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Li Abstract

The Frank J. Seiler Research Laboratory is currently

developing a Passive Resonant Ring Laser Gyroscope (PRRLG)

2enclosing 58 m for proposed use in testing high precision

rate sensors and for possibly validating the Theory of

General Relativity. The sensitivities required for such

experiments are in the 10-7 to 10-0 Earth Rate Unit (ERU)

range. This high sensitivity necessitates the use of a

* large, high finesse cavity.

In dealing with high finesse cavities new considera-

tions arise. For example, the cavity linewidth is narrower

than linewidths of commercially available stabilized He-Ne

lasers. The stability of the laser then becomes the limit-

0 ing factor in the performance of the PRRLG because of the

increased signal-to-noise ratio that arises in this situa-

tion. In addition, high finesse cavities exhibit photon

lifetimes on the order of 10- 3 to 10-6 seconds, which limits

the bandwidth of practical controllers.

In this research, a PRRLG was constructed in which

a He-Ne laser was frequency locked to a 25,000 finesse,

169 cm2 resonant cavity, as opposed to the more traditional

technique of locking the resonant condition of the cavity

to the laser frequency. Using this configuration a random

error of 0.0078 ERU for an averaging time of 10 seconds was

viii



observed. The major error sources found in the gyro were

identified and methods to eliminate them were proposed.

Extrapolation of the performance of this PRRLG to the much

larger 58 m2 PRRLG, indicates the de.sired sensitivity for

precision testing and relativity experiments is achievable.

i x



A LASER FEEDBACK CONTROL DESIGN FOR PASSIVE RING

LASER GYROS IN A VERY HIGH FINESSE CAVITY

I. Introduction

Background

The measurement of inertial rotation is of consider-

able interest in a number of areas, such as navigation, geo-

physics, and relativity (18:569). For example, inertial

navigation systems used in aircraft and spacecraft criti-

cally depend on accurate inertial rotation sensors. These

- sensors provide measurements to the navigation system's

computer so that an accurate determination of the system's

orientation can be made. The geophysical applications

include the measurement of the various effects that cause

4 '. fluctuations in the earth's rotation rate such as preces-

sion, nutation, wobble, and tidal-friction effects (3:172).

The accurate measurement of rotation is also important in

proposed experiments to validate the Theory of General

.. Relativity (7:88).

For the geophysical and relativity experiments,

the sensitivity required of the rotation sensor is on the

order of 10-  to 1010 Earth Rate Units (ERU) (18:569).

Research is being conducted at the Frank J. Seiler Labora-

tory to construct a rotation sensor approaching these per-

* ,formance levels. Current emphasis is on laser rate sensors,



as opposed to the traditional mechanical gyros, because the

5 fundamental limits of performance are lower for the laser

sensors. There are other important reasons to favor the

laser sensor as described below.

Mechanical Gyroscopes. The most popular rotation

sensor for many decades has been the mechanical gyroscope.

Several forms of this type are in production, and they all

rely on the high angular momentum of a spinning mass. Due

to the high rotation rate, the gyros are subject to wear

Nand, demonstrate Mean-Time-Between-Failures (MTBF) ranging

from 1500 to 2000 hours.

Mechanical gyros typically require several minutes

to spin-up and stabilize their internal temperature. This

warm-up prevents degraded accuracy resulting from the

numerous thermally related errors (19:26). These gyros

have achieved drift rates of less than 0.001 degrees/hour,

but are approaching a fundamental limit in precision (19:38),

and thus have not been considered for the proposed high pre-

cision experiments.

Laser Gyroscope. With the development of a coher-

ent, monochromatic light source, the laser, another type

of rotation sensor made its debut when Rosenthal proposed

two configurations of optical rotation sensors in 1961

(16:1143). These configurations which base their rotation

measurements on the Sagnac Effect (17:708), were the

2
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forerunners of active and passive Ring Laser Gyros (RLG)

5(Figure 1.1).
Rosenthal's proposed active RLG was implemented in

1962 by two Sperry engineers, Macek and Davis (11). As

shown in Figure 1.2, this configuration used four Helium-

INeon (He-Ne) plasma tubes and four external corner mirrors.
Portions of the clockwise and counter-clockwise beams

resonating within the cavity were extracted through one of

the corner mirrors and combined on a photodetector using

optical elements. A fringe pattern was formed on the photo-

detector by the constructive and destructive interference

between the counterrotating light waves. When the RLG

was rotated within the plane of the cavity, the fringe

pattern translated across the photodetector producing a

"beat" frequency.

As predicted by the Sagnac Effect, this beat fre-

quency was proportional to the rotation rate by (14:478)

Af = 4A

where

*Af = beat frequency between counterrotating beams
(Hertz)

A = area enclosed by the gyro (meter2)

P = optical path length of the perimeter of the
gyro (meter)

X = laser vacuum wavelength (meter)

0 = rotation rate relative to inertial space
OW (radians/sec)

3
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Fig. 1.2. Active Ring Laser Gyro (11:67)
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The Practical RLG. Since 1963 research in the

area of RLGs has resulted in inertial quality perform-

ance (drift rates below 0.01 deg/hr), which led to the use

of RLGs in the Boeing 757 and 767 aircraft (8:13). The

practical RLG still lags behind the capability of the best

mechanical gyro, but has many advantages. Requiring no

Rmoving parts and needing only a few seconds to warm-up,

the RLG has demonstrated a MTBF of over 10,000 hours (19:26).

Also, the theoretical limit on precision is better than that

of the mechanical gyro (4:14). To achieve high performance,

several problems were overcome, as described below.

Because the gain medium is present within the

resonant cavity, the clockwise and counter-clockwise beams

couple to a common frequency when the gyro is rotated below

a rate threshold (1:148). The dominant source of the

coupling is the mutual scattering of energy at the mirrors

from each of the beams into the direction of the other beam.

The result is that, at low rotation rates, there is no fre-

quency difference between the two beams, and so the gyro

does not indicate any rotation. This phenomenon is known

as lock-in. Figure 1.3 shows a plot of an active RLG out-

put versus input rotation rate.

This problem is resolved through several methods.

The most effective one, developed by Honeywell, involves

subjecting the gyro to a small cyclical rotation rate,

called a dither (19:19), which causes a rotation rate of

5



Af OUTPUT FREQUENCYI

hPUT ROTATION

14 LOCK- IN THRESHOLD
100-1000°/hr IS TYPICAL

t ige 1..Atv RLG Lock-in Effects (1:142)

the gyro above the lock-in threshold. Thus, the gyro

remains in the linear portion of the output curve (Figure

1.3). By electronically subtracting out the dither, even

qrotation rates below the lock-in threshold may be accu-
rately measured.

Although dithering is effective and results in a

sensitivity of 0.1 deg/hr, it adds moving parts, induces

complexity, injects significant noise sources and makes

it impractical to increase the area to perimeter ratio.

This and other problems relating to the gain medium being

present in resonant cavity, such as multiple lasing modes,

discourage the active RLG for use in the geophysical and

relativity experiments.

6



Passive RLG. In 1977, Ezekiel and Balsamo pro-

3 posed and constructed a Passive Resonant Ring Laser Gyro

(PRRLG) based on one of Rosenthal's original designs

(5:478). In this design, the gain medium is not present

within the resonant cavity and so there is no lock-in. In

addition, the passive configuration has the potential to

reach the sensitivities required for the geokinetic and

general relativity experiments because the resonant cavity

can be enlarged without regard to the gain medium as the

PRRLG avoids the multiple mode problem.

Summary of Current Knowledge (PRRLG)

The configuration demonstrated by Ezekiel and

Balsamo uses a passive resonant cavity and an external

laser to measure the difference between the clockwise and

counter-clockwise optical path lengths of the cavity caused

by inertial rotation. In the scheme shown in Figure 1.4,

the two counterrotating beams are obtained by dividing the

beam with a beamsplitter. The frequency of the external

laser, f0, is shifted to f0 + f, by an acousto-optic modu-

lator driven at f1 and to f0 + f2 by another acousto-optic

modulator driven at f As shown in Figure 1.4, feedback

signals to the piezoelectric length transducer lock the

clockwise resonant frequency of the cavity to f0 + f1

by changing the length of the cavity until maximum intensity

is received by the detector. A second feedback loop locks

07
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f0 + f2 to the counter-clockwise resonant frequency of the

cavity by adjusting f2 so that maximum intensity is

received. Under conditions of no inertial rotation, f1 and

f2 are identical; however, with rotation, a frequency dif-

ference between f and f2 occurs and is proportional to the

rotation as given by Equation (1).

Error Sources. Balsamo sponsored two AFIT students,

Olkowski and Holland, who built and tested a PRRLG similar

to the one shown in Figure 1.4 (9). Their research showed

that thermal instability was the greatest source of error.

The temperature changes forced the cavity out of alignment

and changed the cavity length beyond the control ability

of the PZT feedback loop. Other sources of noise were

vibration of the cavity mirrors due to platform vibration

and air currents, and variation of the index of refraction

within the cavity due to air currents. The students recom-

mended using materials with lower thermal coefficients of

expansion and an air-tight seal of the resonant cavity.

