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Preface

The purpose of this study was twofold, to compare the

relative merits of two designs of the passive ring laser

gyroscope, and to determine the performance level possible

using a high finesse low noise resonant cavity. The rotation

sensitivities measured in this research indicate that the

passive ring laser gyroscope can match and possibly surpass

current performance levels of active laser gyroscopes.
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Abstract

Two configurations of the passive resonant ring laser

gyroscope were evaluated. The first configuration detected

cavity resonance by monitoring the beams transmitted through

the cavity. The second configuration detected resonance by

monitoring the beams reflected from the cavity input mirrors.

The resonant cavity of both configurations had a rated fi-

nesse of 9800, making the gyro much more sensitive than ear-

lier versions. Additionally, much of the cavity noise that

plagued earlier experiments was eliminated by mounting the

cavity mirrors on a solid ceramic block, and evacuating the

beam paths.

Alignment data indicated that the signal strength in the

reflected beam had six times the power of the signal in the

transmitted beam. However, the bias on the reflected signal

was seven times the signal strength. This bias intensity in-

creased the shot noise in the detector circuit.

Rotation was simulated in the gyro by shifting beam fre-

quencies. The strength of the error signal was calibrated to

angular rotation. A signal to noise ratio of one was then

converted to a noise equivalent rotation. Using a 100 second

integration time, the noise equivalent rotation of the first

configuration was twelve milli-earthrate, and four milli-

earthrate for the second configuration. The detection of re-

sonance usinq the reflected beam increased sensitivity three-

fold.
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I. INTRODUCTION

Background

The ring laser gyroscope first appeared in a working

form in 1963 when Macek and Davis built a working model based

on an earlier design by Rosenthal. In 1972 the first opera-

tional model was available. Currently the ring laser gyro is

used for rotation sensing in inertial platforms as an alter-

native to the mechanical -yro, as in the Boeinq 757. The ring

laser gyro has distinct advantages over the mechanical gyro

such as a fast warm up time and few moving part, o wear out.

It is also free of many of the errors associate Kth mechan-

ical gyros. Laser gyros, however, have their ov .-aracteris-

tic errors of which the most significant is a louK-in error

at low rotation rates. This lock-in error is primarily due to

the laser gain medium in the ring laser gyroscope.

In 1977, Balsamo and Ezekiel proposed using an external

laser source to eliminate this lock-in error. In 1978, two

AFIT students, Olkowski and Holland, under the tutelage of

Balsamo, built and tested a Passive Ring Laser Gyroscope

(PRLG). In 1979, Motes carried on the study of Olkowski and

Holland by buildin7 a second version in an attempt to elim-

inate the error sources in the previous design.

In both models, the largest errors were caused by the

instability of the resonant cavity. Because the cavity com-

ponents were individually mounted on a platform base, the

quality of the cavity was severely limited. The major error

sources were: (1) the thermal exoansion of the cavity and the

I-I



associated misalignment of the cavity, (2) the mechanical

vibration of the cavity mirrors by platform vibrations and

air currents, and (3) the variation of the index of refrac-

tion within the cavity due to vibrations and air currents.

Problem Statement

The primary objective of this research is to compare

the performance of two design concepts of the PRLG. The

first design concept has been used in previous PRLG's. It

consists of monitoring the power transmitted through the cav-

ity to keep the two cavity beams in resonance. The second

design concept differs from the first in that the power re-

flected from the cavity is monitored to keep the two cavity

beams in resonance. Since the principle function of the PRLG

is to accurately measure rotation, rotation rate sensitivity

is the performance factor used to compare the two designs.

A second, but equally important objective, is to maxi-

mize the rotation rate sensitivity ir either design to the

erformance level of one milli-earthrate (0.015041 deg/hr).

Although the rotation rate sensitivity in previous PRLG's

has been much coarser than milli-earthrate, the quality of

the resonant cavity makes this a conceivable :oal. The Rock-

well International cavity used in this research is drilled

from a solid niece of "Zerodur", a ceramic, one of the most

thermally stable mrnterials known. The piezo-electric trans-

ducers and cavity mirrors are attached directly to the "Zero-

dur" block and aligned to sustain a 7aussian beam. Each mir-

ror consists of 23 dielectriz layers on a "Zerodur" substrate

1-2



finished to a smoothness of less than 0.5 . The reflecti-

vity for the mirrors at 63281 is 0.99995. The cavity is par-

tially evacuated to reduce variations in index of refraction

within the cavity. These qualities of the resonant cavity

eliminate the dominate noise source of earlier versions of

the PRLG, and increase the resolving power by a factor of

fifty. Hence, a 7oal of milli-earthrate is realistic. (Ref 1)

Finally, the development of the PRLG will, most likely,

continue to be a source of AFIT theses. The third objective

of this thesis is to provide a comprehensive background in

PRLG theory that will aid future AFIT research.

Scoje

The scone of the research is limited to the design, fab-

rication, testing, and evaluation of two configurations of

the PRLG. Two major comnonents of the PRLG, the resonant cav-

ity and the frequency stabilized laser, are treated as com-

pleted comoonents. The primary design feature in this re-

search is mode matching. The first configuration tested was

desianed by Majors Balsamo and Shaw. The second configuration

tested is designed in this research.

General Aoroach

A PRLG is designed which utilizes the first concept of

resonant oeak detection, monitoring nower transmitted through

the cavity. The primary design feature is mode matchine the

gaussian beam of the frequency stabilized laser to the mode

supported by the cavity. The geometry of the first configura-

I-3



tion allows an approximate mode match by the use of two

spherical mirrors. Once the design is completed, the laser,

acousto-optics. beamsplitcvr, mirrors, and cavity are mounted

on an "Invar" base, and aligned. Measurements are recorded to

determine cavity finesse, and rotation rate sensitivity. At

the comoletion of the first test, the PRLG is dismantled.

Some mounts are replaced and the PRLG is realipgned in the

same configuration for a second series of tests. A second set

of data is recorded.

Next, a PRLG is designed which detects resonance from

the reflected cavity beam. The modes of the laser and cavity

are matched using two spherical lenses. The components are

mounted on a stainless steel base and aligned. Data measure-

ments are again recorded to determine cavity finesse and ro-

tation rate sensitivity. At the completion of the first test

in the second configuration, the PRLG is realigned to maxi-

mize finesse. The gain in the electronic feedback loops is

maximized. A final set of data is taken. Additionally a re-

cording of bias drift over a 30 minute period is accomplished

for this configuration.

Order of Presentation

Chapter II presents the general theory of rotation sens-

ing using optical components. This chapter is subdivided into

six sections: (1) the Sagnac effect, (2) optical cavities,

(3) the active rin;r laser gyroscope, (4) the passive ring

laser gyroscope, (5) acousto-optic modulators, and (6) mode

matching. Chapter III presents the two configurations of the

'-4
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PRLG to be tested, briefly describes the mode matching, and

discusses the specifications of the resonant cavity. Chap-

ter IV descibes the data measurements taken and presents the

data. Chapter V discusses the data, compares the two config-

urations, and gives conclusions and recommendations.

I-5
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II. THEORY

The Sagnac Effect

The Sagnac effect is the basic principle behind all ro-

tation sensing using light. It refers to the shift in opti-

cal path-length that occurs in a ring cavity when it is ro-

tated. This shift occurs as a result of the relativistic law

that the speed of light is a constant in a given inertial

reference frame.

Consider the following example: a ring cavity consist-

ing of three mirrors, Fig. i, is rotated in the clockwise

direction. To an observer A, who is stationary in the iner-

tial reference plane, the speed of the light traveling in the

clockwise (cw) and counter-ciockwise (cow) direction is the

constant c. But to observer B, who is in the reference plane

of the rotating ring, the light traveling in the cw direction

appears to be traveling slower than c, while the light tra-

veling in the ccw direction appears to be traveling faster

than c. In each case the apparent speed is equal to the con-

stant speed of light, c, plus or minus the peripheral velo-

city of the ring, RO, where D is the angular velocity in ra-

dians per second and R is the radius from the center of ro-

tation to the light beam. To observer A, the light traveling

in the cw direction from ooint D must travel farther than the

cow beam to arrive back at point D, since as the beams tra-

vel, point D moves away from the cw beam and toward the cow

beam.

'I-i



MM

M IM

Fig. 1. The Sagnac Effect

The difference in path length can be computed by multi-

plying the difference in peripheral velocity, 2RCX by the

time that the light takes to complete one round trip. Since

the speed of light is much much greater than the peripheral

velocity in practical devices, the round trip time is well

approximated by the perimeter of the light path divided by

the constant speed of light, c.

