data obtained after a 30-min period generally show good stability.

b. Test Results and Discussion

The performance of the RLG and the electronic controller can be characterized
in various ways and each supported with data. Since there is no standard method of
displaying the data, several different methods are utilized here to show the performance
test results in different perspectives. Comments as to the method and the relative

merits of each data set are given below.
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The data from several 1-hr drift runs are shown in Figures 24, 25 and 26.
Data were taken by accumulating the output pulses of the RLG over a period of 10 sec.
In each case the RLG was stationary in the laboratory with vertical earth rate input.
These data points then represent the average sngular rate over the 10-sec periods.
Iue to the inherent digital nature of the output of ring laser gyros, the resolution of
the data for the interval is one count. Thus each count in a 10-sec interval represents
0.17 deg per hour. Hence, the top line plot of the raw data can be seen to have step
function values equal in amount to one or more of these counts. Also due to the
inherent nature of the RLG this one count resolution limit is not randomly occurring
but is bounded in any given accumulation of the data. That is, the error of one count
exists at the end of any accumulation interval and is non-accumulative beyond that.
If the input rate to the RLG is constant and any internal biases are constant, then If
the counting error is high over one period it must be equally low over the next period.
Therefore, the method of looking at the accumulated angles will result in no
dependence on time for the data.

The first method of analysis is similar to that utilized by the Naval Weapons
Center at China Lake, California, where RLG-1140 was sent for evaluation after
delivery to AFAL. The mean and standard deviation from the mean are determined.
The standard deviation is then given with the time interval of the measurement. This
is called "random drift" and is represented by alo. The data were then summed into
a smaller set by accumulating ten of the original data points. This is equivalent to
setting the data recording apparatus to accumulate over a period of 100 sec. The
standard deviation from the mean is then given and is shown on the figures as a1 0 0.

The accumulated angular error plots shown on the bottom of each of the data
sets are the accumulated angular deviation of the data from the mean. This is equiva-
lent to the instantaneous heading errors due presumably from drifts of the RLG bias
with time. Since the raw data can be seen to be trending over the data seis from the
start to the finish, all the accumulated angular error plots show the same character-
istic trending. If the data were trending linearly with time, these plots would be
parabolic in character. Note the vertical scale factor of the figures for future
reference.

A second method of analysis is shown in Figure 27. Here all three data sets are
plotted on one graph. The bias is determined by measuring the average of the first
10 min of the data set. Then this bias is subtracted from all the remaining set and
the residuals are accumulated.

These residuals are then plotted and represent the instantaneous heading errors
as determined from the initial calibration period. This is equivalent to a flight where
the bias is calibrated initially and the result propagated over the flight. It can be seen
that during the period of setup and adjustment of the RLG the heading errors got
smaller as various adjustments were made. This is noted by the dates on the data.
The data set for Figure 26 was taken for the demonstration of RLG-1140 performance
during final acceptance testing. This last test data can be seen to indicate a random
drift of less than 0. 1 deg/hr.

Another method of looking at these same data would be in light of the possibility
that the instrument drifting is due to mechanical strain relaxation and/or possible
magnetization relaxation. These and various possible thermal mechanisms could
cause long-term trending. If the source could be isolated or a calibration of the
apparent bias rate change could be determined, then the performance of the RLG could
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Figure 24. RLG-I140 Drift Run, March 12, 1973
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Figure 27. Angular Heading Error

best be shown by fitting the data set with the best-fit straight line. This method is
shown in Figures 28, 29 and 30. All plots are similar to those shown previously but
note that the vertical scale factor of the accumulated angular error plots is ten times
smaller than the previous data plots. The standard deviation from the mean of the
residuals accumulated over equivalent 100-sec intervals is shown on the data sets.
This method of data analysis shows the potential of the RLG if the sources of the
trending are found and eliminated.

One additional drift run was taken. This run had a duration of 60 hr. It is
shown in Figure 31. The data were recorded as RLG output pulse accumulations
over 300-sec intervals. The rms deviation of the whole set from the mean is shown
on Figure 3L The accumulated angular deviation is shown where the calibration
interval is the first 30 min of the data run. The warmup period of the unit was about
60 min. Estimates of performance over shorter time intervals can be made by deter-
mining the angular variations of the accumulated angle plots over the interval of
interest.