In 1982, Pugh attempted to eliminate the error

sources found by Olkowski and Holland by constructing a

PRRLG with a resonant cavity made of Ultra-Low Expansion

Quartz (15). Because the mirrors were directly fastened to

the cavity and the cavity was partially evacuated, his

design negated the errors due to air currents and reduced

the thermal instability. Pugh then showed that a major

9



source of error for his configuration was laser intensity

variations between the two counterrotating beams, AI. The

intensity variation caused an error in locking the frequency

of the counter-clockwise beam to the cavity. The locking

error was, in turn, integrated by the PRRLG, thus causing

long-term bias drifts.

In 1983, Nelson built and tested two configurations

of the PRRLG using a high quality resonant cavity (12).

One configuration was set-up so that the transmitted

intensities of the two beams were monitored by photo-

, 1 detectors. The other configuration allowed for monitoring

of the reflected laser intensity from the input mirrors

rather than the transmitted intensity. The second method

showed how the intensities of the two beams could be

equalized by adjusting the amplitude of the signal driving

the acousto-optic modulator, thus eliminating most of the

long-term bias drift. In addition, the second method

resulted in a threefold increase in the sensitivity to

IS rotation over the first method.

Problem Statement

In previous designs resonance was induced and main-

tained by varying the optical path length of the resonant

cavity. This was accomplished by using feedback electronics

to control a PZT mounted on one or more of the cavity

-. mirrors. Extrapolation of the path length control method

10
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I
to the large, high quality cavities required for high sensi-

tivities shows a significant drawback related to "linewidth."

Cavity vs Laser Linewidth. In previous designs

using low quality cavities, the cavity linewidth (bandwidth

of frequencies in which light will resonate within the

cavity) was considerably broader than the laser linewidth.

Unfortunately, in dealing with high quality cavities, the

cavity linewidth is narrower than linewidths of commer-

cially stabilized He-Ne lasers. Since this limits perform-

ance of the PRRLG (22) because of the decrease in the

-- signal-to-noise ratio, it is necessary to develop tech-

niques which narrow the linewidth of the laser for locking

to high quality cavities.

The Frank J. Seiler Research Laboratory is cur-

rently developing a 58 m 2 PRRLG which, in theory, will

provide the sensitivities needed to conduct the geokinetic

and relativity experiments (20:117). The configuration

will be similar to those previously described except that,

instead of locking the resonant cavity to the laser, the

laser's frequency will be locked to a resonant mode of the

large cavity. A higher degree of sensitivity is expected

because the signal-to-noise ratio will improve, but the

* laser linewidth must be reduced to less than the cavity

linewidth. Fortunately, a laser stabilization technique

has been recently reported by Dr. J. L. Hall, who

11



demonstrated a sub-100 Hz linewidth by locking the laser

to low quality resonant cavities (2:97).

Research. This research is targeted at developing

the techniques for locking a He-Ne laser to a small, high

quality, thermally stable Cer-vit passive resonant cavity.

With the laser stabilized to the resonant frequency of the

cavity, the configuration will be modified to act as a

PRRLG.

Method of Approach

The design and assembly of the PRRLG is dictated by

the physical characteristics of the components readily

available. The Cer-vit cavity is the dominant factor since

its size and the focal length of the mirrors affixed to the

cavity are decisive factors in determining the setup

geometry and overall dimensions.

First, a frequency stabilized He-Ne laser is locked

to the passive cavity. The energy reflected off the input

Imirror drives a controller which keeps the frequency of the

laser locked to the resonant frequency of the cavity. The

controller varies the laser discharge current (fast loop)

or varies the current through a heater coil wrapped around

the laser (slow loop with larger dynamic range). Together,

these two loops vary the frequency of the laser by several

N megahertz and compensate for changes in cavity optical

12
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path length due to rotation or thermal expansion. The beam

is, therefore, kept in resonance with the cavity.

This design mode matches the Gaussian beam of the

frequency stabilized laser to the mode supported by the

cavity. Two cylindrical lenses are precisely placed between

the laser and the input mirror so that the laser beam

matches the cavity mode.

The components are then mounted on an "Invar" base

and aligned. Acousto-optic transducers are placed between

the laser and input mirror to isolate the plasma tube from

the resonant cavity, thereby eliminating lock-in effects.

Measurements verify cavity linewidth and proper operation

of the control loop.

The above configuration is then modified to

operate as a PRRLG. The laser beam is split and the two

beams are injected into the cavity so that one travels

clockwise and the other travels counter-clockwise. The

control loop to keep the counter-clockwise beam locked to

the cavity remains as described above while a secondary

loop keeps the clockwise beam locked to the cavity using

an acousto-optic modulator. The rotation rate is found by

differencing the frequencies added by the acousto-optic

modulators.

Evaluation. Tests are conducted by subjecting the

PRRLG to the vertical component of earth rate and observing

0 13
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the frequency difference averaged over each one second

sample period. Assuming ergodicity, the mean and variance

of the frequency difference over the entire test is calcu-

lated to determine sensitivity. Error sources are identi-

fied and minimized.

Scope

- The scope of this research is limited to the design,

fabrication, testing and evaluation of the laser-stabilized

PRRLG. The rsonant cavity and the unstabilized laser are

treated as completed components. The design emphasizes the

laser stabilization servos and the mode matching technique.

"- ~Major error sources are identified and eliminated as time

and equipment permit.

Order of Presentation

The introduction presents a general background in

the field of rotation sensing and specifically concentrates

on the development of active and passive RLGs. Chapter II

develops the supporting theory behind the operation of the

PRRLG. The chapter is divided into subsections to deal

$4 with optical cavities, laser principles, the Gaussian beam,

acousto-optic devices, and the Sagnac effect. Chapter III

presents the design and construction of the laser frequency

stabilizer and the PRRLG. Chapter IV discusses the results

obtained from testing the PRRLG and presents the data

:; " 14
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collected. Chapter V discusses the conclusions and gives

~recommendations for future investigations.
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CII. Theory

This chapter presents the supporting theory for the

PRRLG. The first section develops the concept of resonance

within an optical cavity and defines several characteris-

tics of optical cavities. Lasing principles are related

to methods of controlling the laser frequency. The next

section deals with the characteristics of the output of

the laser and describes how the beam propagates. The fourth

section describes acousto-optic modulators and their func-

tion in the PRRLG. The last section derives the Sagnac

effect.

Optical Cavities

An optical cavity is a combination of mirrors or

optical devices positioned so that light input into the

cavity travels a closed path. A simple optical cavity is

the Fabry-Perot interferometer, Figure 2.1, which consists

of two highly reflective mirrors placed parallel to each

other a distance 1 apart. If the index of refraction of

the medium between the mirrors is "n," the optical path

length between the two mirrors is L = nl. As shown in the

figure, light is incident on the cavity at Mirror A at an

angle 0 with respect to the perpendicular to the mirror.

Depending on the reflectivity of the mirror, a portion of

16
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the light is reflected off Mirror A (RAl) and a portion is

transmitted through the mirror (TAl). The light then

propagates to Mirror B where, again, depending on its

reflectivity, a portion of the light energy is transmitted

through Mirror B (TBl) and a portion is reflected back to

Mirror A (RBl). This process continues until the cavity

and mirror losses cause the amplitude of the beam within

the cavity to go to zero.

Generally, a phase difference is present between

the beam just entering the cavity and the partial trans-

mission through Mirror A, TAl. This phase difference 6,

is given by (25:52)

6 41TL cos 4 (2.1)

where X is the wavelength of the light. The result of the

phase difference is that the partial reflections (R Ai)

-] ,interfere with each other and the partial transmissions

(TBi) interfere with each other. It follows that the summa-

tion of the intensities of these partial reflections and

transmissions (Ir and It, respectively) is a function of

the phase difference. The fraction of the incident inten-
sity (Ii) that is reflected off Mirror A can be shown

* (23:116) to be:

I r  4 (RARB)h sin (6/2)
Ii (I-(RARB) ]2 + 4(RAR) sin 2 (6/2)

18



where RA and RB are the reflectivities of mirrors A and B,

respectively. Likewise, the transmitted fraction of the

incident intensity can be shown (23:116) to be:

i it (l-R A ) (1-R B

-- A 2 (2.3)
i [I-R(RARB)]2 + 4 (RARB) sin 2(6/2)

00 When the phase difference is a multiple of 2w, the

light intensity transmitted through the cavity is maximized

and the light intensity reflected off the input mirror, A,

is minimized. Using Equation (2.1) with = 0, this

occurs when the optical round trip length of the cavity,

2L, is an even number of wavelengths:

2L = mX (2.4)

where A is the wavelength of the light and m is an integer.

When this condition is satisfied, the light is said to be

in resonance with the cavity.

Generally, the resonance condition is expressed in

Y. terms of the frequency of the light rather than its wave-

length. Since c/f = A, where f is the frequency in Hz and

c is the speed of light, the resonance condition becomes

f mc (2.5)

Frequencies which are multiples of c/2L are called resonant

frequencies of the cavity.

19
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Figure 2.2 shows a graph of the fraction of the

3 incident intensity transmitted through the Fabry-Perot

interferometer as a function of frequency. As shown, the

resonant peaks occur at frequencies which are multiples of

c/2L (The same plot could be presented for the reflected

intensity where, instead of peaks, there would be valleys).