For a circular ring the radius of the light path from

the center of rotation is constant, the peripheral velocity

of the ring (R0) is constant, and the perimeter of the light

path is the perimeter of a circle (2nR). Then the path

length difference, AL, is;

AL = Av x t

= 2RO x 2fR/c

= 4.nR 0 (1)
C
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For a noncircular light path as shown in Fig. 2, the

radius changes as a function of e, so the path length dif-

ference must be integrated around the loop:

AL = 2R20 de (2)
o C

where; AL = the total path length difference

20R = the difference in angular velocity at each

point along the path

RdO = the incremental path length at each point that

is tangent to the axis of rotation

R = a variable radius that is some function of 0

Moving, the constants outside of the integral, Eq (2) becomes;

AL 2C)nR2d1
-L . lRde (3)

R(e)

Fig. 2. An Irregular Optical Path

I1-3



t The integration of R2 over 9 is equivalent to twice the

area that the radius sweeps out as it is integrated. So when

I is integrated from 0 to 2n, the radius sweeps the entire
area that is enclosed by the light nath, and the product of

the integrand is simply 2A. This relationship between R2  9

and A is best illustrated by replacing the integration with

a summation, Fig. 3, of many small wedges,AO:

,&AL = -XRA (4)
c F, 1

In each wedge A1, the radius can be approximated as the

average radius. Then the incremental area enclosed by each

Fig. 3. Path Length Difference as a Summation

II-4



wedge is;

AA =R2AO
2

where AO is in radians. So;

22AA(6

By substituting Eq (6) into Eq (4), the summation becomesl

AL = = 2AA6 & (7)
SAG

By factoring 2 out of the summation and cancelling AG,

Eq (7) becomes;

A L M f 1, A A (8)
C

which is simply the summation of incremental areas which add

up to the total area enclosed. By taking the limit as Ae-O,

the errors caused by the approximation of radius disappear.

and he summation becomes the integration of area enclosed by

the beam paths

AL= (9)

This result is valid no matter what P eometry the beam

path takes, or where the center of rotation is located. The

only assumption-made in deriving Eq (9) is that the speed of

light is much much greater than the peripheral velocity of

the ring.
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Optical Cavities

An optical cavity is any configuration in which light

travels a closed path. The simplest optical cavity is the

Fabry-Perot etalon, Fig. 4, which consists of two parallel

fixed mirrors seDarated by some distance L. Light reflects

back and forth between the mirrors A and B forming a closed

path of lenpth 2L. Many properties of all cavities can be

defined in terms of this simple configuration.

Consider first the characteristic modes of an optical

cavity. In general, a cavity mode is any wave shape that re-

produces itself after one round trip through the cavity, that

is, it has the same phase and electric field distribution.

There can be more than one st.ch wave for a given cavity, and

each is a characteristic mode. The curvature of the cavity

mirrors and the geometry of the cavity determine the char-

acteristic modes. Modes are discussed in more detail in the

last section of this chapter

I 1 I I

! I , I |I

I I Il I

I t I I
Ie I I I

, iI I I

MA M13

I& ' L

Fig. 4. Fabry-Perot Etalon
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Resonance is another property of optical cavities. Con-

sider a beam of light entering the cavity of Fig. 4 through

mirror A. The beam propagates to mirror B where part of the

beam is transmitted and part is reflected back to mirror A

after traveling a distance of 2L. For the cavity to be in

resonance, the reflected beam must be in phase with the beam

just entering the cavity. This phase match occurs when the

round trip length through the cavity is an even number of

wavelengths, 2L = nA, where A is the wavelength of the light

and n is any integer. This condition is necessary for con-

structive interference.

The resonance relationship can also be expressed in

terms of frequency by substituting c/f for A, where f is fre-

quency in Hz. Solving for f, the resonance equation becomes;

f = nc (10)

Frequencies that satisfy Eq (10) are called resonant

frequencies of the cavity. The distance between resonant fre-

quencies is called the Free Spectral Ranqe (FSR) of the cavi-

ty. From Eq (10) it is obvious that the FSR must be c/2L.

In a perfect cavity where the mirrors are 100% reflec-

tive, each reflected wave has the same amplitude as the ori-

ginal wave. I!f the cavity is not exactly in resonance then

the reflected wave is not perfectly in phase with the source

wave. The L~.cond and third reflection are two and three times

out of phase and so on until the phase of the nth reflected

wave is shifted a full wavelength and is again in phase with

11-7



the source. The net effect of the interference of all re-

flected waves is total destructive interferenre.

In a real cavity, the reflected beam diminishes in am-

plitude with each reflection so that at frequencies near re-

sonance, total destructive interference does not occur. In

this situation the reflected beams attenuate before they

phase shift a full wavelength.

When the cavity is in resonance, maximum power is trans-

mitted through the cavity. This property is a result of the

boundary conditions at the input mirror of the cavity.

Consider the boundary conditions shown in Fig. 5, where

a beam of light is incident on a highly reflective mirror.

Mirror

ErEt

Ei

ni~ nt

Fig. 5. Boundary Conditions at the Cavity Input iAirror

The boundary conditions at the surface of the mirror result

in a portion of the wave being transmitted and a portion re-

flected. But when the mirror is nart of a cavity in reson-

ance, a fourth component is added to the boundary condition,

11-8



which is the reflected cavity wave Et. The returning cavity

wave's Et cancels a portion of the reflected wave's Er re-

sulting in an increase in the transmitted wave's Et. The in-

creased transmitted beam in turn increases the returning cav-

ity beam, and the process iterates until the boundary condi-

tions are stable. If the reflectivity of the other cavity

mirrors accumulatively match the reflectivity of the input

mirror, then the three components El' Et, and Et completely

match the boundary conditions and no light is reflected.

The formula for transmission through an optical cavity

in resonance is;

T (1-I) ( (Ref 7z116) (11)

T1 - RlR j2

where

T = portion of incident power transmitted

= reflectivity of the input mirror

R2 = combined reflectivity of other cavity mirrors

As the frequency shifts away from the resonant frequency, de-

structive interference begins in the reflected waves. Et no

longer phase matches Et, El. and Ert and power transmitted

falls off. Figure 6 shows a graph of proportional Dower trans-

mitted through the cavity as a function of frequency.

11-9



0 FSR

0

0 5-g 0.5 1

E

I !
nc (n+1) c
2L 2L

Frequency

Fig. 6. Cavity Power Transmission vs. Frequency

The higher the reflectance of the cavity mirrors, the

faster the power falls off with frequency, and the narrower

the resonant peak. The difference in frequency between half

power points of the resonant peak is denoted by Af , which

stands for full width half maximum frequency. The Afl in a

lossless cavity is related to the reflectivities of the cav-

ity mirrors by the following formula:

Af- = 2 (Ref 7s118) (12)f 2L n (-lR R2)y

The Af, and FSR are two characteristics of an optical

cavity that determine a third called the finesse of a cavity.

The finesse is the number of Afi's that would fit into one

If-10



FSR i

finesse - n(_IR2)
finesse (Ref 7:118) (13)

The finesse is a measure of the resolving rower of the

cavity, that is, its ability to resolve one frequency of

light from another within the same FSR. For most cavities

the f, and hence the finesse are determined primarily by the
2

reflectivity of the cavity mirrors as in Eqs (12) and (13).

But when cavities have highly reflective mirrors, as in a

laser cavity, the spatial distortion of the cavity beam be-

comes the dominant effect in shapinF the resonant peak.

Spatial distortion of the beam refers to the phase distor-

tion of the wave as a result of reflection from an imperfect

surface, as illustrated in Fig. 7.

Exaggerated Incident Reflected
Mirror Surface Wave Wave

ideal (Phase front) (Phase front)
real

Fig. 7. Spatial Phase Distortion of the Reflected 'lave
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The real surface of the mirror does not perfectly cor-

respond to the desired surface, but varies higher and lower.

When a perfect wave front is reflected from tris surface,

part of the wave is reflected from the high surface and part

from the low surface. The spatial distortion of the wave

phase is directly related to the spatial variation in the

mirror surface. And the minimum Afi and maximum finesse are

directly related to the spatial distortion. The root mean

squared (RINIS) variation in the surface of the mirror ex-

pressed in wavelengths roughly corresponds to the inverse of

the cavity finesse. So if the smoothness of the mirror were

A/200 the maximum finesse would be 200 no matter how ref lec-

tive the mirrors were made.

When the resonant peak of the reflectivity is much nar-

rower than the resonant peak of snatial distortion, then even

in perfect resonance, much of the light wave is shifted so

that destructive interference occurs. So, besides limiting

the finesse of the cavity, spatial distortion of the phase

front also limits the power that can be transmitted through

the cavity.

The characteristics of the Fabry--Perot etalon are easily

extended to the more complex cavity of Fig. 1. For resonance

and FSR, the round trip is the perimeter, P, of the cavity.

Eq (10) becomes;

f= nc (14)
P

. II-12



The reflectance of the innut mnirror of Fig. 1 corresponds to

Ri in Eqs (11),(12), and (13). Similarly the combined reflec-

tance of mirrors 2 and 3 correspond to 12" Equations (11),

(12), and (13) become;

T = (1-RI) (1-RAII) (15)

[1 - (R1R2R3)12

A = 1 l 23 (16)

2 (RIR 2R 3 )w

(RP R IR 2 R

finesse = (R1R2 R3 ) (17)1 -(I1R2iR3 )4

Similarly, for a four element cavity (R2 3) in Eqs (15), (16).

and (17) would become (R2 3R4) and so on.

The Active Laser vYroscoDe

A laser can be viewed as three distinct components,

(1) a resonant optical cavity, (2) a gain medium, and (3) a

pumDing mechanism to excite the qain medium. Of these three

components it is the resonant cavity df the laser gryoscope

that makes it distinct from other lasers. Consider first

those components common to other lasers.