The second method of testing the RLG instrument is to determine the scale
factor value at various different rates. This Is called a linearity test. It is typically
done in the following manner. The RLG and controller are mounted on a rate table.
The table has a precision angular encoder. The RLG pulses are connected through
slip rings to the inputs of an appropriate counter. The counter is then triggered by
the angular encoder of the table such that the number of RLG output counts is measured
over a known angular interval of the table. When the table is turned at a constant rate
the count can then be compared with the time for the table to turn through the angular
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interval, and the equivalent scale factor cay be determined. The bias present in the
RLG must be measured rio t'hat any pulses present d&e to Instrumr-ent bias ean be sub-
tracted from the count. In addition, the eartlis rotation must be added or subtracted
as the c.ase ma; be. The resulting data fkrn this type of test are shown in Fikure 32.

A Thru tablo rotation rates were 0. 1, 1, 10, 50, and 100 deg/sec" At the lower rates
tlhe determination of the exact value of the bias present becomes very Important since
a slight variation of the vlCue will lead to a ra.ther large err,'r in the scale factor
determination. This is demonstrated by the two data p-oints shown at 0. 1 dog/sec.
"These potuts are the same data with the analysis using first the bias measured before
"the linearity run and then using the bias; measared after the data run. It can be seen
that th! two variations caun; a symmetriv splitting which reverses from one bias

* value to the other. This indicates that the bHas during this measurement was some
where between the two values before and after the ruvs. The zero-to-peak excursion
of the sat set is about 0.05 percent.

* In summary, the data presented show that the RLG-1 140 instx ument has the
potential for very good performance. The main detractikg characteristic is the long
term trending, that is pr.aent on most of the data. This trending may be reducing
with time; however, the interval over which the instrument was observed was too
short to dLtermine this positively. The source of the trending may be magnetic or
mechanical at naturt, and hence would be of thermal origin since both of these effects
are temperature sensitive. The performance of RLG-1140 when placed in a stable
thermal environment with a temperature-controlled mounting plate would be expected
to be very good, i.e., 0.02 dog/hr.

6. RING LASER GYRO RELIABILITY

a. Reliability Prediction

A preliminary reliability prediction for an RLG system containing one
instrument plus electronics was performed in accordance with MIL-STD-756A using
the part class and part type method described in Para 4. 5 of MIL-HDBK-217A. The
preliminary reliability prediction, which is summarized In Table II, gives an MTBF
of 3270 hr for an aircraft environment using the airborne use environment factor
from MIL-STD-756A. Specific conditions regarding environmental and electrical
stress on parts, component parts reliability grades, parts failure rates, and design
maturity embodied in the prediction are as follows:

(1) Temperature

The prediction is based upon a baseplate temperature of 160°F. Temperature
* rises above the baseplate temperature to component cases and semiconductor junctions

were estimated from a preliminary thermal model.

(2) Parts Reliability Grades

All discrete passive components will be MIL-ER reliability grades. All
discrete semiconductor devices will be JAN-TX grades per MIL-ti-19500. All into-
grated circuit semiconductors will be Class B devices per MIL-M-38510. All parts
in the categories described above which are not available under military procurement
specifications will be procured to Autonetics IID specifications which contain either
identical or equivale!t screen test requirements to assure the intended reliability
grade.
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Talble H1. Ring Laser Gyro System Reliability Prediction Summary

Failure Rate
Item (%/1000 Hr)

40-cm RLG 2.167

Photodlode Buffer Ampl 0.169

Electronics

Cavity Length Control 1.081
Faraday Driver 3.977
Gyro Temperatuire Controllers 1.032
Signal Generator 1.641
Current Sink 2.746

Power Supplies

Low Voltage Power Supply 16.250
High Voltage Power Supply 0,989
MIB and Connectors 0.533

Total Failure Rate = 30. 585 %/1000 hr

MTBF 3270 hr

(3) Hybrid Microcircuits

All hybrid thick- or thin-film microcircuit assemblies will be screened to
comply with MIL-STD-883, Method 5004, Class B screening procedures and
requirements.

(4) Design Maturity

The predicted MTBF is the nature design reliability of the ring laser gyro
system in the application environment.