The separation (c/2L) between the resonant peaks defines

the Free Spectral Range (FSR) of the cavity, or

FSR = c/2L (2.6)

FL - FSR

I""

0.5

z 1/2

mc (M+1)c
2L 2L

FREQUENCY (Hz)

Fig. 2.2. Cavity Transmitted Intensity
versus Light Frequency
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The values of the phase difference which yield a

transmission of 1/2 incident intensity can be found as

before. These values occur when (23:117)

i2  
- (RARB)] 2

sin ( 6 / 2 )  4(RARB) (2.7)

or

sin(6/2) = B (2.8)
2 (R AR B)

The frequencies corresponding to the 1/2 transmitted inten-

*sity values can be shown (23:118) to be

f= C[l- (RARB) (2.9)

4L (RAR B )

and

-f 3= - c[l-(RARB) (2.10)

7rL (RAR ) '

A characteristic of cavities based on these half transmis-

sions points, called the linewidth of the cavity or the

Full Width of Half Maximum (FWHM), is defined by (23:118):

Af f -

c l-(RA R)2L T ((2.11)
7r (RARE)



From this expression for the linewidth of the cavity and

the expression in Equation (2.6), the finesse (F) of the

cavity is determined (23:119):

F =RFSR = iT (RAR) (2.12)

The finesse gives the number of linewidths that would

fit into one FSR. The finesse can also be considered a

measure of the resolving power of the cavity, that is, its

ability to resolve one frequency of light from another

within the same FSR.

The light energy between the two mirrors builds

up over time until an equilibrium point between input

intensity and output intensity is reached. Similarly, it

takes time for the intensity to decay to zero after the

external light source is shut off. The decay time is known

as the photon lifetime (Tc). If cavity losses are pre-

dominantly due to the transmission of light energy, the

photon lifetime is (25:68):

= c L (2.13)
c[l_(RA RB)

which redefines the cavity finesse as (25:68):

".' fCT

F L---(2.14)

C
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The concepts for the Fabry-Perot interferometer

shown in Figure 2.1 can easily be extended to a more com-

plex cavity. A square cavity, for example, would have

four mirrors with RA, RBA, RC and R as their respective

reflectivities. The optical round trip path length is the

index of refraction of the medium multiplied by the

perimeter of the cavity (P)

P = np (2.15)

From this, the transmitted fraction of the incident inten-

sity for a beam in resonance, as taken from Equation (2.3),

is

It _ (-RA) (-R C ) (2.16)

3i [1-RARBRcRD)]2

This yields resonant frequencies of
't

f =mc

with the

FSR = c/P (2.17)

Similarly, the cavity linewidth, cavity finesse, and

* photon lifetime corresponding to Equations (2.11), (2.12)

and (2.13), respectively are:
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Af c 1-(ABC 1h(.8
= (2.18)

F = 1 2.19)

- (RARCRD)

t = = (2.20)
C c[i- (RARRc%)]

Laser Fundamentals

A laser consists of three basic components: a gain

medium, a pumping mechanism to excite the gain medium, and

a resonant optical cavity (13:51-76). The frequency of

the laser beam is due to the selection of the gain medium

and the selection of the distance between the two cavity

mirrors.

The gain medium most often used in ring laser gyros

is Helium-Neon gas. An electrical discharge through the

gas acts as a pumping mechanism for the laser. The

electrons from the current applied to the laser collide

with the Helium atoms, raising them to a higher energy

tstate. Through collisions, the Helium atoms give up their

stored energy to the Neon atoms, which raises the Neon

atoms to a higher energy state (E). If left alone, the

Neon atoms return to their ground state (EO) by themselves,

24
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releasing a photon exhibiting a wavelength of about 632.8

nonometers (nm). When Neon atoms release photons in this

manner, spontaneous emission occurs.

i4. The Neon atoms can also return to the ground state

6* by being stimulated by another photon. During this process

of stimulated emission, the photon released by the Neon

* *~,atom has the same phase and direction as the photon that

originally stimulated the atom. The result is two photons

traveling in the same direction, exhibiting the same wave-

length and phase (see Figure 2.3).

SE 1  E1

E0 
0

BEFORE AFTER

Fig. 2.3. Stimulated Emission of a Photon (13:56)

25

ro



41

By placing two mirrors on either side of the gain

medium, a resonant cavity can be constructed. When a

photon emitted from a Neon atom strikes one of the mirrors

so that it is reflected directly back into the gain medium,

a chain reaction is set up. The photon travels back

through the medium and stimulates many other high energy

state Neon atoms to give off a photon traveling in the

same direction and exhibiting the same phase as the

original photon. These photons, in turn, stimulate more

Neon atoms to give up a photon. The end result is that

a majority of the photons are traveling back and forth

between the two mirrors. If the number of photons emitted

during a single pass through the gain medium is greater

than the number of photons absorbed or lost due to cavity

losses, then lasing occurs. Lasing continues as long as

there are sufficient excited Neon atoms to produce a gain

higher than cavity losses. In the He-Ne laser, the lasing

7stabilizes at a point when the pumping mechanism is replen-

ishing upper state Neon atoms at the same rate the lasing

process and other loss mechanisms are depleting them.

As shown in Figure 2.4, the gain medium produces

gains greater than the cavity losses only for light within

a narrow frequency band (from point A to point B). The

':." .: resonance of the optical cavity further restricts the range

of frequencies to be a multiple of the FSR of the cavity,

c/2L. From this, light at the resonant frequency has

WS 26
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LASER TRANSITION

FREQUENCY (Hz)

M CAVITY MODES
* Hc/a = FSR

FREQUENCY (Hz)

LASER OUTPUT

FREQUENCY (z

.. * -~Fig. 2.4. He-Ne Gain Profile and
Resonance Condition (13:92)
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the lowest cavity losses, and undergoes amplification

until it is the only frequency amplified and the non-

resonant frequencies die out. The output of the laser is,

therefore, the frequency determined by the resonant fre-

quency of the cavity and the laser transition.

A standard method of controlling the frequency of

the laser output involves changing the resonance condition

of the cavity, by varying the optical path length between

- [the two mirrors (6). This is accomplished by changing the

index of refraction or the physical length of the cavity.

The index of refraction can be varied by changing the dis-

charge current in the laser. Reducing the discharge cur-

rent lowers the index of refraction and increasing the dis-

charge current raises the index of refraction. Controlling

the physical distance between the mirrors can be accom-

plished by applying current to a heater coil wrapped

around the glass gain tube. This causes the gain tube to

expand. With a combination of these two control mechanisms

and the proper feedback signals, the laser frequency can be

varied to any frequency allowable by the laser transition

curve.

The Gaussian Beam

*The output of a laser is a Transverse Electro-

Magnetic (TEM) wave. For our experiment the laser beam is

* circularly symmetric in cross-section, where the intensity

28
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profile of the wave has one peak and gradually tapers to

zero in accordance with exp {-(p/w) 2} where p is the dis-

tance from the center of the beam and w is the spot size.

V *~Such a beam, called a Gaussian beam, is shown in Figure 2.5.

}.2w
2 2

Fig. 2.5. Gaussian Beam Intensity
Cross-Section (13:16)

V 'The values of p for which the beam irradiance decreases to

l/e of its value at the center is termed the spot size, w.

In general, w will vary from point to point along the axis

of the beam. At one point in the cavity, called the beam

waist, the Gaussian beam has its minimum spot size,

. as shown in Figure 2.6. The spot size of the wave at any

point along the beam can be expressed as a function of

29
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U

Fig. 2.6. Propagation of a Gaussian Beam (13:17)

the spot size at the waist and the distance from the waist

(23:60):

W(z) = o= 1 + (-) (2.22)

where

w(z) = the beam's spot size a distance z from the
waist

z = distance from the waist along the beam

"o = spot size at the beam waist

X = wavelength of the laser beam

In addition to having a beam waist, the beam wavefront also

exhibits a radius of curvature. As the laser propagates,

the divergence of the spot size causes the wavefront to
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curve (Figure 2.6). The radius of curvature at any point

0is given by (23:60):

02  2

R(z) = z l + (- ) ] (2.23)

where
R(z) = radius of curvature at distance z from the

beam waist

At the beam waist, the radius of curvature is infinite since

z = 0. With these two parameters the entire Gaussian beam

can be characterized at any point along the beam's path.

Acousto-Optic Modulators

The acousto-optic modulator is a device that can

shift the frequency of the incident light by precise amounts

by diffracting the light from a traveling sound wave (24).

When a modulating voltage is applied to the acousto-optic

modulator, a shaker converts the electrical signal to a

sound wave that propagates through the acousto-optic

crystal. This sound wave induces a strain within the glass

which causes the index of refraction of the plate to vary

with the wavelength of the acoustic wave. The periodic

change in the index of refraction causes the velocity of the

optical wavefront to change simultaneously. The end result

is that the wavefront is Doppler shifted by multiples of

the acoustic wave's frequency.
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In acousto-optic applications only the first order

Ubeam is used, where the beam is Doppler shifted by the fre-
quency of the sound wave. As shown in Figure 2.7, the first

order beam is offset from the zeroth order beam by the Bragg

angle given by (24:116):

_ = sin-1 ( ) (2.24)

where

eB is the Bragg angle

A0 is the wavelength of the incident light

As is the wavelength of the acoustic wave

- -#
-, - ZEROTH ORDER

- - fB

INCIDENT LIGHT FIRST ORDER
AT A0

STRAIN~ WAVE

ACOUSTO-OPTIC
CRYSTAL

Fig. 2.7. Acousto-Optic Modulation (24:115)
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The frequency shifting feature of the acousto-

optic modulator (A/O) is used in the RLG to shift the

frequency of the unlocked (clockwise) beam by precise

amounts to drive the beam into resonance with the cavity.

