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4 SECTION I
2 STUDY, PURPOSE AND OBJECTIVE

The object of this multioscillator ring laser gyro study was to
obtain a comprehensive collection of data from a carefully con-
ducted set of parameter variation experiments. The purpose of
this collection of data is its intended use as an aid in the
advancement of a developing theoretical model. This information
may be used to establish the range and magnitudes of various
theoretical parameter variables through comparison of model pre-

dictions and experimental data.

& To accomplish this task and to guide and direct the nature of

‘ these experiments, there was a continuous cooperative effort and

exchange of data with the corresponding developing theory effort

at the University of Arizona, Tucson, through Professor

Marlan O. Scully. Correlation discussions where held monthly

to review data and to determine the status of the theory.

The result from each of these meetings was the formulation of

k experiments which would yield data needed to support the devel-
oping model.
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SECTION II
INTRODUCTION AND BACKGROUND

The multioscillator laser gyro concept involves simultaneous

laser oscillation of four running-waves in a ring laser. The
concept is characterized by its optical biasing scheme allowing
angular rotation rate information to be obtained from a
difference-frequency beat-note associated with all four oscil-
lating laser modes. Early work by deLangl indicate the coiiceptual
scheme. Later workers2 attained the four simultaneous running-

waves in a ring cavity and demonstrated the concept.

The theory referred to herein is that of a Zeeman four-mode
ring-laser gyro.3 This theory is being generated by extending
the 1964 Lamb4 semi-classical scalar theory of a two-mirror
standing-wave electric field laser. The developing model con-
siders simultaneous oscillation of four running-wave electric
field eigenstates of a single longitudinal and transverse ring-
cavity resonant mode, magnetic sublevels of a multi-isotope
active gain medium in an arbitrary oriented magnetic field, and
an optically anisotropic and ncnreciprocal cavity with sources
causing loss and scattering of light within the cavity. The
most general case in this four-mode prcblem involves the simul-
taneous solution of eight coupled differential equations. Two
equations describe the dynamics of each vector field: one for
the frequency and one for the amplitude.

The biasing of a four-mode gyro differs from that of a two-mode
gyro in that it may be static and passive. The biasing is
static in that in the absence of rotation the induced frequency
splittings between the four oscillating modes are constant.
The bias is passive in that the frequency splittings are accom-

plished with nonmoving elements which are not power consuming




(true strapdown). The biasing involves two types of polarization
anisotropic biasing elements in the laser cavity, one recipro-
cal and one nonreciprocal. Crystal quartz may be used as one of
the biasing elements (reciprocal). This element is constructed
and oriented in the laser cavity such that the laser beam may
propagate along the optic axis of the crystal. The other (non-
reciprocal) type of biasing involves the magnetic field Faraday
type of optical phenomena. The magnetic field may, for example,
be placed on the crystal, or on the active gain media.

Figure 1 illustrates the laser oscillation spectrum of the
multioscillator laser gyro used in this study. f£fj is the optical
frequency of the i'th polarization-propagation direction eigen-
state. L and R represent left and right circular polarization
and C and A represent the clockwise and anticlockwise directions
of propagation. The relative arrangement of the frequencies is

a function of the two biasing elements used in these experi-
ments, namely: quartz crystal and magnetic field on the gas
plasma. The frequency splitting from the crystal is considerably
greater than from the Faraday bias.

The frequency splittings of the four modes is such that effec-
tively two two-mode static biased laser gyros are established in
the single ring laser cavity:

Gyro 1:

Af (beat-note) = f2 - f1 ~ =KQ + FARADAY BIAS (1)
Gyro 2:

Af (beat-note) = £, - £, = KQ + FARADAY BIAS (2)
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Figure 1. Multioscillator Frequency Spectrum
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K is a constant scale factor and  is angular velocity of the
laser cavity. The scale factor, K, is the familiar two-mode
laser gyro scale factor. The difference between these two two-
mode beat-notes is the multioscillator beat-note, @, where (see

Figure 2):

y = f, - £, - £, + £, = 2KQ (3)

Note that this beat note has twice the sensitivity to rotation

of a two mode laser gyro and the sensitivity to the bias cancels.