The gain medium most often used in laser gyroscopes is

Helium-Neon (HeNe) gas. The pumping mechanism for HeNe lasers

is an electrical discharge through the 7as. The electrons

raise the Helium atoms to a higher energy state by collisions,

11-13



and the Helium atoms in turn raise the Neon atoms to a high-

er energy state. When sufficient Neon atoms are in the upper

state, the gain medium has the property of amplifying light

which falls in the narrow frequency range around the wave-

length of 6328 R. This occurs because a photon of 6328

light stimulates the Neon atom to emit an identical photon

of light. If the gain through the 7as is greater than the

other losses in the cavity, then lasing occurs. Lasing con-

tinues as long as there are sufficient excited Neon atoms to

produce . gain greater than the cavity losses. In a contin-

uous-wave laser such as the HeNe, the lasing stabilizes at

a beam power such that the pumping mechanism is replenishing

upper state Neon atoms at the. same rate that the lasing pro-

cess and other loss mechanisms are depleting them. A graph

of gain, y, versus frequency, f, as shown in Fig. 8, for the

light amplification by the gain medium is called a gain pro-

file.

As shown in Fig. 8, the gain medium oroduces gains

greater than the cavity losses only for light within the

narrow frequency range from point A to point B. The resonance

of the optical cavity further restricts the frequency range

of lasing to be a multiple of c/P. By the nature of the las-

ing physics, light at the resonant frequency which has the

lowest cavity losses, undergoes the greatest amplification

until it is the only frequency amplified and non-resonant

frequencies die out. Thus the outuut frequency of the laser

is the resonant frequency of the laser cavity.
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Fig. 8. HeNe Gain Profile and Resonance Condition

A laser gyroscope, also called a ring laser, is formed

by chosing a Sagnac interferometer as the resonant optical

cavity, Fig. 9. The ring laser is actually two lasers sharing

the same gain medium. The cw and ccw paths of the resonant

ring are independent of each other. The resonance of the cw

and cow paths is determined by their respective path length.

So when a path length difference between the two is induced

by rotation, the frequencies of the resonant peaks also shift.
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Gain Medium

Fig. 9. The Ring Laser

Consider a cw rotation of the ring laser in Fig. 9. The

angular rotation effectively changes the path length of the

cw and ccw paths by AL/2, i.e. the Sagnac effect. This in-

crease in path length of the cw oath then causes the resonant

frequency of that beam to decrease, while the decrease in

path length of the ccw beam causes the resonant frequency of

that beam to increase. This effect is apparent from Eq (14),

the resonant frequency is inversely Droportional to the path

length. Because the change in both frequency and path length

caused by the Sagnac effect is very small compared to the

initial frequency and path length, the prooortional changes

in both are essentially equal%

Af AP(18)
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Since AP = 4AC/c, and f = c/A, these values can be substi-

tuted into Eq (18). Solving for fL

Af = l0 (19)

The frequency difference between the cw and ccw beam of

the ring laser is directly proportional to the angular rota-

tion rate 0. Although P and A do change slightly, the change

induced by the Sagnac effect is insignificant and the quan-

tity 4A/PA is treated as a scale factor between the frequency

shift, Af, and the angular rotation rate, 0. To make a prac-

tical rotation sensor out of the ring laser, the cavity must

be stabilized so that P and hence A do not change appreciably

over time thus changing the scale factor. Normally the cavity

length is stabilized to be in resonance at the center of the

aain profile.

A second factor that complicates the design of laser

gyros is a phenomenon called lock-in which is a coupling of

the two beams to a single frequency at low angular rotation

rates. Lock-in makes the laser gyro insensitive to small ro-

tation rates and unacceptable, as sucb, for applications in

inertial platforms. Lock-in must somehow be avoided.

Several techniques can be used to avoid the lock-in

phenomenon. For instance, the cavity can be made so that one

mirror dithers and only one path is in alignment at a time.

Or an oDtical component can be added either within the cavity

or outside of the cavity, to switch on and off each beam in

sequence. The disadvantage of either approach is that the
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frequencies are not measured at the same time and cavity

noises are not correlated,

Another approach that is popularly used is to bias the

gyro with a known rotation that is greater than the thresh-

old rotation for lock-in. A oendulum type rotation, back and

forth around the sensitive axis of the qyro, would integrate

to zero over time and yet keep the gyro predominantly out of

the lock-in region. Yet another method to avoid lock-in is

to remove the gain medium from the cavity. In this scheme,

the resonant cavity is passive and the laser light is trans-

mitted into the cavity from an external source. The passive

laser gyroscope will be explored more thoroughly in the next

section.

Each of the techniques discussed complicates the basic

design of the ring laser gyro. Inherent in each design is an

additional noise component in the rotation signal, which is

caused by the dither process. Currently the dither noise and

the cavity finesse are the limiting factors in laser gyro

accuracy. The cavity finesse is in turn limited by the qual-

ity (smoothness) of the mirrors used in the cavity; and di-

ther noise is limited by the non-ideal performance of the

added components used in the dither process.

The Passive Laser Gyroscope

A Passive Ring Laser Gyroscope (PRLG) is depicted in

Fig. 10. The resonant cavity on the right is formed by the

mirrors 1,2,3,and 4. A beams:'litter and two external mirrors
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5 and 6, direct the light from a frequency stabilized laser

into the ow and ccw cavity modes.

M6 M4

Beam- fcw
splitter cc wkf |SM3 I

cwI I
M5 1M2

Cavity

Fig. 10. A Basic Passive Ring Laser Gyroscope

The advantage of the PRLG over the active laser gyro

is the absence of the lock-in phenomenon. The disadvantage

of the PRLG is that the laser no longer automatically lases

at the peak resonant frequency of each cavity beam. Instead,

external control loops must be added to bring each beam to

its respective resonant frequency. The control loops for the

beams are the cavity control loop, which controls the cavity

beam, and the rate control loop, which controls the rate

beam.

The cavity control loop allows the frequency of the

cavity beam to remain constant, and chanees the perimeter of

the resonant cavity to bring the cavity beam into resonance.
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When an angular rotation causes a shift of JAL in path

length, the cavity loop applies a voltage to a Piezo-Electric

Transducer (PZT) which in turn moves the cavity mirror until

the oath length has changed -JAL, and the cavity beam is

again in resonance. The PZT is a transducer whose width var-

ies linearly with the voltage applied across it. One or two

of the cavity mirrors are mounted on PZT wafers so that the

cavity path can be adjusted. This is true even for active

ring lasers where the cavity path length is used to frequency

stabilize the laser.

The second control loop of the PRLG, the rate loop, uses

an acousto-optic modulator to shift the frequency of the rate

beam to keep it in resonance. The rate loop not only has to

adjust for changes in resonance caused by rotation, it also

has to compensate for the changes caused by the cavity loop.

A constant angular rotation causes a shift in each beam path

of JAL, but the cavity control loop changes the perimeter of

the cavity to counteract the Sagnac effect. The result is

that the path length difference in the rate loop changes by

a full AL, half caused by the Sanac effect, and half by the

compensation of the cavity control loop. The rate control

loop changes the frequency of the rate beam by Af, Eq (19),

to bring the rate loop back into resonance.

Both control loops require an error sic7nal that indi-

cates whether the beam is at the resonant frequency, less

than the resonant frequency, or -reater than the resonant

frequency. The error signal for both loops is produced by
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introducing a modulating signal into the cavity. The modula-

ing sional is applied to the PET transducer thereby changing

the Dath length of both rate and cavity loops simultaneously.

Modulating the path length is equivalent to modulating the

resonant frequency, Eq (14). Fi-ure 11 shows two cases of

cavity modulation.

The first case shows the cavity being modulated about

its resonant frequency. A detector monitors the power trans-

mitted through the cavity (or reflected from the cavity). The

peak power occurs when the modulating signal is zero voltage.

At each minimum and maximum of the modulating signal the de-

tector monitors a minimum power. By inputinz both the modu-

lation signal and the detector signal into a Lock-In Ampli-

fier (LIA) a demodulated signal is produced and integrated to

produce a DC error signal. Since the resonant peak is symme-

trical, the demodulated signal is symmetrical about its axis.

The integration of this signal yields a zero DC error signal

as desired. When the modulation is not centered on the reson-

ant peak, the demodulated signal is no longer symmetrical

about its axis. The integrated value produces a DC error sig-

nal. This process is best demonstrated by considering an ex-

treme example.

At point B in Fig. 11, the modulating signal is on the

leadina edoe of the resonant oeak. The detector senses a max-

imum power at the minimum of the modulating signal and con-

versely, senses a minimum Dower at the maximum of the nodula-

tin7 signal. When the detector signal is combined with the
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Fig. 11. Resonant Peak Detection
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modulating signal in the LIA, the demodulated signal is to-

tally negative, and thus a strong DC error signal is pro-

duced. An identical but inverted detector signal and LIA out-

put is produced if the modulation is at point C.

For the control loops to be functional, the basic PRLG

shown in Fig. 10 must be modified to include a frequency

shifting transducer for the rate control loop, a PZT backed

mirror for the cavity control loop and modulation signal, and

a detector for each beam to monitor the power transmitted

(or reflected).

Even with the above modifications, there still exists a

significant problem with the simple configuration of Fig. 10,

which is the interference caused by the back reflections of

the two beams from the cavity input mirror. Not only is the

beam from mirror 5 directed into the cavity, but a portion of

the beam is reflected back from the input mirror 1 to mirror

6 and back into the laser cavity. Similarly the beam from

mirror 6 reflects off of mirror 1 and 5 back into the laser

cavity. To orevent the back reflection into the laser cavity

an isolator must be added to the beam path.