The counter-clockwise beam is frequency shifted by 40 MHz

(within the linear range of device) and then injected into

the cavity. The laser control loop changes the original

frequency of the laser so that the counter-clockwise beam

is in resonance with the cavity. Under no rotation and

under ideal environmental conditions, the clockwise beam

is also in resonance with the cavity. But while rotating,

the clockwise beam goes out of resonance due to the Sagnac

effect (See Equation (1.1)). To drive that beam back into

1resonance, a feedback circuit connected to an acousto-
optic modulator shifts the frequency of the clockwise beam.

The difference between the frequencies driving the A/Os

defines the difference frequency in Equation (1.1) used to

determine rotation rate.

In addition to varying the frequency of the inci-

dent light, the A/O can slightly vary the intensity of the

refracted light by varying the amplitude of the modulating

signal driving the A/O. The amplitude of this signal

determines the intensity of the acoustic wave, which deter-

mines the change in the index of refraction in the glass

plate. This specifies the amount of light diffracted at

each sound wave, which finally determines the intensity of

33



the diffracted light beam. This feature of the A/O is used

in the RLG to balance the intensities of the two counter-

rotating beams prior to their injection into the resonant

cavity.

The acousto-optic modulator also acts to keep the

forward light beam from reflecting back into the gain

medium. When light is reflected back into the acousto-

optic, it is not shifted back to its original frequency or

original beam path. Instead the beam is shifted twice in

frequency and deflected so that it does not retrace the

forward beam path. The net result is that the reflected

beam is not aligned to the laser cavity and is not at the

resonant frequency of the cavity. Therefore, the mutual

coupling between beams as seen in active RLGs is avoided

since the light is not fed back into the laser cavity.

Sagnac Effect

Optical rotation sensors base their measurements

on the Sagnac effect, which determines rotation by measur-

ing a difference in the optical path length of two counter-

rotating beams (17). This effect can be observed as well

as derived by examining an ideal circular interferometer

(see Figure 2.8). Light enters the interferometer at

point A and is split into a clockwise and a counter-

clockwise beam by the beamsplitter. These two beams are,

then, constrained to follow the circular path, of radius R,
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LIGHT SOURCEGY

Fig. 2.8. Circular Rotating Interferometer (1:135)

as defined in the figure. Under no inertial rotation, the

time for the light traveling in either direction to com-

plete a trip around the interferometer back to point A is

= 2rR (2.25)
c

where R is the radius of the interferometer, and c is the

speed of light (constant).

In the presence of inertial rotation, however,

there is a time difference between a counter-clockwise and

- 35



a clockwise circulation of the light as seen by a sta-

tionary observer. As before, the two beams leave the beam-

splitter at point A. The counter-clockwise beam rotates

in opposition to the direction of rotation and meets the

beamsplitter again at point B instead of point A. Like-

wise, the clockwise beam, traveling in the same direction

as the direction of rotation, meets the beamsplitter at

point B. From Figure 2.8, the distance traveled by the

counter-clockwise beam 1- and the distance traveled by the

clockwise beam 1 +is

1 = ct = 2rR - Rt (2.26)

1 = ct+ = 2TrR + Rt +  (2.27)

where t+ and t- are, respectively, the time for the clock-

wise and counter-clockwise beams to circulate around the

interferometer (from A to B) and 0 is the inertial rota-

tion rate. Solving for the time difference between the

two circulations yields:

-At t + - 2R 2TR
c-RQZ c+RQ2

= 2.R(c+RQ)-2TrR(c-RK)

c2 - (RD)2

47R2
2 2 Q (2.28)c -(Rn)
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For the proposed experiments c2 >> (R) 2 , so Equation

5 (2.28) reduces to

2

At = 4 
n

or if we let A be the area enclosed by the interferometer

(14: 481)

4A
At = 4A (2.29)

c

This time difference expression can be converted to

a fringe shift expression by using the relationship

AZ = cAt (2.30)

where

AZ = the fringe shift due to inertial rotation

X = the wavelength of the light beam

AZ = 4,c = A S 
(2.31)

assuming that the rotation is normal to the interferometer.

The time difference At is directly proportional to the

length difference Al by

Al = cAt (2.32)

* Therefore, the optical path length difference between the

two counterrotating beams is (1:137):
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A, = 4A (2.33)

-15This length difference (typically 10 cm) is not directly

measurable. By relating the path length difference to a

difference in frequencies of two laser beams resonating

within the cavity, the rotation rate can be determined.

The ring containing the light beams can be inter-

preted as a set of two Fabry-Perot interferometers, one

in the clockwise direction and one in the counter-

clockwise direction. As was shown in the first section,

a necessary condition for the light to resonate within the

interferometer is L = mX (23:115), where L is the perimeter

of the ring, m is an integer, and X is the wavelength of

the light. Since X = c/f, this equation becomes

mc

L - (2.34)

Solving for the frequency, f, gives

= mc (2.35)

By taking the derivative of this equation with respect to

L, we can relate the difference in optical path length, AL,

to a difference in the resonant frequencies of the inter-

ferometers.
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af _ mc
aL L2

L2
" mc

'- f= - L(2.36)

Assuming aL and Df to be small, then Equation (2.36)

becomes

Af = - AL (2.37)
L2

Substituting L = mA for one of the values of L results in

L!- AL (2.38)

Finally substituting Equation (2.33) for AL in Equation

(2.38) gives (1:138):

4A

AL - (2.39)

which relates the difference in the resonant frequencies,

Af, for the two interferometers to the inertial rotation,

0, of the ring. This equation forms the basis upon which

p optical rotation sensors derive their measurements.
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III. Experiment Design and Setup

The concepts developed for the PRRLG are now imple-

9 mented. The laser is frequency stabilized to the cavity

reference frequency using the feedback control loop

described in the second section. This design is augmented

as shown in the third section to yield a PRRLG consisting

of the laser frequency and secondary control loops which

keep the counterrotating beams in resonance with the

* cavity.

Cavity Description

As shown in Figure 3.1, the cavity used for this

experiment consists of a square block of Cer-vit with holes

bored through the block to define the path of the laser

beam. The low coefficient of thermal expansion of Cer-vit,

0.22 x 10- 6 cm/cm/deg C, makes this cavity 100 times more

thermally stable than cavities used in previous experiments

(5; 12; 15; 18). The cavity is also evacuated to 5.8 X 10
-8

Torr to minimize both scattering and the effect of air cur-

rents within the cavity.

To contain and focus the laser beam within the

cavity, four high quality mirrors are used. Affixed on

opposing corners of the cavity are flat input mirrors with

a reflectivity of 99.997 percent. Two spherical mirrors
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PZT

Fig.. 3.1. Resonant Cavity

each with a radius of curvature of 800 cm and reflectivity

of 99.9998 percent are affixed on the other opposing

corners. Table 3.1 shows the cavity parameters calculated

from Equations 2.17 - 2.20 (lossless cavity assumed).

* Laser Stabilization

For this experiment, frequency stabilization of

a 1 milliwatt, single-mode, He-Ne laser was performed by

* : controlling the optical length of the laser cavity with two

control circuits for the laser gain tube (6). By con-

trolling the optical length of the gain tube, the resonant

0
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4.-7.

TABLE 3.1

RESONANT CAVITY PARAMETERS

Free Spectral Range (FSR) ... ........... . 576.92 MHz

Cavity Linewidth (1')................5876 Hz

Cavity Finesse (F) .... .............. . 98,182

Cavity Lifetime (-c ................ 54 sec

condition of the laser cavity can also be controlled. A

schematic diagram of these two circuits is shown in

Figure 3.2. One circuit controls the discharge current and,

-. therefore, the index of refraction within the gain tube.

The second circuit uses heat to control the physical dis-

tance between the two laser mirrors.

Control Circuits. The discharge current control

circuit provides a high speed (bandwidth of about 50 KHz)

control of the laser's frequency (100 KHz per volt applied).

This circuit alone does not provide enough dynamic range

for the laser to remain locked for more than several

minutes and, thus, is complimented by a low bandwidth con-

troller.

The lower frequency control loop (bandwidth of

about 20 Hz) consists of heater tape wrapped around the

gain tube. When a voltage is applied to the heater tape,

thermal energy proportional to the voltage drop across the

100 ohm heater is produced. This heat subsequently causes

42
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thermal expansion of the glass tube so that the distance

between the laser mirrors is increased. So that negative

and positive length changes can be made, a bias is added

9to the control voltage. In this manner, the heater loop

changes the laser's frequency by approximately 100 MHz per

volt applied to the heater, thus providing the greater

dynamic range needed to remain locked to the resonant

cavity for indefinite lengths of time.

Setup. As shown in Figure 3.3, tests to observe

the performance of the laser frequency stabilizer are set

up so that the optics are consistent with those required

Sfor the PRRLG. The polarization of the laser light is

aligned to the S-polarization of the resonant cavity by

sending the beam through a half wave plate (X/2). Two

cylindrical lenses then focus the laser beam to match it

to the Transverse Electromagnetic (TEM0,0 ) mode of the

cavity. Details of the mode-matching procedure are con-

tained in Appendix A. Before the laser beam is injected

into the resonant cavity, an acousto-optic modulator (A/O)

shifts the frequency of the beam f0 by a constant fre-

quency fl" In addition, the A/O serves to prevent energy

from being directed back into the laser gain tube, thus

avoiding lock-in problems. A flat corner mirror, M5,

and a translational stage (consisting of a thick glass

plate mounted at an angle offset from the normal to the

L_ beam) then directs the beam into the cavity.
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Photodetectors and preamplifiers are positioned

so that the beams transmitted through and reflected from

the resonant cavity can be monitored. In this way, the

laser's frequency can be locked to either the resonant

peak of the transmitted beam or the resonant valley of the

reflected beam. Appendix B presents the photodetector and

preamplifier schematic. The output of one of the

photodetector-preamplifier circuits is sent to a lock-in

amplifier (LIA); the LIA generates an error signal to drive

the compensation electronics which apply the correcting

signals to the laser control electronics.