(5) Part Failure Rates

The failure rates used for the various electronic components were obtained
from sets of component failure rate curves for the appropriate reliability grades
maintained by Autonetics. These failure rates correspond well with outside sources
such as MIL-HDBK-217A and the RADC Reliability Notebook, Volume 11, and check
well with component achieved failure rates from Autonetics programs including F-111

* and Minuteman Il and I1l.
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(6) Hybrid Microcircuit Failure Rates

Failure rates for hybrid microelectronic assemblies are obtained using a
preliminary prediction technique which considers contributions to assembly failure
rate for the circuit substrate, screened resistors, active and passive chip compo-
nents, and electrical interconnecting bonds including flying wire ball and wedge bonds.
The failure rates used for chip resistors and capacitors are the same failure rates
used for comparable cased parts of the equivalent reliability grade in the Autonetics
failure rate data set.

(7) Component Electrical Stresses

Electronic component failure rates were calculated for the principal reliability
determining electrical stress parameters applicable to a given part type using average
or typical stress ratios characteristic of Autonetics electronic circuit designs.

(8) Ring Laser Gyro Failure Rates

Failure rates used in the prediction for the ring laser gyro instrument itself
are the nominal values obtained using the estimating methods described in subsequent
paragraphs of this section.

b. Future Reliability Improvement

The long-term objective for Autonetics hybrid microelectronics designs is the
full use of leam-Lead, Sealed-Junction (BLSJ) semiconductor devices. BLSJ devices,
developed by Bell Telephone Labs and first used on the Safeguard Program, were
specifically developed to eliminate the predominant failure modes of conventional
oxide-passivated semiconductor devices with aluminum metallization systems. Test
data show that the basic failure rates of BLSJ devices are lower by factors of two to
ten over comparable conventional devices. The reduction in failure rate of a ring
laser gyro system with a full complement of BLSJ semiconductor devices (except
power supplies) was examined. The predicted MTBF with BISJ devices Is 3620 hr.

c. Ring Laser Gyro Reliability

The ring laser gyro is a new instrument with respect to service in military
weapon system equipments. Accordingly, there are insufficient use and experience
data available on ring laser gyros or similar instruments to support a quantitative
reliability forecast. The approach taken to formulate a reliability estimate for ring
laser gyros involves examining the design and construction of the instrument and an
analysis of its failure modes in terms of the intended application.

(1) Design and Construction

The ring laser gyro is an Instrument of extreme inherent simplicity in terms of
the number of separate parts involved in its construction. It is not without critical
dimensions and parameters on which performance will depend, but the fact that so few
separate parts are involved limits the number of failure modes and mechanisms in
the instrument. The technology to fabricate parts and the assembly processes required
-are available and, in some cases, are routine.
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(2) Failure Mode Analysis

A preliminary failure mode analysis of the ring laser gyro instrument is
contained in Table III. Part A of Table III is an examination of dormant and storage
failure modes. Part B of the table describes the operating failure modes. In per-
forming the preliminary failure mode analysis (and in constructing Table III), it was
the intent to identify all reasonable and practical failure modes, both dormant and
operating, and to identify their sources and causes. The very fact that a certain
potential failure mode Is included in the table, e.g., mirror degradation or structural

failures, does not imply that failures from the causes and mechanisms listed will
ever occur. The purpose of including all possible failure modes is to identify all the
factors which need to be considered in the design of - reliable instrument. In this
respect, certain design actions, analyses, and tests which should be accomplished
can be identified from the table.

The failure modes which are believed to be significant are loss of helium gaE
atoms and contamination for dormant failures and pumping gas loss and mirror
degraaation for operatiug failures. The storage failure modes also could be operating
failure modes, but operating time and operating life are sufficiently short with respect
to storage time to make these failure modes insignificant as operating considerations
in well designed instruments.