The Acousto-optic Modulator

The acousto-otic (AO) modulator performs three functions

in the PRLG. First it shifts the frequency of the light pass-

ing through it by very precise amounts. Second it varies the

intensity of the beam. Third it acts as an isolator for each

beam path by preventinrg light from reflecting back into the
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laser cavity.

The acousto-optic is a clever devise that shifts the

frequency of light by reflecting it from a moving sound wave.

The frequency change is a doppler shift caused by the moving

wave. The acousto-optic operates by applying an electrical

modulating signal to a shaker that converts the electrical

signal to a sound wave that orooaqates through a glass plate.

The sound wave creates areas of compression and rarefaction

in the 7lass that have hicher and lower indexes of refraction

than the unstressed glass. A light beam is propagated through

the glass at a grazing an,,,le, Fig. 12, to the sound Nave

phase front. Each sound wave acts as a partially silvered

mirror and reflects a portion of the light passing through

it. If the incident angle is correct, each reflected wave

will reinforce the previously reflected wave. The end result

is that up to 80% of the incident light energy can be reflec-

ted by the sound waves, and since the waves are movin7 at

3.9 km/sec, the effect is the same as if the light were re-

flected from a mirror travelin7 at 3.9 km/sec.

The diffraction of light by sound waves is very similar

to Bragm diffraction of X-rays in crystals. The angle of in-

cidence at which the reflected light waves reinforce one an-

other is the Bragg angle. By the nature of the geometry for

Bragg diffraction, the modulating frequency of the acousto-

optic is equal to :he frequency shift in the reflected light.

If this were only true at the -ra-T angle, the acousto-optic

would not be a very effective transducer in the PRLG. Fortu-
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Fig. 12. Acousto-Optic Diffraction

nately this holds true at frequencies near the Bra rg angle

also.

When the Bragg angle condition is not exactly met, the

reflected waves do not quite reinforce each other. The re-

sultant wave is a product of the diffraction, and is deflec-

ted from the normal angle of reflection. The frequency shift

is still equal to the acousto-optic modulation frequency, but

the directioniof the diffracted wave is altered and the power

of the vave is sliphtly reduced. These two effects are mini-

mal for the slight frequency changes required by the PRLG.

The acousto-optic is able to adjust the frequency of the rate

beam by adjusting the modulating frequency driving the

acousto-optic.
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The second function of the acousto-optic, varying the

intensity of the beam, is accomplished by varying the ampli-

tude of the modulating signal. The amplitude of the modula-

tine signal in turn determines the force with which the shak-

er is driven, which determines the intensity of the sound

wave oropagating through the glass elate, which determines

the variation in index of refraction in the sound wave, which

determines the amount of light reflected at each wave, which

finally determines the intensity of the diffracted beam. This

effect is not linear, but it is a useful way of varying the

beam intensity slightly about the desired operating Point.

The third function that the acousto-optic performs in

the PRLG is to isolate each forward beam path from reflecting

back into the laser cavity. The acousto-optic accomplishes

this because unlike reflection, the doppler frequency shift

is not a reversible function. In other words, when a beam of

frequency shifted light is reflected back through the acousto-

optic it does not shift back to its original frequency. In-

stead, the beam is shifted twice in frequency and deflected

so that it does not retrace the original beam path. The re-

sult is that the reflected beam is not aligned to the laser

cavity and is not at the resonant frequency of the laser cav-

ity. Because of this isolative property, an acousto-optic is

added to each beam path in the PRLG.

In summary, the acousto-ontic performs three functions

in the PRLG simultaneously. By adjusting the modulatin7 fre-

quency to the acousto-optic, the rate beam is shifted to the
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cavity resonant frequency. By adjustinr, the amplitude of the

drivin frequency to either acousto-optic, the beam intensi-

ties of the two beams can be equalized. This is required to

minimize noise in the system. Finally, the acousto-optic

modulators in each branch of the PRLG orevent a back re-

flection of light from destabilizin the laser cavity.

r4ode MIatching

Mode matchin7 is the final factor to be considered in

designing a PRLG. In an active ring laser the resonant cavity

is an integral part of the laser, and therefore there is no

need to match a laser mode to a cavity mode. But in the PRLG,

the laser cavity and resonant cavity are separate cavities,

each with its own characteristic modes. To transfer the power

from one laser node into one resonant cavity mode, the laser

mode must be shaoed to coincide with the cavity mode.

If this is not done, the laser wave directed into the

cavity is not stable, but changes with each round trip until

the wave degenerates into one or more cavity modes. In the

process, part of the energy is lost, and the rest can be

distributed into more than one cavity mode. The overall ef-

fect is a loss of oower transmitted through the cavity, and

a decrease in effective cavity finesse.

Before the laser mode can be matched to the resonant

cavity mode, one must first identify the shane and propaza-

tion characteristics of each mode. The output of the laser is

a Transverse Electro-M1:anetic (TEn) wave. The :amolitude pro-
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file of the electric field in the wave normally has one peak,

as in Fig. 13a, that -radually tapers to zero at infinity in

a gaussian Profile (TEo 0 0 ). Unlike the sine TEoo mode of

waveguides, Fig. 13b, the -aussian beam TEV0o mode is not

specified by its nulls, since they are at infinity. Instead

another point on the profile is used where the amplitude has

decreased to 0.368 (1/e) of its peak value. The radial dis-

tance from the oeak amplitude at the beam center to this

point is called the spot size of the beam. Eighty six percent

of the beam's power is within the spot size.

.368

SPt size

a. Gaussian TEMQo mode b. Waveguide TEMoo mode

Fig. 13. Comparison of Gaussian and Waveguide TEo 00 Modes

A second difference between the waveguide TEMoo mode

and the gaussian beam TEMoo mode is that as the laser propa-

gates through free space, it is not cinfined by the boundary

conditions of the waveguide. Laser beams diffract as they

propagate. Diffraction causes the energy in the beam to

spread out across its phase front, Fig. 14a. The gaussian

beam is unique in that the diffraction of the oriKrnal gauss-

ian wave at point A in Fig. 14a, produces another gaussian
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Fig. 14. Propagation of a Gaussian Beam
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wave at ooint B and point C. Diffraction produces another

gaussian wave, but not an identical wave. At each progressive

point, the spot size of the beam increases. The point along

the beam that has the smallest spot size is defined as the

waist of the beam. The spot size of the wave at any point a-

long the laser beam can be expressed as a function of the

waist spot size, the wavelength of the laser light, and the

distance from the waist along the beams

W(z) = Wo[j AW2 (Ref 7:90) (20)
n 0

where

W(z) = beam's spot size at distance z

z = distance from the waist along the beam

WO = waist spot size

A = wavelength of the laser light

As the laser beam propagates, the divergence of the spot

size causes the phase front to curve, Fig. 14b. As the beam

propagates the wave's phase front spreads out laterally.

Since each point of the wave is traveling at the same speed,

each point must be an equal distance from the waist. At a

large distance from the waist, the radius of curvature of the

beam (isocline of constant phase) equals the distance from

the waist. The exact radius of curvature at any point is

given by;
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RWz = Z +no)2 (Ref 7t90) (21)

where

R(z) = radius of curvature at distance z

From Eq (21), the radius of curvature at the beam waist where

z equals zero, would be infinite. So the beam is a plane wave

at the waist, and a curved (spherical) wave at all other

points.

A unique gaussian beam can be comnletely soecified by

its sDot size and radius of curvature at any point, or by

two sDot sizes and the distance between them, or by two radii

of curvatures and the distance between them. The characteris-

tic gaussian TEMoo mode of a cavity can be found by finding

the unique gaussian beam that "fits" the Peometry of the cav-

ity includinp the curvature of the cavity mirrors.

Consider the plano-soherical cavity of Fig. 15, consist-

ing of a flat mirror with an infinite radius of curvature and

a curved mirror with a radius of curvature R2 separated by a

distance L. The gaussian TEZoo mode must have a waist at the

flat mirror, since the gaussian beam's radius of curvature is

infinite only at the waist. The beam's radius of curvature at

distance L, the length of the cavity, must match the radius

of curvature of the second mirror. By manipulation of Eq (21)

the waist of the cavity's characteristic TEMoo mode is;

Wo = (LR2) '- (1 L (22)

2
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Flat Spherical
Mirror Mirror

R 2

Fig. 15. Piano-Spherical Cavity

The analysis for the plano-soherical cavity can be ex-

tended to the symmetrical square cavity of Fig. 16, consist-

ing of two opposing flat mirrors and two opposing spherical

mirrors of equal radius of curvature. A round trip through

this cavity is identical to two round trips through the

plano-spherical cavity of Fig. 15. The characteristic gauss-

ian beam "fits" the radius of curvature of each mirror. Equa-

tion (22) can be used to find the waist size of the beam. The

square cavity shown below has two waists, one at each flat

mirror.

Rt

y
* .x

L L

R 2 K R 2

L L

Fig. 16. Piano-Spherical Square Cavity
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There is one adjustment that must be made in equating

the geometry of the square cavity to the simple plano-

spherical cavity. The 45 angle of incidence at mirror R2

changes the effective radius of curvature of that mirror.

Therefore the beam that "fits" R2 is different in the square

cavity from the beam that "fits" R2 in the simple cavity,even

though the lengrth L is identical.