Modulation Signals. The feedback loop requires

an error signal that indicates the laser frequency devia-

tion from the cavity resonant frequency. The error signal

is produced by introducing a 30 KHz modulation signal, fm

in Figure 3.3, to the cavity PZTs to modulate the length,

and hence, the resonant frequency of the cavity. The ampli-

tude of the modulation signal is adjusted for maximum sensi-

tivity of the error signal to cavity resonance. Figure 3.4

presents two examples showing how the error signal is pro-

duced by cavity modulation.

The first case shows the cavity resonant frequency

* ' being modulated about the resonant valley. The minimum

voltage from the photodetector occurs when the modulation04.

signal is zero voltage. At each minimum and maximum of
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LIA 0
OUTPUT

MODULATION ABOUT HALF POWER POINT

Fig. 3.4. Resonant Valley Detection
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the modulation signal the photodetector produces maximum

voltage. By sending both the modulation signal and the

photodetector signal into the LIA, a demodulated signal

is produced and subsequently integrated to give a DC error

signal. Since the resonant valley is symmetrical, the

demodulated signal is symmetrical about its axis. Mathe-

matical integration of this signal yields a zero DC error

signal.

As shown for the second case, the modulation sig-

nal is not centered on the resonant valley. The photo-

detector senses minimum power at the peak of the modula-

Stion signal and senses maximum power at the minimum point

of the modulation signal. After combining the photo-

detector signal and the modulation signal in the LIA, the

resulting demodulated signal is no longer symmetric about

its axis. Therefore, a nonzero DC error signal is pro-

duced following the integration of the demodulated signal.

Controller Circuit. The compensation circuits

mentioned earlier receive the error signal enroute to'the

* laser frequency control electronics. The schematic dia-

gram for the compensator is shown in Figure 3.5. The com-

pensator is essentially a two-stage proportional plus

*integral controller with adjustable gain and lead. The

first two op-amps amplify and integrate the incoming error

signal to produce the correcting signal for the current
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control. Because of the slower response of the heater,

the signal is sent through a 10 Hz low-pass filter and

integrated again. A power transistor controls the current

through the heater coil.

As there was no existing model for the system

under control, the choice of controller gains could not

be determined a priori by classical or modern control tech-

niques. Therefore, the gains had to be determined experi-

mentally, using "observed stability" and "perturbation

response" as criteria. After numerous iterations a com-

bination of gains that yielded a stable response was found.

The proportional and integral gains were subse-

quently tuned slightly to improve stability and response

time to input perturbations. Perturbation signals were

sinusoidal and summed with the PZT modulation signal.

The tuning was accomplished by observing the frequency

spectrum of the error signal on a Fourier analyzer.

Ideally, only a frequency component at twice the modulation

frequency should have been detected. Gains that minimized

other frequency components while maximizing the 2fm com-

ponent were selected.

PRRLG

After ensuring proper operation of the laser fre-

quency stabilization loop, the setup was modified to

operate as a PRRLG as shown in Figure 3.6. Following

50

Ap wLe u



&M

4C

w 0U

4 P4

LUU

0 c 
-4

51o



previous designs (5; 9; 12; 15; 18; 22; 26), a secondary

feedback loop was added, which adjusted the frequency, f2 "

of the voltage controlled oscillator (VCO) driving the

A/O in the clockwise beam path so that f0 + f2 matched

the clockwise resonant frequency of the cavity. The sig-

nals for this loop originate at the outputs of the two

photodetectors which monitor the reflected intensity from

the two input mirrors. The signals corresponding to the

two intensities are differenced at the LIA to reduce

residual noise common to both beams. In the same manner

as the laser stabilization loop, this signal is demodulated

and integrated by the LIA. The output of the LIA is then

compensated by a proportional plus integral controller

whose output is then used to drive a VCO to produce f2.

Figure 3.7 shows the compensation circuit for this loop.

As before, the gains for the controller were determined

experimentally using "observed stability" and "perturbation

response."

Assembly

To avoid excitation of higher-order transverse

modes in the cavity due to beam misalignment, stable opti-

cal mounts and an accurate mode matching design were used.

All experiments were conducted in a temperature controlled

environment, and the optical elements were fastened to a

thermally stable Invar base. To reduce vibration effects,
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the Invar base was mounted on a rate table mounted atop

one of the isolation piers of the "seismically stable plat-

form" in the Seiler Laboratory. To reduce high frequency

vibration further, foam padding was placed between the

Invar base and the rate table.

The electrical components were mounted on a rack

external to the test table. Connections from the elec-

trical components to the optical components were made by

coaxial cables strung from the test rack through overhead

hangers to the test table. The test table slip rings were

not used since they transmit noisy high frequency signals.

Figures 3.8 and 3.9 show far and close-up views of the

assembly.

Aliqnment

The alignment of the laser beam and the cavity is

a crucial step in the construction of the PRRLG. First,

the laser beam must be leveled with respect to the base.

Next, the A/O position is adjusted so that the intensity

of the first-order beam is maximized. With the proper

combination of positioning the laser, the corner mirror

jand the cavity, the first-order beam can be aligned with

the cavity. The -esult is a visible beam being transmitted

through the cavity when a 10 Hz, 20 volt peak-to-peak sig-

nal is applied to the cavity PZTs. This signal is required

because the uncontrolled laser frequency is not at the

*
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Fig. 3.8. PRRLG and Associated Equipment

~ -~Fig. 3.9. PRRLG Components Mounted on Invar Table
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resonant frequency of the cavity. By varying the optical

path length of the cavity, the cavity resonant frequency

can be made to coincide with the laser frequency at some

point during the modulation cycle.

Once a beam is transmitted, an oscilloscope is

connected to the output of the detector to monitor the

transmitted intensity. By changing the beam's angle of

incidence to the corner mirror and by translating the beam

using refraction through a thick glass plate, the TEM0, 0 I
mode can be maximized and higher-order TEM modes can be

minimized. This process is completed for both of the beams

being injected into the cavity. Figure 3.10 shows the

oscilloscope trace of the monitored transmitted intensity

(mode matching lenses not inserted yet). The large peaks

corresponds to the intensity of the TEM0 , mode being trans-

mitted through the cavity. The smaller peaks corresponds

to the transmission of higher-order modes.
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C, IV. Results

The data taken falls into two general categories:

preliminary data and performance data. The preliminary

data includes measurements of beam intensity, cavity free

spectral range, linewidth and finesse. The performance

data includes measurements of PRRLG bias, bias drift, and

random error.

0 Preliminary Data

'Beam Intensities. So that the beam intensities

in both directions can be balanced, intensity measurements

are taken at three locations for each beam. The first

measurement is taken just before the two beams enter the

cavity. The second measurement compares the reflected

beam intensities and the third compares the transmitted

beam intensities while the laser is locked to the cavity.

The intensities were equalized by varying the amplitude

of the acoustic wave in the A/O as described in Chapter II.

Table 4.1 shows the beam intensities at the three locations

before and after adjusting the A/O. Although the intensi-

ties in each of the three cases varied from test to test,

the clockwise and counter-clockwise intensities were

equalized to this degree prior to the start of any test.
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TABLE 4.1

BEAM INTENSITIES

Intensity Intensity
Before A/O After A/0
Adjustment Adjustment
(p watts) (p watts)

CW CCW CW CCW

Before Entering Cavity 205 222 215 216

Cavity Transmission 88 94 90 90

Cavity Reflection 101 113 105 105

Free Spectral Range. The free spectral range of

the cavity is 576.92 MHz as calculated by Equation (2.17).

We relate the PZT voltage to frequency by determining the

voltage that causes a 576.92 MHz shift in the cavity

resonant frequency. This is accomplished by applying a

saw-tooth scan voltage to the cavity PZTs and monitoring

the transmitted intensity with the photodetector (control

loops are open). If both the scan voltage and the inten-

sity voltage are displayed simultaneously, the difference

in scan voltage between two adjacent resonant peaks can be

determined. This voltage difference is proportional to

the cavity free spectral range and the resonant frequency

shift per volt can be determined. Figure 4.1 shows the

strip chart displaying both the scan voltage and the trans-

mitted intensity. As shown in the figure, the voltage

required to drive the cavity resonant frequency across
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Fig. 4.1. Cavity Free Spectral Range

a full free spectral range is 78 volts, which translates

to a frequency shift of 7.396 MHz/volt. From this, the
I cavity linewidth and finesse were found using a new method

described below.