(3) Preliminary Reliability Estimate

, IThe inherent simplicity and the small number of failure mechanisms in the ring
laser gyro instrument, together with the fact that the opportunity can exist to direct
advanced development efforts to meet specific environmental and reliability require-
ments for aircraft application, implies that a ring laser gyro system will be in a
reliability class of instruments with MTBF's much greater than current electro-
mechanical designs. While ring laser gyro reliability cannot be estimated from
electromechanical instrument achieved data, the ring laser gyro can be compared
regarding its general reliability class on the basis of number of failure modes and
inherent complexity. Existing electromechanical instruments, including single-axis
floated rate integrating gyroscopes and pendulous velocity meters have achieved
MTBF's ranging from 5,000 to 100,000 hr (ground environment). In many cases,
these achieved MTBF's include wearout failures in addition to "chance" or random
failures within instrument useful life. Considering the complex fluid systems,
rotating elements, seals; and the rolling and sliding contacts, etc, present in these
instruments, as well as the relatively large numbers of parts per assembly, an order
of magnitude improvement in reliability for the ring laser gyro class is reasonable.
Further, considering the reliability projected for recent state-of-the-art instrument

designs, improvement by a factor of 20 is possible.

Considering a reasonable improvement factor of 10 projects the preliminary
ring laser gyro MTBF estimate within the bounds shown in Table IV.
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Table IV. Projected Ring Laser Gyro MTBF Range 1

(All MTBF's Specified for Fixed Ground Environment)

Conventional Minimum Nominal Maximum
Electromechanical
instrument
Achieved MTBF
(hr) 5,000 30,000 100,000

Using a reliability improvement factor of 10

Ring Laser Gyro Lower Bound Nominal Upper Bound
Projected MTBF
(hr) 50,000 300,000 1,000,000

Selecting the nominal value above and relating it to an airborne environment
gives 46,000 hr MTBF for the RLG in the" reliability prediction.
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7. RING LASER GYRO MAINTAINABILITY

Maintainability is defined to be the probability that an item will be retained in or
restored to a specified condition within a given period of time, when maintenance is
performed in accordance with prescribed procedures and resources.

For a ring laser gyro system, as for any other system, there are two forms of
maintenance - corrective and preventive. Either one or a combination of these may
be used to maintain the ring laser gyro within its performance specification.

a. Corrective Maintenance

Corrective maintenance is the action performed, as a result of a failure, to
restore an item to specified conditions (Ref MIL-STD-721B). The maintenance action
to repair a ring laser gyro system after it has failed is made up of several individual
tasks, and the sequence of performance of these tasks is referred to as the corrective
maintenance cycle. The cycle is divided into four functions: (I) detection of the
trouble, (2) determination of the action necessary to correct it, (3) replacement of
the faulty item, and (4) adjustment and checkout of the equipment and its return to
service. The four functions are, in turn, divided into individual time elements
according to the maintenance tasks.

Any failure in the ring laser gyro system which would cause it to malfunction
would be identified and corrected by following the above procedure. For example,
If gyro output pulses failed to appear on the output lines, several sources maybe at
fault. One is that the instrument may not be lasing. If the instrument is not lasing,
its gain may have dropped due to deterioration of the plasma section. This would
be true if the getter deposits were used up or if the plasma discharge color had
degraded. In this case it would be most expedient to replace the plasma section.
Lasing may also have stopped due to an increase in cavity loss. The bias package
and apertures would then require checkout and replacement if necessary. Electronic
problems may also have occurred. For example, due to a power supply malfunction,
the tube may not lase because !t is not discharged. Another source may be a failure
in the logic which is used to process the outptut pulses.

In any of the above situations, as well as others which may be responsible for
system malfunction, the problem must first be Identified before the remedy can be
implemented and the equipment checked out.

b. Preventive Maintenance

Preventive maintenance is the action performed In an attempt to retain an item
in a specified condition by providing systematic inspection, detection, and prevention
of incipient failure (Ref MIL-STD-721B).

The preventive maintenance action may consist of any one or all of the tasks
identified in a corrective maintenance cycle. The method for controlling and
scheduling preventive malntenance Is usually pred-!etted upon two factors: (1) the

number of hours the equipment has been operating, or (2) the degradation of the
performance of the equipment.
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Preventive maintenance based upon the measurement of performance to determine
whether the equipment is operating within the allowable design parameters may be a
more realistic procedure than attempting to control preventive maintenance by equip-
ment operating time. At least this procedure should be considered until some operating
history is acquired that could be used to schedule preventive maintenance more
effectively. As an example, it may be decided to replace the ring laser gyro instrument
when its output intensity has dropped a specified percentage from its initial value.