Y x

/i \

Fig. 17. Astigmatism of a Spherical Mirror in a Ring Cavity

For the curved mirror, R2 , of the square cavity, light

is incident at a 450 anqle. The effective radius of curvature

in the horizontal or x-axis (in the plane of incidence) is;

R2x R2 cos8 (Ref 7:42) (23)

where

R2x = effective radius of curvature of R2 in the

x-axis

R2 = true radius of curvature

= = angle of incidence (from normal)

Similarly, the effective radius of curvature in the vertical
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or y-axis (perpendicular to the plane of incidence) is;

R R2 (Ref 7,42) (24)
R2y cose

where

R2y = effective radius of curvature of R2 in the

y-axis

The s'herical mirror R2 # due to astiqmatic effects, acts as

an elliptical mirror in the square cavity. It has a different

effective radius of curvature in each niane x and y, namely

radii of R2x and R2y given by Eqs (23) and (24). The gaussian

beam that "fits" the square cavity is found independently in

the x and y plane. Since radii of curvatures R2x and R2y are

different, the waists found in the x and y planes must be

different also. In other words, the gaussian beam that "fits"

the cavity is elliptical.

Once the mode of the laser and the mode of the cavity

are identified by a waist size and location, the entire beam

of each can be determined using Eqs (20) and (21). Identify-

ing the modes is the first step in any mode matching techni-

que. Four cases are now presented.

The simplest mode match is possible when matching a cir-

cular TEMoo laser mode to a circular TEM 00 cavity mode. A

circular mode, as opposed to an elliptical mode, refers to a

beam which has the same snot size in the lateral x and y

axes. Figure 18 shows the laser and cavity cl,--ced a fixed

distance apart. Equation (20) is used to project the spot

11-34



sizes of each beam as they propagate toward each other. The

beams are sketched in Fig. 18. A point C can be found where

the spot sizes of the two beams are identical. The radius of

curvature of each beam can be found at point C by using the

appropriate distance z in Eq (21). By inserting a lens at

point C it is possible to convert the radius of curvature of

the laser beam to the radius of curvature of the cavity beam.

The laser beam is "focused" into the cavity. The focal length

of the lens must be;

F = RcRL (25)

where

F = focal length of the lens

RL = radius of curvature of laser beam at point C

RC = radius of curvature of cavity beam at point C

VITLIc

Fig. 18. Case Is Circular-Circular Mode MIatch
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The characteristic mode of the laser has been matched to the

characteristic mode of the cavity. This example of a mode

match demonstrates how a lens can be used to change the ra-

dius of curvature of the beam at a qiven spot size, and thus,

transform it into another unique zaussian beam. This same

principle is applied in case IT to eliminate the restriction

of havin7 to place the lens at one fixed point as in the

previous example.

RL R' ,

LENS i

LASER --- -- CAVITY

C1 C

Fig..19. Case II: Circular-Circular I:ode Match UsinF a

Diverging Lens

By inserting a diverging lens near the laser, as shown in

Fig. 19, the point at which the spot sizes are identical can

be shifted from point C to point C'.

When the circular mode of the laser must match the el-

liptical mode of the square cavity, the mode matching becomes

more comnlex. The simnlest, but not the most economical, meth-

od is to match each axis separately using, the first method.

Figure 20 displays the top and side view of the laser and
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cavity beams. The laser and y-axis cavity spot sizes match at

point C . The laser and horizontal cavity spot sizes match at

noint Cx . By inserting a cylindrical lens at each point Cy

and Cx, the radius of curvature of each axis of the laser

beam can be matched to the cavity beam's radius of curvature

independently. A cylindrical lens, whose focusing surface is

a section of a cylinder, has the property of focusing in only

one axis of the beam and passing the other axis unchanged.

LASER ---------------- - -- -- ---.. . . . . CAVIT

------- CAV-ITY

-- x-axis (top view)

--- y-axis (side view)

Fig. 20. Circular-Elliptical Mode Match

It is also possible to mode match the laser to the el-

liptical mode of the square cavity by using two spherical

lenses. This techniaue uses astigmatig focusing, the same ef-

fect that produced the elliptical cavity mode. The same re-

lationships hold true for the curved surface of a lens as

well as a mirror. Since the focal length of . lens is pro-

portional to the radius of curvature of the lens' surface,

Eqs (23) and (24) can be rewritten in terms of focal lengthr

= F cosO (26)
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and

Fy = F / cosO (27)

where

F = true focal length of the lens

9 = angle of incidence (Fig. 17)

F = effective focal length in x-axis

F = effective focal length in y-axis
y

The mode matchin-I is accomplished by first placing a

diverging lens in front of the laser as in Fig. 21. The lens

is rotated until the diverging x-axis beam and the diverging

y-axis beam match their corresponding cavity beams at the

same point C. Figure 21 shows the vertical beam of the laser

diverging more rapidly due to astigmatism to meet the wider

axis of the cavity's elliptical mode. The effective focal

length of the diverging lens is shorter in the y-axis than in

the x-axis.

I'

LE S

LASER --- --- --- --- --- --- -- CAVI TY

x-axis L- mn

- --- y-axis beam

C

Fir. 21. Elliptical-Elliptical fMode ;,atchln ' Using a Diverg-

ing Lens
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Once the spot sizes are matched at the same point, the

next step can be accomplished. There are four radii of cur-

vatures that must be matched by the lens ilaced at point C.

The radius of curvature of the y-axis laser beam _t ooint C,

RLy ' is matched to the radius of curvature of the y-axis of

the cavity beam at point C, RCy, by a lens with the focal

length, Fy, given by;

yFy = c 'R (28)

RCyRLy

And similarly, the radius of curvature of the x-axis laser

beam at point C, RLx, is matched to the radius of curvature

of the x-axis of the cavity beam at point C, RCx, by a lens

with the focal length, Fx, given by;

Fx - RLx (29)
RCx-RLx

The mode match could be made by placing an elliptical

lens at point C with focal lengths of F and y The matchFx  =y.

can also be made using a spherical lens of some focal length

F. rotated at some angle e, such that;

F? = Fy cos8 (30)

and,

F, = Fx /cos0 (31)

By substitutin- Fx / cos e into Eq (30) "or F_ and solvinr

f1r 8;
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cos*' (Fx / Fy)2  (32)

Then, substitutin this result back into Zq (30) and solving

for F,:

F? = (FxFy)2  (33)

Thus the laser -ode is matched to the elliptical mode

of the cavity by two spherical lenses. The advantage of this

method is the economy of using available spherical lenses

rather than snecial ordering cylindrical or ellintical lens-

es. The -rimary disadvantar'e is the difficulty of properly

vlacing the lenses.
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III. CONFIGURATION DSIGNS

Now that the theory behind PRLG's has been oresented in

Chanter II, the two configurations introduced in Chapter I

are discussed in more detail. The first configuration is de-

picted in Fig. 22. The second configuration is denicted in

Fig. 23.

The primary difference between the two configurations is

the method in which resonance is detected. in the first con-

figuration, Fig. 22, light is transmitted through the cavity

and detected as it exits. The detector signal voltage varies

in amplitude as the cavity is scanned to oroduce the resonant

peak shown in ?ig. 22. The second confizuration, Fig. 23, de-

tects the light reflected from the input mirrors. When the

cavity is in resonance, light is transmitted through the cav-

ity and thus less light is reflected from the input mirror.

The detector signal voltage varies in amplitude as the cavity

is scanned to produce the resonant valley shown in Fig. 23.

A second difference between the two configurations is

the method in which the laser beam is mode matched to the res-

onant cavity. In the first configuration, a simple mode match

is accomolished by placing spherical mirrors to focus the beam

at a Doint where the soot size of the laser beam equals the

geometric mean of the cavity spot sizes in the x and y axes.

The spherical mirror focuses the radius of curvature of the

laser to match the -eometric mean of the cavity's radii of

curvatures in the x and y axes.
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The detector monitors
trainsmitted resonrant -neak.

Fig. 22. First Confizuration of the P3LG
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The second confiauration mode matches using the last

technique of Chapter II. The astigmatism of a diverging lens

is used to match the laser snot size to both the x and y axes

cavity spot sizes. Astigmatism in a converging lens is used

to match the two laser radii of curvatures to the two cavity

radii of curvatures. Another version of the second configura-

tion which uses cylindrical lenses to mode match the beams is

designed and built, but not tested due to an equipment fail-

ure. It is presented in Appendix A for future reference.

The other comoonents used in each design are either

identical or equivalent comoonents. The same resonant cavity

is used in both configurations. The acousto-optic modulators

are different models but have identical performance charac-

teristics. The same frequency stabilized laser is used, and

although the pellicles used are different they are equivalent.

The detectors are the same, and the associated electrical

control circuits between the detectors, acousto-optics, and

PZT transducers are identical with minor adjustments.

The major component of both configurations is the opti-

cal resonant cavity provided by Rockwell International. It is

the high finesse of this cavity that enables both configura-

tions to measure low rotation rates. The cavity is a square

symmetrical cavity of 9.525 cm on each side, Fir. 24. Mirrors

I and 2 are flat and serve as either input or output mirrors.