Cavity Linewidth and Finesse. Because the frequency

drift in the uncontrolled laser was so high (> 1 MHz/sec),

determining the cavity linewidth in the traditional manner

(14:IV-2) was abandoned. Instead, a new method was devel-

oped which required a commercially frequency stabilized

He-Ne laser. This laser was set up so that the beam was

divided by the beamsplitter and traveled along the
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counter-clockwise beam path of the original laser. The

new laser was aligned with the cavity so a transmitted

beam could be observed. The PZT bias was adjusted until

the resonant peak of the transmitted beam was located and

then a low amplitude, 100 Hz modulation signal was applied

to the PZTs. The amplitude of the modulation signal was

adjusted until the PZTs modulated the cavity about the

half-power points of the resonant peak. The voltage

required to do this then corresponded to the cavity line-

width.

Figure 4.2 displays the scope trace used to deter-

mine the cavity linewidth. The top trace is the reflected

intensity, the middle trace is the modulation signal and

ri the bottom trace is the transmitted intensity. As shown,

the modulation signal of 3 millivolts was required to change

the resonant frequency of the cavity by the cavity line-

width (transmitted intensity drops from 1.5 to .75 volts

during the modulation cycle). This corresponds to a line-

width (r) of 22.2 KHz. Since the cavity finesse (F) is

defined by

F = FSR/r

'then the cavity finesse is computed to be 25987. The com-

puted values for cavity linewidth and finesse differ from

those estimated earlier in Chapter III because Equations

(2.18) and (2.19) used in estimating finesse assume a loss-

less cavity.
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Fig. 4.2. Cavity Linewidth Measurement

Performance Data

As described earlier, in the presence of an

inertial rotation rate normal to the plane of the PRRLG,

the frequency of the two resonant beams differ in accord-

ance with the Sagnac effect as given by Equation (2.39).

Assuming perfect operation of the control loops, the pri-
% mary error source in PRRLGs (11:479) is the inability to

achieve the precise frequency required to resonate at the

peak of the transmitted intensity curve (or the valley of
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the cavity reflected intensity curve) which maps into an

uncertainty 6Q in determining the rotation rate Q. The

fundamental shot-noise limit in determining Q is (11:479):

XP Y - (4.1)4A (NnT)

where

P = the perimeter of the ring (m)

A = the area enclosed by the resonant ring in (m )

X = the wavelength of the laser light in (m)

r = the cavity linewidth (Hz)

N = the number of photons striking the detector
per sec

= the detector efficiency

T = the averaging time (sec)

6Q = uncertainty in determining the true rotation
rate (rad/sec)

The PRRLG was subjected to the vertical component

of earth rate while a frequency counter measured the dif-

ference frequency f2 - fl of the A/Os for one second sample

times. The data was recorded directly onto a floppy disk

for posttest processing. Appendix C contains detailed

test procedures as well as the data reduction method.

* Analysis of the experimental data from five

separate tests showed an average rate bias of 0.99 Earth

Rate Units (ERU) and an average long-term bias drift of

0.103 ERU/hr. Table 4.2 presents the biasaand bias drift
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TABLE 4.2

I BIAS AND BIAS DRIFT RESULTS

Test Duration Bias Bias Drift
Number (seconds) (ERU) (ERU/hr)

One 16000 0.95 0.111

Two 15000 1.12 0.095

Three 15000 1.01 0.115

Four 15000 0.98 0.092

Five 16000 0.89 0.102

Average 0.99 0.103

Standard Deviation 0.085 0.0099

values for each test. These parameters show good test to

test repeatability as the standard deviation of the bias

and bias drift across the five tests was 0.085 ERU and

0.0099 ERU/hr, respectively.

For an averaging time of 1 second, the average

random error (standard deviation of residuals) was 0.0259

ERU. Table 4.3 presents the random error measurements for

each test for sampling times of 1, 10, 100 and 1000

seconds. The average random error as a function of

averaging time is presented in Figure 4.3. The solid line

represents the shot noise limitation of the PRRLG as a

function of T.
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U
TABLE 4.3

3 RANDOM ERROR RESULTS

VRandom Error in ERU for Averaging Time
Test T =1 sec T = 10 sec T = 00 sec T = 1000 sec

One 0.0185 0.0066 2.52 x 10-3  5.44 x 10-4

Two 0.0392 0.0104 4.01 x 10-3  7.68 x 10-4

Three 0.0177 0.0063 2.69 x 10 - 3  5.27 x 10 - 4

Four 0.0244 0.0072 2.61 x 10 - 3  6.62 x 10 - 4

Five 0.0297 0.0085 2.98 x 10-3  5.96 x 10-4

Average 0.0259 0.0078 2.96 x l0-3  6.19 x 10-4

SD 0.0089 0.0017 6.11 x 10-4  9.83 x 10-5

_

Error Sources. The primary cause for the long-

term bias drift was found to be linked to a drift in the

signal corresponding to the difference between the two

reflected intensities used to drive the A/O loop. Although

the reflected intensities were equal prior to the test,

the intensity difference, AI, drifted during the tests.

The bias drift, highly correlated to the AI drift, then

resulted. Figure 4.4 shows a plot of the beam intensity

difference versus the measured rotation rate as given by

the difference frequency between the counterrotating beams.

Perhaps the predominant reason that the performance

of the PRRLG was not at the shot-noise limit was because

the linewidth of the laser was not narrowed enough by the
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frequency stabilization loop. The measurements taken of

O reflected and transmitted intensity while in resonance

indicate that a portion of the laser energy was outside the

bandpass of the cavity. Since the cavity could not pass

that frequency of light, it was reflected by the cavity

into the photodetector and degraded the signal-to-noise

ratio. Appendix D presents other observations relating to

the laser frequency stabilization.

Another cause for performance not at the shot

noise limit could be inaccurate mode matching. If this

- occurred, then all of the laser energy would not be trans-

ferred to the cavity; a portion would be reflected into the

photodetector, thereby increasing the signal-to-noise ratio.

Appendix D presents other observations relating to the

laser frequency stabilization.

Unfortunately, in achieving a thermally stable

environment, air currents and pressure changes caused by

the environmental control unit were encountered. This

induced a considerable amount of phase noise in the

reflected beam and led to an increase in noise in the
0detector output. In addition, the pressure changes due to

air currents caused beam misalignment and excitation of

higher-order transverse modes. Because the noise was out-

side the bandwidth of the controller, the electronics could

not compensate for it.

6
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Backscattering from the optical elements was also

a source of error. The scattering caused low frequency

noise to corrupt the intensity measurements, thus giving

an uncertainty in maintaining resonance with the cavity.

Backscattering also caused the formation of auxiliary inter-

ferometers between the optical elements, which directed

energy back into the laser. This caused the lock-in

phenomena as seen in active RLGs but on a significantly

smaller scale.

rt6

69



V. Conclusions and Recommendations

The results from this experiment are encouraging

for the development of the 58 m2 PRRLG. Comparing the per-

formance of this PRRLG to one constructed by Nelson (12)

shows an improvement in both random error (0.0078 ERU

vs 0.018 ERU) and bias drift (0.103 ERU/Hr vs 2 ERU/Hr).

In this experiment, Nelson used the PZTs to lock the

resonant frequency of a 9000 finesse cavity to the fre-

quency of a commercially stabilized laser. The finesse

here is 25,000 and the electrical components used are the

same as Nelson used.

With several modifications and improvements, this

new approach will be feasible for extrapolation to the

larger ring. For example, the long-term bias drift could

be diminished by real-time control of the amplitude of the

acoustic wave in the A/O. By controlling the amplitude of

the signal driving the A/O, the amplitude of the frequency-

*shifted beam could also be controlled. Using the equipment

currently available at the Seiler Lab, the only way to

control the amplitude of the signal driving the A/O is to

use a microcomputer to sample the counterrotating beam

intensities, and based on some logic, command the fre-

quency synthesizer to alter the amplitude of its output.

70

oV



Because the rate of change of the intensity difference is

relatively slow compared to a potential sample rate of the

microcomputer, this proposal would have sufficient band-

width to eliminate the bias drift.

To improve the low signal to noise ratio observed

in the reflected beam, a more efficient laser frequency

stabilization method is required. One possibility would

be to use the setup shown in Figure 5.1 to monitor both

the reflected and transmitted beams of both counterrotating

beams. The combination of Faraday isolators and polarizers

* , allow the steering of the transmitted beam into the photo-

.*~detector while the oppositely directed beam is injected

into the cavity. Using this configuration, information

derived from the stable, more accurate transmitted beam

could be used to drive a slow control loop and the high

* bandwidth obtained from the quick, but noisy, reflected

beam could drive a fast control loop.

Another possibility for improvement of the fre-

quency stabilizer was recently demonstrated at the Joint

Institute of Laboratory Astrophysics in Boulder, Colorado.

'A This work developed a laser stabilization technique which

yielded a sub-Hz laser linewidth (10). Incorporation of

the new controller circuit into the PRRLG should improve

performance significantly.

Dr. Ezekiel (18) demonstrated that putting a phase

i S. modulator in either beam before injection into the cavity

.7
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reduces scattering. The use of this phase modulator as a

dither instead of the PZTs would allow increased closed

loop bandwidth. Phase noise due to pressure changes and

air currents could be alleviated by isolating the PRRLG

assembly with a plexiglass cover. One has already been

designed and constructed at the Seiler Lab, which is

useable only with modification of the component placement.