Providing adequate and accessible test points in the equipment would facilitate
preventive maintenance as well as corrective maintenance. However, test points
should be carefully designed, so that they do not interfere with the functional capability
of the circuits.

The packaging of components and subassemblies in self-,contained functional
units facilitates the maintenance of equipment.and should be the first consideration
in designing for maintainability. Properly employed, functional modularization
greatly simplifies troubleshooting by making possible the rapid location of faults.
Once a fault has been located to a module, it can be quickly removed and replaced
by a functionally sound, Interchangeable module. Functional modularization makes
possible major reductions in the requirements for maintenance technicians and
training. Overall requirements for maintenance manuals and technical information
are also reduced.

c. Human Factors Aspects of Maintainability

Because maintainability is concerned to a great extent with the maintenance
of systems and equipment by people, there is a close and overlapping relationship
"between maintainability and human factors. In dealing vith the subject of maintain-
ability, it must be kept in mind that the design of the equipment has a direct effect
upon the individuals who have the responsibility for maintaining the equipment in an
operational state. The establishment of a maintainability concept or design is not
complete without considering the human factors in the system. This interface
can best be accomplished by coordinating the maintainability effort with those who
are specialists in human factors engineering, just as it is important to coordinate
with other engineering disciplines such as safety engineering, reliability, etc.,

d. Availability

"Availability is a measure of the degree to which an item is in the operable
and committable state at the start of the mission, when the mission is
called for at an unknown (random) point In time" (Ref MIL-STD-721B).

The availability of a ring laser gyro system is an important quantity to be
specified. It Is directly affected by the maintainability and the reliability of the
system. The following mathematical expression illustrates the point.

A MTBF
MTBF + MTTR
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where

A = Availability

MTBF = Mean Time Between Failures

MTTR = Mean Time to Repair

Examination of the equation for availability reveals that tradeoffs between
reliability and maintainability are possible in order to achieve the desired
availability. As an example of the use of this expression, the required MTTR may
be calculated if the UTBF and the required A are known. If it is assumed that
A = 0.95 and MTBF = 3620 hr (from Section 6), then an MTTR of 190 hr is
determined.

In order to effect an improvement in availability over this value of 0.95, it is
necessary to determine the exact tasks and the costs to perform the tasks required
to obtain the desired availability through either an increase in MTBF or a decrease
in MTTR. These costs then provide the basis for further refinements to the MTBF
and MTTR. Theoretically, the ultimate goal is to adjust the MTBF and MTTR
until the costs to provide the desired availability goal are minimized. In all cases
the total costs of solving the problem must be included. These costs include not only
the changes to the hardware and installations, but must Include costs for changing
maintenance manuals, changing the supply and support requirements, retraining of
maintenance personnel, etc. The costs must also be calculated over the usefdl life
of the equipment to determine the optimum cost effectiveness solution to the problem.

e. Reliability Failure Rate Curve

To bring the relationship of reliability to maintainability into even sharper focus,
the standard reliability failure rate "bathtub" curve in Figure 33 is presented. The
"bathtub" curve, as illustrated, is characterized by the three most common types
of equipment failures.

First, there is an initial time of high failures called "infant mortality," which
*: is associated with the normal design, manufacturing, and quality control problems

generally encountered in the initial phase. (Reference area TIM.) Second, a period
Sof time exists, after the initial problems have been resolved, Which is termed the

normal operating period of relatively low random failure rates. (Reference area
TNOp.) In the third period, failures begin to rapidly increase due to parts "wearout."
(Reference area TW).