Mirrors 3 and 4 are curved with a radius of curvature of
800 cm. Both mirrors are b'ckei . , L 0-300

volt dynamic range. All mirrors are mounted on a solid Zero-
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MIRROR 4MIRROR 2 R ,0c

(innut/
output)

~PZT

9.525 cm

PZT . . .. -_

MIRROR 3 MIRROR 1

R= 800 cm R=0D
(input/outpout)

FiI 2. Rockwell International Resonant Cavity

dur block with paths drilled for the cavity beam. The cavity

is evacuated and partially back-filled with a mixture of

Helium and Neon gas. The cavity mirrors consist of 23 dielec-

tric layers on a Zerodur substrate (Ref 1). The reflectivity

of each mirror is 0.99995 (Ref 1). The smoothness of the mir-

ror surfaces is aoproximately 0.5 R rms or A/12656 rms ex-

pressed in wavelengths (Ref 1). The theoretical finesse of
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the cavity considering only the reflectivity of the cavity

mirrors is "iven by Eq (15) with Ri 21R3 R4 substituted for

1(0.99995)2= 31,415 (34)
1-(0.99995)

The actual finesse of the cavity was estimated by Rockwell

International to be 10,000 or one-third the theoretical

finesse of an ideal Cavity with the same reflectivity. The

degradation of finesse is largely due to the phase distortion

caused by the mirror surface as discussed in Chaoter II. The

maximum finesse the spatial phase distortion allows is 12,656.

The characteristic TEMQo mode of the cavity can be de-

termined using the piano-spherical cavity equation, Eq (20),

and the effective radii of curvatures of the cavity mirrors,

Eqs (21) and (22). The effective radii of curvatures for the

flat mirrors are infinite in both the horizontal and vertical

plane. The effective radii of curvatures for the 800 cm mir-

rors are 1131 cm in the vertical plane and 566 cm in the hor-

izontal plane. From Eq (20), the waist size of the cavity

beam at both flat mirrors is an ellipse with a semi-axis of

0.0456 cm vertically and 0.0383 cm horizontally as shown in

Fig. 25. 0. cm y

0.0456 cm

Fig. 25. Waist of the Cavity TEMoo Mode
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The scale factor relating angular rotation and the fre-

quency difference in the cavity beams can be determined using

Eq (19):

Af = 4A (19)
PA

By substituting '2 for A and 4L for P the scale factor of

4A/P in Eq (19) reduces to L/A;

2.525 cm = 1.5xlO 5 0 (19')6.32Sx10-5)

This scale factor linearly transforms the rotation rate of

the cavity in radians per second into the frequency difference

in hertz between the cw and ccw cavity beams. To relate the

frequency difference to angular velocity expressed in earth-

rate, w,,, the scale factor must be adjusted. Earthrate is

the angular velocity of the earth in the equatorial plane or

15.0410 /hr. This equates to 7.2921x10-5 rad/sec. Multiplying

by 7.2921x10 - 5 , the scale factor of Eq (19') becomes 10.976.

A rotation of one earthrate will produce a shift of 10.976 Hz

between the cw and ccw cavity beams.

The theoretical transmission of the cavity in resonance

is determined from Eq (15) with 'R2 34 substituted for 2'3

T 1) (35)
2R 

11 

s ub2t 
i t u tdRf 

orl 

2
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Since i= 2= 3= 3 = 0.99995, Eq (35) yields;

T = (1-0.99995)(1-0-9995 3 0.75 (36)
[1 - (0.99995)']2

The power transmitted through the cavity is equally

transmitted through mirrors 2, 3, and 4, so the nower trans-

mitted through any one output mirror is 25%. The reflectance

from the innut mirror must equal the difference between inci-

dent novier and transmitted oower. So the reflected power at

resonance is also 25S of the incident power. When the cavity

is not in resonance the inr)ut mirror acts as a simole mirror.

Essentially no oower is transmitted and 99.995o of the inci-

dent beam is reflected.

The above values of reflectance and transmission do not

account for absorbtion, scattering, and the phase distortion

of the cavity beam. These effects reduce the transmittance

of the cavity in resonance. The spatial distortion of the

Dhase front increases the reflectance at resonance.
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IV. DATA

The data taken for each configuration falls into two

general citegories, alignment data and performance data. The

alignment data includes measurements of beam intensity, FSR,

Afi, and finesse. In the second confi-uration, an additional

measurement is made to test mode matching. The performance

data includes first a calibration measurement used to iden-

tify a scale factor between the rate-loon error voltage and

the angular rotation rate of the cavity. Next the noise level

in the error signal is measured. These two measurements are

used to determine the rotation sensitivity of the PRLG. in

the second configuration, a measurement of long term bias

drift in the error siqnal is compared to the difference in

intensity of the two beam oaths.

Beam intensity measurements are taken at three locations

for each beam. The first measurement compares the intensity

of each beam as it leaves the beam splitter. The second com-

oareb intensities leavin, the acousto-optics. The third com-

pares the cavity transmission for each beam. These measure-

ments are taken during the initial alignment of the PRLG, and

are not indicative of intensities durin- operation. Before

final alignment the beam intensities leaving the acousto-

optics are equalized.

The FSR, Afj, and finesse are experimentally determined

by apolying a saw-tooth scan volta-e to the PZT's of the cav-

ity. The difference In scan volta-e between two adjacent re-

sonant peaks is proportional to the FSR. The difference in
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scan voltage between resonant peak half-power points is pro-

portional to the A. Since finesse is a unitless measure, it

can be found by dividing the scan voltage proportional to the

FSR by the scan voltage proportional to Afj. It is assumed
2

that the cavity perimeter is a linear function of the PZT

voltage. This assumption is valid as long as the PZT's are

properly preloaded. Preloading applies a constant force be-

tween the PZT and the cavity mirror so that a change in PZT

width moves the cavity mirror an equivalent distance. A

change in the preload force that the PZT's apply to the cav-

ity mirrors can change the FSR proportional voltage and the

Af, proportional voltage. Thus both measurements must be made

with the same PZT preload force.

Alignment data was not available for the first series of

measurements which were taken in the first configuration.

Other alignment data is contained in Tables I and II. Figure

26 traces the resonant profile of the PRLG in the first con-

figuration as a scan voltage is applied. The voltage at each

resonant peak is recorded to determine the proportional FSR

voltage. The FSR proportional voltage in Fig. 26 is 54.4

volts. Figure 27 displays the expandea resonant peak of the

first configuration which is used to determine the proportion-

al Aft voltage. The faint line sweeping the bottom half of

figure is the scan voltage. The upper peak is the cw beam's

resonant peak. The lower peak is the cow beam's resonant peak.

There are 1.5 divisions between the resonant peak half-power

points. The scan voltage changes 4mV/Div. Then Aft's
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proportional voltage is 6mV, and the finesse is;

F 54.4 volts = 9067
0.006 volts

These values appear in the first row of Table II.

TABLE I

Alignment Data: Beam Intensities

Beam Beam Acousto- Cavity Cavity
Config- Direc- Splitter Optic Trans- Reflec-
uration Trial tion OutDut Outout mission tion

1 2 cw 236 pw 195 pw 3.7 Pw

1 2 ccw 274 pw 200 pw 1.7 Pw

2 1 cw 130 Pw 90 Pw 1.7 Pw 78-88 pw

2 1 ccw 224 jjw 153 ijw 2.7 pw 112-129pw

TABLE II

Alignment Data% Finesse Measurements

Config- Scan Voltage Scan Voltage

uration Trial FSR Af_ Finesse

1 2 54.4 volts 0.006 volts 9067

2 1 51.7 volts 0.0111 volts 4658

2 2 51.7 volts 0.0067 volts 7716
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Fi-ure 2P depicts the resonant Profile of the PNLG in

the second confipuratinn as the scan voltage is applied.

The scan voltipe is the decreasing ramp. The lower peak is

the res niant peak of the beam transmitted through he -'avity.

Tho ivier valley is the profile of the beam reflected from

the ',vlty innut mirror. The Afi proportional voltaoe of the

7, idontiro'l to the Af; nroportional voltage of the val-

!oy. Once both beoms are alimned, the resonant v-lley of ch

beam it, ured to determine the finesse of the PRLG. -,'igure 2n

denir'cr 'hn inverted resonant valley and the scan voltage

usod to -t.rmine the Af 1 proportiona] voltai-e and hence the

cavity fln.sse, for the I~st dita series. The 1." divisions

,twee miif-,,wer oints correspond to 6.7 mV of scan vol-

tope. Th, resultant f'ne.cse is 7716.

Scan Volt,?r.e t nymV/Di v

Detector

Voltage of 20mV/Div
Transmissi on

Detector
Voltn.e of 50mV/Div
Reflectance

'ig. 28. Resonant Peak/ Valley: Second Configuration, First

Trial
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Scan Volit .pe I OmV/Div
" '~ •Tnvorted ResOnant Val py, Sec(cnd ConfiFuration,

3eeqnnj 'Prii~

An idlitiona] enp.ratve m a-surement is made in the
r .u " r rt i n o nfirm that the laser mode and the

r'V*tv ""e aire matchd This is done by comparing. the reso-mint v'y of th4 tt.] r-flected beam to the resonant val-~y iqn ierturId beam. Consider the case where the modes
- r..,t "'Itohed, as in Pj * .