Like other laser gyro concepts, the individual oscillating fre-
quency of each mode is not only affected by the biasing and
rotation but also by various active coupling phenomena to each
of the other modes and by self interaction with the active gain
media. The effects of these various phenomena lead to errors in
the gyro output. The complexity of the four-mode theory and the
functional relations between the various parameters are signifi-
cantly increased when the magnetic field is applied to the
active gain media as compared to the field being applied to the
crystal. Nevertheless, application of the magnetic field to the
gain media significantly simplifies the mechanical construction
complexity of the device. Thus, there is a motivation for con-
sidering a multioscillator with field on the active gain media
and for extending the present state of four-mode laser gyro
theory. For this case, the fully developed complex vector the-
ory is necessary as a design tool in the development of this
instrument.

As mentioned earlier, the theory predicts both intensities and
frequencies of the various modes. The intensities may be mea-
sured directly. However, the frequencies may not be measured
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directly with enough accuracy for a useful correlation with the
theory. Therefore, difference-frequency beat-notes are most
useful in this application. The ¢ beat-note as defined above is
a particularly good choice for a parameter evaluation of a mul-
tioscillator gyro and as a means for data correlation with the
frequency predictions of the four-mode vector theory.

In addition to the field amplitude and frequency data-theory
correlation, a separate study was conducted concerning the elec-
tric field polarization characteristics of a multioscillator.
This study was reported in Optics Communications, 29, 227 (May
1979). A reprint of this article entitled "Polarization
Characteristics of an Anisotropic Ring Laser" is found in Appen-
dix A.
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SECTION III
EXPERIMENTAL APPARATUS

The He-Ne ring laser (A63283) apparatus used in this study was
the Litton IR&D developed, LG-2432 multioscillator. This
instrument was designed to perform a variety of four-mode laser
gyro parameter variation experiments. The body of the device
was constructed from a solid block of Cervit. Machined into the
block are clearance holes, gain bores, and an aperture to
accommodate both the optical and electrical discharge paths.
Both mirrors and electrodes are affixed to polished surfaces on
the blocks. (Figure 3 is intended as an aid in the descrip-
tion of this apparatus.) The block has two separate, equal gain-
bore regions with a magnetic coil around each. The electrodes
(one cathode and two anodes) are positioned such that the mag-
netic coil covers all and only that portion of the optical
cavity with the gas gain plasma. In addition, the block has a
port access to the laser beam optical path where a quartz cry-
stal biasing element may be positioned. The closed optical path
of this ring laser is approximately 32 centimeters long, and
encloses approximately 43 square centimeters. (K, the two-mode
laser gyro scale factor, mentioned earlier in equations 1, 2

and 3, is approximately equal to 8 x 104 for this instrument.)

A particularly accommodating feature of this LG-2432 instrument,
with respect to performing short term parameter variation
experiments, is a valved tip-off connection. The ring laser is
easily attached to and removed from a vacuum fill station.
Therefore, the gas fill parameters are quickly changeable at
will.,
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Figure 3. Zeeman Multioscillator Laser Gyro




Alignments of both mirrors and crystal were done with the
instrument lasing while attached to a vacuum fill station.

The seals on both the mirrors and crystal assembly were wax.
When heated, the wax is soft and allows movement of the mirrors
or crystal. The mirrors were positioned for maximum intensity
output. The crystal orientation was adjusted for maximum circu-
larity of polarization of the output modes. This insures a
minimum contribution of birefringence to the total ring cavity
from the crystal element. The life time expectancy of a wax-
sealed instrument is only a few days. However, this was ample
time to do each of the parameter variation experiments.

The original test plan suggested a series of experiments associ-
ated with four different crystal element thicknesses. These
elements provided the reciprocal type of anisotropic biasing for
the frequency splitting between the left and right circularly
polarized modes. The four elements provided frequency splittings
of: 30, 63, 166, and 440 MHz. These crystals have polished
faces nominally perpendicular to the polarization rotary axis
with anti-reflection coatings. Each of the crystal elements

was constructed from "right handed" quartz; i.e., the optical
index of the material is less for right circular polarized light
than the index for left circular polarized light. The same is
true for propagation in either direction along the rotary axis
making the element reciprocal.