The vertical line identified as "Estimated Wfe" is considered to be the point in
time reached wherein the cost of repairing and replacing wornout ceomponents plus the
inconvenience and costs of increased "downtime" for repairs makes it unprofitable to
maintain the equipment in service.
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Figure 33. Reliability Failure Rate Cuirve

Some doubt exists as to whether the standard failure rate curve shown applies
to ring laser gyro systems. The RLG system failure rate curve is a composite of
the curves for the instrument and electronics separately. The ring laser gyro elec-
tronics probably do follow a standard failure rate curve, but the instrument may not.
Several known failure mechanisms for the instrument do not obey the normal failure
rate curve. Examples of such mechanisms are contaminant gas evolution and helium
loss through permeation. Both of these will produce a low failure rate initially and
then a much higher failure rate later. Both when permeation loss has produced a
significant pressure drop and when contaminant gas evolution has used up all the getter
deposit, failures will increase drastically. Because of these effects and others, the
instrument failure rate curve should be investigated more thoroughly.

f. Repair/Discard

In the determination of an optimum maintainability policy, the question
constantly arises as to whether or not it is more practical or economical to design
subassemblies or modules for repair or discard. From a maintainability viewpoint,
the optimum design would provide for rapid and unambiguous fault isolation to a low
cost nonrepairable throwaway plug-in module. The discard alternative reduces the
need for skilled technicians at various levels of maintenance, facilities for repair,
detailed and complicated maintenance manuals and procedures, spare parts inventory.,
identification and control, costly tools and test equipments, scheduling aud maintenance
hours control, as well as the need for sophisticated and exacting administration.
Also eliminated is the need for expensive protective packaging and the handling and
transportation of failed modules to the repair site. From this observation, it would
appear that designing for discard would be the ultimate goal.
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However, this will probably not be possible for a ring laser gyro -system.

The ring laser gyro electronics can be designed and built mainly in modular form to
facilitate maintainability. Whether an electronic module is repaired or discarded
when it fails depends to a large extent on whether it is economically feasible to ný ake.
discardable modules In the quantity required. If this is not economical, then a sl ialler
number of extra modules may be built. Then a faulty module may be replaced with a
new module while the faulty one is repaired to act as a backup.

The ring laser gyro instrument will likely require repair or discard as a unit.
The instrument itself is not readily adaptable to buildup from individual modules. Also,
replacement of elements in the optical path requires recalibration. Again, as with
electronic modules, there is the question of repair or discard. Because the instrument
is more complex and expensive than most electronic modules, a discard policy would
require production in a larger quantity. If this is not the case, then a malfunctioning
instrument would be replaced as a unit. The malfunction would be repaired, so that
the original unit could be used as a backup instrument.

g. Test and Evaluation

Up to this point, most of the maintainability effort described would be conducted
in a theoretical manner. Just as prototype or preproduction hardware is produced to
prove the functional theory of the design, so should a means be employed to verify
the maintainability aspect of the design. A part of the benefit from the maintainability
prediction process Is the identification of problem areas that allows for corrective
action. This would indicate that the identification of and the solutions to maintainability
problems via the prediction process is positive. However, the aviflability and the
validity of the data used in the prediction process may be suspect, particularly in
reference to advanced state-of-the-art equipment §uch as a ring laser gyro system.
This then would Indicate a need to perform some kind of maintainability testing and
evaluation to assure that the equipment does, in effect, conform to the maintainability
requirements of the system.

This testing process may deal with only certain suspected elements of equipment
maintainability or it may, in the case wherein the prediction process indicates no
maintainability problems, be a random selection of tests to prove the adequacy of the
predictions. Some method for testing and evaluating the maintainability of the equip-
ment prior to formally demonstrating to the customer that the equipment will satisfy
the contracted requirements is needed. It should also be noted that the further down-
stream in the design, development, and acquisition process the maintainability tests
and evaluation take place, the greater is the probability that problems uncovered by
this process will be not only costly to solve but will have an adverse effect upon
schedules.

For a ring laser gyro system, effort should be concentrated on determining
• the reliability failure rate curve for the instrument proposed. If possible, early

In the program several earlier instruments of similar design should be put on life
test to determine preciac failure mechanisms.
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S. RING LASER GYRO SYSTEM SAFETY

System safety is defined in MIL-STD-882, 15 July 1969, as "The optimum
degree of safety within .the constraints of operational effectiveness, time and cost,
attained through specific application of system management and engineering principles
throughout all phases of a system's life cycle.

The general objectives of a ring laser gyro system safety progra-m are as

follows:

1. Identity all the -hazards related to the ring later gyro as early as possible.

2. Specify design requirements to eliminate or minimize the hazards
identified.

3. Validate that corrective action has been taken In the form of design,
safety devices, procedures or warning notes, and signs.