Finally, results indicate that the extrapolated

performance of the 58 m2 PRRLG can reach the geokinetic

and relativity experimental accuracies. Assuming nominal

values for the variables in Equation (4.2) of

N = 3.2 x 1018

n = .5

T =10 seconds

r = 250 Hz

"=58 2. A = 58 m

P = 30.46 m

the shot-noise limit for the 58 m2 PRRLG would be 1 x 10-10

ERU. If the actual performance were an order of magnitude

higher, the projected random error would be about 10-8 to

10-9 ERU. Note, however, that the above-mentioned improve-

ments may improve performance of the 58 m2 PRRLG to closely

follow the shot noise limit, thus giving the desired

sensitivities for the geophysical and relativity experi-

ments.
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Appendix A: ModeMatching

In a passive RLG, the laser cavity and resonant

cavity are separate and, therefore, each cavity has its

own characteristic mode. To allow for the maximum trans-

fer of power from the laser into the resonant cavity mode,

the laser mode must be shaped to coincide with the cavity

mode. This is known as mode matching.

If mode matching is not accomplished, the laser

beam directed into the cavity is not stable, and changes

with each round trip until the beam degenerates into one

or more of the cavity modes. The overall effect is a loss

of power transmitted through the cavity and a decrease in

the effective cavity finesse.

The mode matching procedure consists of: (1) charac-

4- 4 "terizing the output of the laser by determining the size

and location of the waist of the laser beam, (2) character-

izing the mode of the cavity by determining the size and

location of the waist of an imaginary beam resonating within

the cavity, (3) finding locations along the beam path where

3 the horizontal and vertical modes of the laser and the

is cavity match, and (4) inserting a cylindrical lens at each

of these two points to cause the radius of curvature of the

laser beam to match that of the cavity.
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The size and location of the beam waist of the

laser is determined using the setup shown in Figure A.l.

Intensity measurements are taken at various positions of

the knife edge. Using this data, a least square fit to

the Gaussian beam intensity profile is made to find the

spot size at that location from the laser output. This

set of measurements is then repeated for several more

PARITALLY BLOCKED
BEAM

I ~LASER '"

,. KNIFE EDGE

POWER
METER

Fig. A.l. Setup for Spot Size Measurements
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TABLE A.1

SPOT SIZE MEASUREMENTS

Distance fronR
Laser Output z Spot Size w

(cm) (cm)

17.78 ........ .................... ... 0.0406

30.48 ........ .................... ... 0.0445

38.10 ........ .................... ... 0.0475

45.72 ....... .................... . 0.0523

50.80 . . . . ............... 0.0528

locations. Table A.1 shows the measured spot sizes at

several distances from the output of the laser. Using this

data, a least squares fit is made to

2 2
W(z) -+ ) z (A.1)

where

w(z) is the spot size at a distance z from the beam
waist

W 0 is the spot size at the beam waist

X is the wavelength of the light

z is the distance from the beam waist

In this form, (z) versus z plots as a straight line with

W2(z) being the y-axis intercept and .. )2 being the slope
0

of the line.
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The least-squares fit gives two different estimates of

since the actual value of z is unknown. Using an iterative

approach, an estimate for the bias in z is made. When the

two values for w are equal, the corresponding value for z

is correct (z = z + bias). The result of this procedure

provides the relative location of the beam waist with

respect to the output of the beam and the spot size, wo'

at the beam waist.

Table A.2 shows the result of this least squares

fit. The estimate in the bias in z implies that the beam

waist is inside the laser cavity itself. This is reason-

able as the two mirrors used to form the laser cavity are

both spherical and, thus, form a confocal cavity.

The characteristic Gaussian mode of a cavity can

be found by determining the unique Gaussian beam that

"fits" the geometry of the cavity and the curvature of the

cavity mirrors. First, consider the plano-spherical Fabry-

Perot cavity as shown in Figure A.2. This cavity consists

TABLE A.2

BEAM WAIST LOCATION AND SIZE

Bias in z......... .................. -18.84 cm

Spot Size at Waist .. ............. ... 0.0341 cm

Correlation of Points .... ............ .988
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FLAT MIRROR CURVED MIRROR

_LL

Fig. A.2. Plano-Spherical Cavity

of a flat mirror, with an infinite radius of curvature,

and a spherical mirror, with a radius of curvature of R,

separated by a distance L from the flat mirror. To "fit"

the flat mirror, the Gaussian mode must have a waist at

the flat mirror, since the radius of curvature at the beam

*waist is infinite. The beam's radius of curvature at L

must also match the radius of curvature, R, of the curved

-0 mirror. Manipulation of Equation (2.22) gives the size of

the beam waist as:

Wo = 1 (zR (z))) ( z (A.2)
0 77 R (z)

These concepts can be extended to the symmetrical square

cavity of Figure A.3. This cavity consists of two opposing

flat mirrors and two opposing spherical mirrors of equal

radius of curvature, R. As before, the characteristic

Gaussian beam "fits" the radius of curvature of each
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FLAT MIRROR FLAT MIRROR

L L

CURVED MIRROR

Figure A.3. Plano-Spherical Square Cavity

mirror. The square cavity will, therefore, have two

waists, one at each flat mirror.

Due to the 45 degree angle of incidence to the

-- spherical mirrors, a modification to the procedure must

be made. The 45 degree angle of incidence at the spherical

mirrors changes the effective radius of curvature of the

mirror. Because of this, the beam that "fits" R in the

square cavity is different from the beam that "fits" the

linear cavity.
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For the spherical mirror, R, the effective radius

of curvature in the horizontal axis is (23:42)

= Rcos 8 (A.3)

where

Rx = the effective radius of curvature of R in

the horizontal axis

R = true radius of curvature

8 = angle of incidence to R

Similarly, the effective radius of curvature in the

vertical axis is (23:42)

Scos (A.4)

where

R = effective radius of curvature of R in the
'Y vertical axis

The spherical mirror, R, acts as an elliptical mirror in

the square cavity due to these astigmatic effects. The

Gaussian beam that "fits" the square cavity is found inde-

pendently in each of the axes. This generally causes the

characteristic Gaussian beam of the cavity to have an

elliptical spot.

Substituting the values for the radius of curvature

of the cavity mirrors into Equations (A.3) and (A.4) and

with the angle of incidence equal to 45 degrees, yields

565.68 cm and 1131.37 cm, respectively, for the horizontal
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Fig. A.4. Cavity Spot Size at Beam Waist

and vertical effective radius of curvature. Using these

values, Equation (A.2) is used to find the radius of the

laser spot. The elliptical shape and dimensions are shown

in Figure A.4. Once the characteristic modes of the laser

and the cavity are determined, the entire beam of each can

be characterized using Equations (2.22) and (2.23). By

manipulation of Equation (2.22), the location along the

beam where the cavity and laser spot sizes match (in the

horizontal and vertical plane) can be found by solving the

quadratic:

V 2 2 2_ 2 2 2
(W -wC z 2xw z+ x W,

'+()2 2 2 2=) (WoLoC) (WoC_ oL 0 (A.5)
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where

WoL = waist of the laser

WoC = waist of the cavity

x = distance between oC and woL

z = distance from woL where the spot sizes match

X= wavelength of the laser light

The radius of curvature of each beam at these points is

then found using Equation (2.23). As shown in Figure A.5,

the horizontal axis of the spots match at point A and the

vertical axis of the spots match at point B. By inserting

a cylindrical lens at the matching locations, A and B, it

is possible to convert the radius of curvature of the

cavity beam. The cylindrical lens has the property of only

VERTICAL
CAVITY BEAM
HORIZONTAL
CAVITY BEAM •

LASER BEAM

LASER "

Fig. A.5. Mode Matching Using Two Cylindrical Lenses
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focusing the beam in a single axis; the other axis of the

beam is allowed to pass through unchanged. The focal

length of the lens (F) must be (6):

RCRLF C -- (A.6)

where

RC = radius of curvature of cavity beam at lens

RL = radius of curvature of laser beam at lens

Applying the above procedure to the design gives

0 , the location and focal lengths of cylindrical lenses as

shown in Table A.3.

TABLE A.3

MODE MATCHING LENS PLACEMENT

Focal Length Distance from Waist
(mm) (cm)

Horizontal Axis 700 61.27

Vertical Axis 842 64.17

One method to obtain an estimate of how well the

laser is mode matched to the cavity is to determine the

relative strengths of higher-order modes that will resonate

in the cavity. Figure A.6 shows that several higher-order

modes are present along with the TEM 0, 0 mode when a 20

volt sinusoidal signal is applied to the PZTs of the
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unmatched cavity (the dominant TEM 0,0 mode is represented

by the large spike and the higher order modes are repre-

sented by the small spikes). Figure A.7 shows that, after

mode matching, the amplitude of the spike corresponding to

the TEM 0,0 mode has been increased while the amplitude of

the spikes corresponding to the higher order modes has been

reduced.

TRANSMITTED
INTENSITY

500 mV/div

-, SCAN
VOLTAGE
20 V/div

Fig. A.6. Cavity Modes Present Before Mode Matching

j "d

84



________________________ TRANSMITTED INTENSITY ____

-~ ___ _____ _____ _____ _____ _____ 100 mV/div_ _ _ _ _

____ _ _____ ______ _____ _____ SCAN VOLTAGE _ _ _ _ _ _ _

___ __ ___ __ ___ __ ___ __ 1 V/div -_----

Fig. A.7. Cavity Modes Present After Mode Matching
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Appendix B: Photodetector-Preamplifier Circuit

+1V

Unite DeecorTcholg

* ~ Fig. B~l.UPhtdDetectorPeampoliferCrci
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Appendix C: Experimental and Data Reduction Procedures

Test Set-up

Before measurements were taken, all equipment was

allowed to warm up for at least 24 hours. This time was

especially necessary, as the uncontrolled laser exhibits

wide frequency variations after its initial turn-on. The

large frequency change is beyond the controller capacity

to lock on the resonant frequency of the cavity. Once the
laser had stabilized (10-15 hours), the acquisition of

frequency lock was possible.