Fjp. 30. Laser and Cavity Modes

The incident beam of the laser forms spot SL which islar 7r than the sot, of the cavity mode, 'C" When the
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reflected beam is unapertured, the detector collects essen-

tially the total nower of both beams. The detector is repre-

sented by the outer circle of Fig. 30. When the reflected

beam is apertured, more of the power of the cavity mode

passes through the aperture than of the laser mode. The aper-

ture is represented by the inner solid circle of Fig. 30. As

a result of the depicted mismatch, the resonant valley of the

apertured beam will be deeper than the resonant valley of the

unaDertured beam. On the other hand, if the modes are matched,

then SC and SL are identical. The resonant valleys are also

identical for both beams.

The mode match measurement is taken using the ccw beam

of the PRLG. The depth of the resonant valley for the unaper-

tured reflected beam is (129Pw-l12pw)/129pw = 13%. When the

reflected beam is apertured as in Fig. 30, the relative depth

of the resonant valley increases to 21%, indicating the laser

mode spot is larger than the cavity mode spot. The beams are

not properly matched. This data measurement tests only for

the correct spot size at the input mirror. It does not indi-

cate whether the curvature of the beam is flat or not at the

input mirror.

The rotation sensitivity of the PRLG for each configura-

tion is determined by a series of measurements. During the

test the PRLG is not rotated. instead, the rotation is simu-

lated by changing the beam frequency of the cw beam. Using

the scale factor from Chapter III, an angular rotation of one

earthrate, w,,, can be simulated by a frequency shift of
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1C.1-?0 1Iz between the cavity beams. By shifting the frequency

of the cw beam by a known amount, and then measuring the re-

sultnnt shift in the error signal voltage (output of the rate

loop LIA) a new scale factor is determined. The new scale

fictnr rel-tpt anrul~r rotation to error voltare. Consider

the first trial of configuration one, Fig. 31. The frequency

is shifted from 40 MHz plus 190 Hz to 4OMHz plus 210 Hz. The

error si nal chanpes 3.3 divisions or 66mV. The scale factor

is Found by;

66mV/2OHz x 10.97 6 Hz/Wie 36.221mV/w. (37)

The new scale factor equntes 36.2?1 mV of the error si,Ynifl

voltage to an angular rotation rate of one earthrate.

!i ran .~lT-T 5 ivmi

190Hz

66mv

210H.

20m V/Div

.~ 1 m r .... 5 Div/mmn

Fig. 71. Calibration for First Trial First Configuration

Next, while the frequency of the ew beam is held con-

stant, the error signal noise is measured. For the first

error signal measurement, Fir. 32, thp intepration time con-

stant of the LIA is set to one second. The peak to peak de-

viation in the error signal is assumed to correspond to six

standard deviations, 0Y, of the signal noise. Since 99.1% of
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all ausnirn noise falls i ith i a 0's of the moan, but only

qQ% falls within P a's n the mean, the peak to peak noise

over the rm,nisured interval more closely apnproximates 6 ('s.

In 17,7. 'V., tho neak to !'enk voltape sr:ns 1.R divisions or

'O 9V. One sixth of thls value or 15 mV corresponds to the

measured standard deviation of the noise. By convertinT the

noise voitaie into a rtatinn rate by the use of the new

qcil -in'tor, - No~se Equivalent Rotation (NER) rate is corn-

~inted eq llinf" .Jl w. . At the NER rate the noise in the

si,-ni 1 1 eiual to the siignal strenpth.

S : ,.. . . ... .... - . 1

S... . ... I ""

v/min

Fir. 1?. Frrr,r Si n-il: F rst Conf iuration, First Trial, One

Seo~nd Tntpr.ration, First Pota Point

A second meanstrement, Fir. 13, yeilds 0.461 w ie, a value

within 10C, of the first. m'asurement. The rrocess is repeated

for TTA inte .ration timrs nf ten secnnds and one hundred se,-

ondr;. Thp nutpit of the IJA is integrated to nroduce a DC

error sirnal from the modulation sir'nal. But in addition, the

intPcrratirrn acts a3 :i low ias, filter. An increase in interra-

tion time limits the bandwidth of the noise passed throiwh

the -ntrnl 1,n. Two data measurements aire made for each
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intep7rition time. Figures 34,35,36, and 37 disp'ay the error

sipnals for ten second miid one hundred second integration

times respectively. The results ae summarized in Table !',I.

Miajor 'Ierry Shaw and ?Lt. Frank Rand of the F.J. Seiler

Researoh Laboratory recorded the first data set.

Second~;:: Inerain Seon DataPoin

.. .. .. 5 Div/min

Finr. 34. Error Sional: First Configuration, F'irst Trial, Tne

Second Integration, Firstd Data Poit
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17., 7 :IT! 7 7j1 *T fit W

I 20 mV/Div

I' It 5Div/min

Fir~ . Error Si -nl: First Confic'uration, First Trial, Ter

Secnind lnteiritionn Second Data Point

U! I LL
t - - - 20 mV/Div

.. ........ Div/m in

Fig.. Error Sip~nq I. First Confipuration, c-'irst Tri.il, nrr

Hundred Second Interration, First Date Point

'mV/Div

5Div/mi n

Fipr. 37. Error Signal: First Confip'uration, First Trial, One

Hundred Second Integration, Second Data Point
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TABLE III

Error Signal Noises First Configuration First Trial

Integration Time Peak to Peak Voltage 6a (Wi.) 0 (Wie)

I sec 1.8 Div = 90 mV 2.49 0.415

1 sec 2.0 Div = 100 mV 2.76 0.461

10 sec 0.4 Div = 8 mV 0.22 0.037

10 sec 0.4 Div = 8 mV 0.22 0.037

100 sec 0.18Div = 3.6mV 0.100 0.017

100 sec 0.5 Div = 2.5mV 0.069 0.012

The second data set is aqain taken in the first config-

uration. The scale factor is determined from the calibration

measurement of Fig. 38. The frequency shifts 10 Hz, while the

error signal changes from -122 mV tc 251 mV, a change of

373 mV. The scale factor for this series is;

373mV/10OHz x 10.976Hz/wi6 = 409.4mV/w* (38)

The error signals for one second, ten second, and one hundred

second integration times are shown in Figs. 39, 40, and 41

respectively. The results are tabulated in Table IV.
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32n

w 240
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n 0

li -240
-320

-400 o o ; ; [

0 25 -0 75 100 125 150 175 200
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Fir,. 38. Calibration for Second Trial First Configuration

1000 i

00
600

400

200

0
0

-200

o -400
L4

fl -600

-900

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Time (sec)

Fir,. 30. Error Signals First Configuration, Second Trial,

One Second Integration
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-00

0 0.5 1.0 1.5 _2.0 2.7-3.0 3.5 4.0

Time (sec)

Fig-. 40. Error Sipgnal: First Configuration, Second Trial,

Ten Second Intepration

16

8

0

0 2.5 ~. . . ?~15 t 7.?

imo (.see)

Fixg. 41. Error Siqnal: First Configuration, Second Trial,

Ono Ht~ndred Second Intex~ration



TABLE IV

Error Signal Noises First Configuration Second Trial

Integration Time Peak to Peak Voltage 6a (Wie) O (rWe)

i sec 432 mV 1.06 0.176

10 sec 63.6 mV 0.156 0.026

100 sec 42.9 mV 0.105 0.018

-Two sets of data are also recorded in the second con-

figuration of the PRLG. For the first data set, the PRLG is

aligned to a finesse of 4658. The scale factor is determined

from 29 frequency shifts of 100 Hz. A sample of the cali-

bration signal for seven shifts is shown in Fig. 42. The

mean voltage shift in response to the 29 frequency shifts is

2.620 volts with a mean standard deviation of 0.011 volts.

The use of multiple readings decreases the effect of bias

drift in the determination of a scale factor. The scale fac-

tor for this series is;

2620mV/100Hz x 10.976Hz/wi, = 286.8 mV/Wi, (39)

The error signals for one second, ten second, and one hundred

second integration times are displayed in Figs. 43, 44, and

45 respectively. The results are tabulated in Table V.
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Fi-. 43. Error Sip.nalt Second Confiauration, First Trial,

One S'cond Inteegration
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Fi!T. 44. F-ror Si 1 Second Confi-uration, First Trial ,
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TABLE V

Error Signal Noise: Second Configuration First Trial

Integration Time Peak to Peak Voltage 6 (wi) (I

1 sec 1588 mV 5.537 0.923

10 sec 122.5 mV 0.427 0.071

100 sec 60.0 mV 0.209 0.035

The last data set is taken after the PRLG is realigned

to a finesse of 7716. Both the intensity and the finesse of

the cw and ccw cavity beams are equalized prior to data sam-

pling. The sensitivity of the LIA preamplifier is maximized.

The scale factor is determined from 31 frequency shifts of

44 Hz. A sample of 7 shifts is shown in Fig. 46. The mean

voltage shift in response to the 31 frequency shifts is

7.118 volts with a mean standard deviation of 0.036 volts.