4. Feedback test and operational use Information to be considered in
future designs and/or modifications to the ring laser gyro system.

5. Establish and maintain accurate records which can be used to defend
product liability suits.

At this time most of the safety hazards related to the ring laser gyro can be
identified. These main areas of concern are the lasing output, the high voltage required
for discharging the plasma tube, and implosion. The hazardous effects of high voltage
and implosion are well-known; means for safeguarding conventional equipment against
these effects have already been developed. The major new hazard with laser equipment
Is the lasing output.

The damaging effects of CW laser radiation appear to be thermal in origin.
For a ring laser gyro the area most sensitive to damage by such radiation is the
eye. The region of the eye affected by the lasing depend s on the wavelength of the
radiation. The 0. 633 (or 1. 15 i. ) radiation from an He/Ne laser which passes
through the pupil is focussed on and absorbed by the retina. As the incident energy
increases in value, the reaction will proceed from a simple reddening to blistering.
idceration, charring, and finally disruption of the retina. Burns to the fovea, which
makes up an area of the retina only about 1 mm in diameter, can result in serious
impairment of vision. Burns in the remainder of the retina may not have as serious
an effect, because the peripheral retina is mainly concerned with peripheral vision.

The main ring laser gyro output is not normally available for visual observation
--- when the combining optics prism and photodiodes are in place. Even if It were, the

output power is normally an order of magnitude or more less than the 1-millivolt value
generally considered to be definitely dangerous to the eye. Any other ring laser gy.ro
output (for example from a high reflectivity mirror or Brewster angle window) would
be another order oi magnitude smaller. In any case, however, exposure of the eye to
any ring laser gyro output should be avoided, s! ice the eye is a central nervous systerm
organ, and, as such, cannot repair damage done to it.
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From an analysis of the above hazard , Information available from the
literature (Ref 6-9), and safety requireir ats for electronic systems, the
following safety recommendations are mr a. Human factors aspects and safety in
equipment operation are included as will be noted in the presentation. The
recommendations are classified according to those which apply to the ring laser gyro
sensor, the electronics, and the laboratory, maintenance facility or field location
where the system is employed.
a. Ring Laser Gyro Sensor

1. The design and construction of the ring lasei" gro should insure that
all external parts,. surfaces,, and shields are at ground potential at all

_ -times.

2. If the ring laser gyro output beam is exposed, personnel should avoid
looking into or along the axis of the beam, with or without protective

I eyewear. Personnel should also avoid looking at specular reflections
of the beam.

3. The ring laser gyro sensor should be sealed to exclude dust and
moisture from the optical elements.

4. An over-temperature sensor device should be employed to inhibit
operation of the ring laser gyro when over-temperature conditions occur.

5. A plate should be attached to the instrument which provides the followingI information in a clearly visible location:

a. Maximum ring laser gyro output power
a. Operating wavelength

6. Personnel should become familiar with first aid techniques-, particularly
with artificial respiration techniques and the handling of electrical shockvictims.

7. A ring laser gyro with an exposed output beam should be fixed in placeiso that inadvertent beam movement cannot occur if contact is made with
the laser.

8. Standard operating procedures should be developed for each specific
ring laser gyro operation and approved by the aafety organization. Every
step in the operating sequence should be documented in a checklist format
and checked off in the proper sequence when operation is initiated.

9. Goggles or visors should be used when working with the ring laser gyro
A!L•i its output beam expotaed. Devices used for eye protection should be
narrow, and and centered Pt the r!hg laser gyro operating wavelength.
Peripheral vision should net be impaired.

-31
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10. The ring laser gyro sensor should be surrounded with a shield to protect
personnel against possible implosion. In most cases a thermal enclosure
or magnetic shield already required will also serve this purpose.

11. Regular opthalmological examinations should be conducted for personnel
working on ring laser gyros with exposed output beams.