To allow for data collection, a microcomputer was

connected to the frequency counter and was programmed to

sample the frequency difference information (corresponding

to the rotation rate) at a 1 Hz rate. The reflected inten-

sities from both beams, the intensity difference, and the

LIA error signal were recorded on a s"_.cip chart recorder.

Test Procedure

l. A 30 volt, 10 Hz signal was applied to the PZTs

and the two reflected intensities were monitored on the

oscilloscope. The steering mirrors and the translation

stages were adjusted to maximize the TEM0 ,0 mode of the

cavity.
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H2. For each LIA, the output was connected to the

oscilloscope. The 30 volt, 10 Hz scan signal was summed

with the 3 millivolt, 30 KHz modulation signal (correspond-

ing to one-half of the cavity linewidth) and applied to the

PZTs. The time constant of the LIA was set to MIN and the

sensitivity was adjusted to allow for the maximum input

signal from the detectors without overloading the LIA.

The error signal out of the LIA (discriminant) was maxi-

mized by adjusting the phase control on the LIA to give

the minimum signal and then rotating the phase 90 degrees.

Figure C.1 shows the resulting discriminant along with the

reflected intensity and the scan voltage.

3. The LIA outputs were connected to the com-

pensators. The TUNE/LOCK switch on the laser controller

was set to TUNE. Table C.1 shows the switch positions and

- Igain settings for both compensators (Figures 3.5 and 3.7)

for lock acquisition.

4. The bias voltage control on the PZT amplifier

was adjusted to bring the cavity resonant frequency close

to the laser frequency. When the resonant mode was

located, the reflected intensity dropped. The 100 ohm

resistor was taken out of the integrator circuit by open-

ing a switch and the 27 K ohm resistor was added by closing

a switch (See Figure 3.5). Also the LOCK/TUNE switch on the

laser controller was set to LOCK. Usually both loops
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i REFLECTED
INTENSITY
500 mV/div

VOLTAGE

10 V/div

DISCRlIMINAN~T
500 MV/div

Fig. C.1. Maximized Discriminant
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TABLE C.1

COMPENSATOR SWITCH POSITIONS AND GAIN SETTINGS
FOR LOCK ACQUISITION

Laser Loop A/O Loop

Integrator ON ON

100 ohm ON ON

27 K ohm OFF OFF

Summer N/A ON

Lead 5.0 5.0

Gain 5.0 5.0

- Integrator Null 5.0 5.0

Bias 5.0 *

*Adjusted so that the VCO output a 40 MHz signal.

locked to the resonant valley of the reflected intensity.

If this did not occur, the step was repeated.

5. Through observation of the signals on the

analog recorder, the amplitude of the VCO signal was

adjusted to minimize the intensity difference signal going

into the secondary loop (LIA).

6. The lead and gain potentiometers were adjusted

to give the highest degree of lock as observed by connect-

ing the FFT analyzer to the photodetector outputs. The

adjustment which maximized the 2fm frequency component

(60 KHz) and minimized other components was chosen as the

one that provided the best controller operation.
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With these steps completed, the PRRLG was ready

for testing.

if Data Reduction

The data recorded on the floppy disk corresponded

to measurement of the difference frequency, Af, between the

two counterrotating beams. From Equation (2.39) the

expected frequency was 11.6092 Hz. To determine bias,

bias drift, and random error, a straight line was fit to

the recorded data using a least-squares fit. The

y-intercept of the fit line was compared to the expected

11.6092 Hz. The difference was defined as the bias. The

slope of the line was defined to be the bias drift and the

standard deviation of the residuals from the line was the

random error.
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Appendix D: Detailed Laser Stabilization Observations

Cavity Lifetime

To determine the effect cavity lifetime has on the

closed loop laser frequency controller, consider Figure D.l.

For this low loss, mode matched cavity at resonance, Ic is

very large, It Z Io0, and Ir Z 0. If losses are ignored

then

It Z I c x T2

Ir 10 (l-T I ) - Ic x T1

In order for I Z 0, there must be a nearly perfect cancel-

lation of the leakage field, Ic x T2, with the reflection

of I o ,  [1Io  x (1-T 1 ) ] .

If the cavity is rotated, or if the physical path

length is changed within the cavity, or if the phase of

the incident light changes, there is an immediate loss of

the nearly perfect cancellation in I ' The effect of the

phase change is not immediately seen in the transmitted

intensity It because of the large Ic x T2 component rela-

tive to the small 10 x T1 x T2 component. For the effect

to be noticeable, the phase-shifted light must be stored up

within the cavity so that the phase-shifted energy is

92



R

i fu LAE 
Tl

I - Incident Intensity
I1 - Reflected Intensity
R - Transmitted Intensity

T I - Mirror Transmission
Ti - Mirror Transmission c

T

Fig. D.l. Cavity at Resonance

now the dominant source of energy transmitted through the

cavity.

In the above situation, there is a filtering

effect of the incident light with a filter time constant on

the order of the cavity lifetime. This filtering effect

Iprevents the observation of the rapid, random phase fluctua-

tions in the incident light when the transmitted beam is

monitored. Hence, the concept of using the reflected beam

to derive the error signal for the controller is considered.

This filtering effect is not a problem with the

PRRLG used in this research because the cavity lifetime is

1 93



I
only about 14 microseconds, which is just outside the con-

troller bandwidth. However, for the 58 m2 PRRLG the

expected cavity lifetime is 1-2 milliseconds, which would

severely limit the bandwidth of the controller, probably

to the point that frequency lock to the cavity would not

occur. Therefore, the use of the reflected beam for ccn-

trol purposes is recommended.

6Frequency Locking Laser to Cavity

As mentioned in Chapter III, the laser discharge

current control alone did not provide enough dynamic range

for the laser to remain locked to the cavity for long

periods of time. Figure D.2 shows the results when using

only the current control to stabilize the laser frequency.

As shown, the intensity signal has several small spikes in

it which correspond to vibrations due to conversations,

and pressure changes due to the lab door being opened.

The error signal and the voltage going to the current con-

troller are correspondingly noisy at these points. Also

both of these signals exhibit ramps, which indicate that

more and more control is needed to keep the beam in

resonance. Finally after about 35 minutes, the controller

saturates, and lock is lost.

When the heater control is attached, many of the

observed problems clear up. As seen in Figure D.3, the

intensity is no longer susceptible to the door being
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opened or to minor vibrations. In addition, the noise on

the error signal and control signals is greatly reduced.

With the heater control added, lock can be maintained

virtually indefinitely.

The noise frequency on the error signal was investi-

gated by connecting the signal to a Fourier analyzer. This

indicated a 60 Hz frequency components which what later

traced to being injected into the system through the PZT

modulation signal. When the modulation signal was set to

maximize loop sensitivity, the signal to noise ratio was

less than 3. In effect, the cavity resonant frequency was

being perturbed at a 60 Hz rate. Since this was within the

bandwidth of the controller, its effect was eliminated;

however, the presence of the signal was still undesirable.

9
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4.7

I ______-- ERROR SIGNAL
I.1 V/div

--- SIGNAL 20 mV/div

5 mm/min

C., Fig. D. 2. Stabilization Using Current Control
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HEATER VOLTAGE
50 MV/div ______

CURRENT CONTROL SIGNAL
500 mV/div

ERROR SIGNAL
1 V/div

REFLECTED INTENSITY ..............-.. .
SIGNAL 20mV/div

5mm/mm -

* !Fig. D.3. Stabilization Using Current and Heater Control
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/ The Frank J. Seiler Research Laboratory is currently
deve~oping a Passive Resonant Ring Laser Gyroscope (PRRLG| enclosing
58 2)for proposed use in testing high precision rate sen ors and
for possibly validating the Theory of General Rel tivity. The sensi-
tivities required for such experiments are in the -/)to
Earth Rate Unit (ERU) range. This high sensitivit ecessitates the
use of a large, high finesse cavity.

In dealing with high finesse cavities new considerations
arise. For example, the cavity linewidth is narrower than line-
widths of commercially available stabilized He-Ne lasers. The
stability of the laser then becomes the limiting factor in the per-
formance of the PRRLG because of the increased signal-to-noise ratio
that arises in this situation. In addition, high finesse cavities
exhibit photon lifetimes on the order of 10- 3 to 10-6 seconds, which
limits the bandwidth of practical controllers.

In this research, a PRRLG was constructed in which a He-Ne
laser was frequency locked to 25,000 finesse, 169 cm2 resonant
cavity, as opposed to the more traditional techniq e of locking
the resonant condition of the cavity to the laser 4requency. Using
this configuration a random error of 0.0078 ERU fo$ an averang
time of 10 seconds was observed. The major error ources fouz in
the gyro were identified and methods to eliminate.'them were pr posed.
Extrapolation of the performance of this PRRLG to the much larg r
58 m2 PRRLG, indicates the desired sensitivity for precision tes#ing
and relativity experiments is achievable.

/ '



FILNIED

* D I CI _ _ _ _ _ _ __._