The scale factor for this series is;

7118mV/44Hz x 10.976Hz/wi, = 1770.8mV/wie (40)

The error signals for one second, ten second, and one hundred

second integration times are displayed in Figs. 47, 48, and

49 respectively. The results are tabulated in Table VI.
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TABLE V1

Fxrrw rm, naI Noi se: Second Configruratirn Sec nd Tr i:1Il

IneriinTime P~eak t Peak Voltare 6a (Wie) 0 (wig

1600O mV o,(T 0.l~1

1 'c190 m V 0.107 Q.ol-

t ~ ~c42 mV 0 (.<

,' i ca1 1y, ,a biais dri ft measurem-mt is reco)rde(d to crer( -

1-ite the d,-ift in the -rror si!gnal volta re to chances 'in tY F
beaim intensity of the ow and cow bea-ms. Fipiire- Y)dstly

tnw error signal vo)Ita~ye with a nlot of the dWfrene e in

bpeim intensities directly below. Additionally -The intensit

o" e-ach he-im is recorded. The scale fractor for th', erro)r 7

alis aarroximately 330mV/Wie or 1. A Div/Wie ' 'Die err--~ s

nal varies approximately gne eartiraito -,or t'- nin ritep

tprv-I , 'N lp the difference in beaim n tn sL t ui n

zeoto aamrex'mately 2.9 mV.

200m V/Div

m V/Di

cw lieam irftdnsiti~5m/

-~ ~~ * K5OmV/Div
Firr 50. lips DrifPt Versus 13pam In t,, n 1 1,
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Now that each configuration has been thoroughly tested,

and the Noise Equivalent Rotation (NER) rate computed in each

case, the two configurations can be compared. To ease this

comparison, the NER's for each trial are repeated in

Table VII.

TABLE VII

Comparison of Error Signal Noise in Four Trials

Trial Configuration 1 sec a 10 sec a 100 sec 0 Finesse

1 1 0.461 0.037 0.012

2 1 0.176 0.026 0.018 9067

1 2 0.923 0.071 0.035 4658

2 2 0.151 0.018 0.004 7716
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V. ANALYSIS, CONCLUSIONS, AND RECOMMENDATIONS

Analysis

Although the theoretical transmittance through each cav-

ity mirror was computed to be 25%, the actual values, as ex-

pected, were much less. Table I shows a 3.7 pw beam as the

strongest signal transmitted through the cavity. The trans-

mittance of this signal would be 3.7 pw/195 pw or 0.019. Even

allowinr for the 10.1% reflection loss at the air-glass in-

terface of the input and output mirror, the transmittance of

the strongest signal is only 2.3%.

A similar result was obtained for the reflectance. The

reflected beam decreases from 129 pw to 112 pw. This corre-

sponds to a decrease in reflectance from 99.995% to 86.8%.

No adjustment is made for the air-glass reflection loss since

both maximum and minimum powers are identically attenuated.

The theoretical value for minimum reflectance in a lossless

cavity is 25%, as figured in Chapter III.

.Part of the degradation in transmittance is due to im-

perfect alignment of the cavity. In neither case was the

finesse measured at the rated finesse of the cavity. Part of

the degradation is due to the spatial distortion of the re-

sonant cavity wave by the imperfect mirror surfaces. This

effect has already been discussed in Chapter II. Finally, a

portion of the degradation in transmittance is due to the

mode mismatch. As demonstrated by the data, a reflectance

minimum of 79% can be obtained by simply aperturina the re-

flected beam. If the beams are properly mode-matched, the
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minimum reflectance could be well below 79%. Note that the

aperturing of the beam compares only the spot size match.

Additional energy is lost when the radii of curvatures of the

laser and cavity modes are not matched. Maximizing cavity

transmittance would improve PRLG performance by increasin7,

the detector signal strength, thus reducing the effects of

shot noise and thermal noise in the signal. A more senr'itive

factor is the finesse of the cavity. There is a drastic

change in sensitivity for configuration two as the finesse

increases from 4657 to 7716.

A comparison of the two configurations proves the sec-

ond to be superior to the first. Although the measured fi-

nesse in the first configuration was greater, the second

trial of the second configuration produced superior results.

There are two obvious advantages in using the reflected beam

for the detector signal. First, the resonant valley in the

reflected beam is larger than the resonant peak of the trans-

mitted beam. From Table II, the measured resonant valley is

almost six times as great as the resonant peak. The theore-

tical calculations predicted that the resonant valley would

be three times as great. The second obvious advantage is that

the beam intensity of the cw and ccw paths can be measured

directly froma the detector signal. This is not possible using

the transmitted beam since both finesse and the incident beam

intensity determine the amplitude of the resonant peak. By

using the reflected beam, it is possible to both equalize

beam intensities and cavity finesse for the two beam paths
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prior to measuring rotation sensitivity. This procedure sig-

nificantly reduces the noise in the error signal and enables

the second configuration to triple the sensitivity of the

first configuration, and to near the goal of one milli-

earthrate sensitivity. The major drawback of using the re-

flected beam is the difficulty of preliminary alignment. It

is less difficult to detect some light being transmitted

through the cavity, than it is to detect slightly less light

being reflected from the cavity input mirror. Preliminary

alignment in this configuration is accomplished by blocking

one beam and observing the transmission of the other. Then

the aligned beam is blocked and the transmission of the

other beam is observed. This prodedure is repeated until the

resonant valley can be detected in the reflection of both

beams.

The drift in error voltage bias as displayed in Fig. 50,

continues to be a problem. It should be possible to use the

difference between the DC components of the detector outputs

as an error signal in a feedback control loop that would ad-

just the acousto-optic modulation amplitude to maintain con-

stant beam intensities. The drift in the beam intensities is

evident in Fig. 50. It is also clear that the cw beam inten-

sity varies more than the ccw beam. The cw beam is the beam

reflected from the surface of the beam-splitting pellicle,

and is thus affected by changes in the oellicle's position.

Any translation of the pellicle membrane affects the align-

ment and hence the finesse of the cw beam. To eliminate this
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drift, either a more stable mount for the pellicle should be

used, or the pellicle should be replaced by a beam-solitting

cube.

By using the Rockwell "Zerodur" evacuated cavity, the

cavity noise that plagued earlier experiments was virtually

eliminated. However, the separate cw and ccw beam paths ex-

ternal to the cavity were very susceptible to noise. Any air

current or dust particle passing through the beams intro-

duced noise into the error signal. This fact was easily dem-

onstrated by gently blowing air across one path. The sep-

arate reflecting mirrors and the reflecting membrane of the

pellicle made the PRLG extremely susceptible to acoustic

noise. The jumps in the error signal caused by acoustic noise

appear as glitches on the strip recording of Fig. 50. The

strip recorder had to be placed as far as possible from the

PRLG so that the brush noise would not feedback into the

error signal. Such sensitivity to the environment can be

greatly reduced in the same way that cavity noise was reduced.

All the components of the separate beam paths could be mount-

ed in a solid piece of invar or ceramic which would then be

partially evacuated.

The mode matching of both configurations can be improved.

The poor mode match in the second configuration was largely

due to deviations in lens focal lengths and improper place-

ment. It would be beneficial to test the configuration of

Appendix A as the mode matchinD lenses are of high quality,

and the lens mount positions each lens to within one thou-
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sandth of an inch of its desired position. The beam mode match

of this design should be precise, and allow the maximum trans-

mittance and minimum reflectance in the cavity.

The performance level attained for the PRLG in this ex-

periment is at par with performance levels attained with

active ring lasers. By improving the mode match, controlling

beam intensities, and isolating the beam paths from acoustic

noise, the performance of the PRLG can easily exceed the

levels of this experiment.

Conclusions and Recommendations

The second configuration outperformed the first in this

exreriment. Additionally the design of the second configura-

tion allowed the intensities of each beam path to be monitor-

ed. Because of the difference in mode matchina techniques

between the two configurations, and a degree of mismatching

in both configurations, it would be beneficial to repeat the

design comparison using the mode matching optics displayed

in Appendix A. A circuit should also be constructed to equal-

ize the ow and cow external beam intensities. Once the cir-

cuit is implemented and the beam intensities are equalized,

another drift measurment can be made to verify the postulate

that the bias drift in the PRLG was primarily due to drift

in external beam intensities. Although it is beyond the scope

of this thesis, the experimental results indicate that the

PRLG drift is much greater than the noise in the rate signal.

Therefore, future efforts to improve the performance of this

V-5



gyroscope should focus on eliminating the bias drift.
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Appendix A: Mode match Using Cylindrical Lenses

The third configuration uses the mode matching techni-

que of Chapter II where each of the axes are matched inde-

pendently using cylindrical lenses. In this case a Spectra-

Physis frequency stabalized laser with a waist of .025 cm

is matched to the cavity vsing a diverging lens with a focal

length of -38.1 and two cylindrical lenses. One with a focal

length of 69.2. The other with a focal length of 60. All fo-

cal lengths are in mm. All three lenses are broad-band

anti-reflective coated. Reflection at normal incidence is

less than 0.5%. The laser is placed 37.7 cm from the cavity

input mirror. A stainless steel block bolts onto the front

of the laser. The block acts as the lens mount for all three

lenses. The diverging lens is mounted 1.8 cm from the laser

face. The 60 mm cylindrical lens is mounted 4.29 cm from the

laser face, and matches the x-axis radii of curvatures. The

69.2 mm cylindrical lens is mounted 5.16 cm from the laser

face and matches the y-axis radii of curvatures. The solid

stainless steel mount serves two purposes. First it positions

each lens accuractly within one thousandth of an inch. Second

it prevents the lenses from moving as independently as they

would if they were independently mounted.

The mode match allows plenty of bean path to set up the

PRLG in either of the desivan configurations tested in this

thesis. The improvement in the mode match should imorove the

performance of both designs.
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