12. The ring laser gyro system should be designed to withstand all
environmental extremes anticipated (temperature, pressure, shook,
vibration, etc.)

b. Ring Laser Gyro Electronics

1. The ring laser gyro electronics should be designed in modular form,
with easy access to each module.

2. Test points should be provided for rapid malfunction isolation.

3. All high voltage terminals should be marked and shielded.

4. Voltage and current test points and adjustments should be located
on a central, easily accessible, board.

5. Fast discharge should be provided for high-voltage circuits.

6. All modules with high voltages should be plainly marked.

7. Plug-in component boards should be used whenever possible.

8. Unless otherwise specified. meters should have provision for overload
bypass or alternate protection to eliminate high voltage potential or current
at the terminals in the event of meter failure.

9. All control shafts and bushings thereof should be grounded wherever
practicable, or, alternatively, the control knobs or levers should be
insulated from these shafts to prevent electrical shock or burns.

10. Overload protection for ring laser gyro electronics should be provided
by fuses, circuit breakers, or other protective devices.

11. All electrical components used should comply with the appropriate
military specifications.

12. Routing of wires and location of components should not impose undue
mechanical strain on termination points.

13. All electrical connectors should be coded, keyed, or otherwise designed
to avoid mechanical mismatching.

14. Connectors should have moisture and corrosion protec.m.
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15. Contact of dissimilar metals should be avoided unless suitable corrosion
protection is provided.

16. Critical circuits should be Isolated where necessary to prevent degradation
by signals from adjacent circuits which would result in an undesirable
event.

17. Power and signal leads should not be routed through adjacent pins of
connectors.

18. Sufficient working space should be allowed for bngaging and disengaging
connectors.

19. The ring laser gyro system electronics should be designed for the most
severe environment the system will encounter.

20. Fuses should be designed so that they can be replaced without special

tools. They should be located conveniently.

21. Terminals should be protected from shorting by foreign objects.

22. Switches and controls should be designed to prevent accidental activation.

23. Ground connection to shields and to other mechanical parts, exc- the
chassis or frame, should not be made to complete electrical circ s-
because of possible inter-circuit interference. The path to grounu from
the equipment should:

a. Be continuous and permanent.
b. Have ample capacity to conduct safely any current imposed

upon it.
c. Have impedance sufficiently low to limit the potential above

ground and to facilitate operation of the over-current devices
in the circuit.

d. Have sufficient mechanical strength to minimize the possibility
of ground disconnection.

24. Ground connection to the chassis or frame should be mechanically secured
by soldering to a spotwelded terminal on the ground wire and then securing
the terminal by a screw, nut, and lockwasher.

25. Switchable protection should be provided to prevent contact with any moving
mechanical parts when the equipment is operating.

26. Sharp projections on doors and similar parts should be avoided.

27. Doors or hinged covers should be rounded at the corners and provided
with stops to hold them open.
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c. Laboratory, Maintenance Facility, and Field E&ivironment

1. Areas where ring laser gyros are used should be restricted areas.

2. The entrances to ring laser gyro use areas should be posted with
warning signs.

3. When possible, a high general illumination should be maintained in ring
laser gyro areas to keep the eye pupil diameter as small as possible.

4. Walls, ceilings, and interior window and door surfaces should be coated
with non-reflecting material when practicable.

5. All areas should be adequately ventilated to prevent accumulation of
oxides of nitrogen, ozone, hydrogen, or other toxic or flammable gases
which may result from high voltage or chemical sources.

6. Components, parts, supplies, tools, and other equipment not in use during
the setup or operation of ring laser gyros should be properly stored, leaving
the area in an orderly condition.

7. In field use a decal or some other sort of marking should be utilized to warn
personnel of the presence of the ring laser gyro. There should also be
some means, such as an indicator light, to notify personnel when the
ring laser gyro is on.

Although almost all the general and most of the specific system safety
recommendations for a ring laser gyro system can be made at this time, several
will escape notice until some Safety Testing is performed. At that time these will
be identified, and also those design features employed to meet previously defined
safety recommendations will be determined to be adequate or not. If complete safety
testing is not economically feasible, partial design verification of safety characteristics
would be demonstrated by laboratory test of a mockup or simulation approved by the
procuring activity. Safety tests would be performed on critical components to
determine the degree of hazard or the safety margin in the design. As an example,
the high voltage circuitry needed for discharging the ring laser gyro must be checked
to see that sufficient insulation is used, so that there is a negligible chance of break-
uown or arcing occurring in normal system operation.
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