In addition to the instrument features mentioned above, one of
the cavity mirrors had an attached piezoelectric ceramic device
used to control the cavity length. In summation, the ring laser
instrument used in this study was capable of variations in the
following parameters: magnetic field on the active HeNe plasma
(Zeeman effect and Faraday effect) 0-200 gauss, four distinct

10




polarization rotation elements, cavity length detuning, cavity
gain and loss, dual isotope ratio (NeZO/Nezz), He/Ne ratio, gas
pressure, linear phase birefringence, and rotation of the cavity
in inertial space.

The basic measurement apparatus consists of an optical spectrum
analyzer, a photodiode, and a dual-beam oscilloscope in conjunc-
tion with various monitoring devices for the above mentioned
variable parameters. The functions of these various devices
will be discussed in the following descriptions of the various
experiments and results.

11
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_ SECTION IV
b EXPERIMENTAL RESULTS

1. Faraday Beat-Note

Figure 4 indicates the magnitude of the frequency splitting
from the magnetic field on the gas plasma. The measured beat-
note represents the difference frequency between LC and LA or
between RC and RA (modes of like polarization) as a function of
magnetic field strength.

There are 8 centimeters of the active gas plasma with axial mag-

' netic field. Using this data we calculate a pseudo-Verdet con-

! stant of approximately 300 Hz/cm gauss for the gas plasma. The

: absolute magnitude of the beat-note, magnetic field relation was
the same for both the left and right circularly polarized pairs
of modes. However, the slopes of the curves were opposite in
sign. This accounts for the response of each pair of modes to
rotation of the cavity in inertial space as indicated in Figure 2
and the - and + K in equations 1 and 2 respectively.

The significant, measured, laser gyro parameters associated with
the data in figure 4 are: One, the polarization ellipticity
of all four modes was 1.00 +0.02 where 1.00 represents circular
polarization. This measurement was determined by a ratio of !
intensity measurements of the major and minor axis of the polar- :
i ization ellipse. Two, the gain/loss ratio was varied from 1.3
l to 1.7. This was varied via the HeNe plasma current. Three,
the Nezo/Nezz ratio was approximately 50/50. Four, the He/Ne 3

ratio was approximately 12/1. Five, the total gas pressure is
indicated on each of the three curves (2.5, 3.0, 3.7 Torr).

Six, the frequency splitting by the crystal was 166 MHz.
However, the data was virtually the same for all four crystals.
Seven, the cavity length could be varied such that the mean

12
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Figure 4. Faraday Beat Note versus Magnetic
Field on Gas Plasma
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frequency of the two modes could change by +200 MHz about the
center of the gain curve for that pair of modes without affect~
ing the data significantly. Eight, these measurements were made
with the instrument attached to the gas fill station; therefore,
the rotation in inertial space contribution to this beat-note is
insignificant.

The total gas pressure was the only gas-fill parameter that had
any significant effect on this beat-note. Variation in the
polarization ellipticity of the modes had a significant effect.
However, the theoretical model considers only circular polariza-
tion. Therefore, this parameter was not varied in any of the
experiments. The mirrors and crystals were adjusted in each

case for maximum circular polarization.

A. INTENSITY

The following series of figures shows the output intensity of
each of the four osillating modes as a function of cavity length
tuning and magnetic field on the plasma. The magnitude and
direction of the magnetic field is indicated on each graph.

The directions of the two fields (one on each plasma gain
region) are parallel in that they point in the same direction
around the ring cavity as indicated in figure 3. The indicated
magnitude of the magnetic field is calculated from the measured
current in the coils and is estimated to be accurate to within
+5 percent. The intensity measurements were made with a
Spectra-Physics Model 420 Optical Spectrum analyzer. The inten-
sity scale on each graph is unitless and thus is only an indica-
tion of the relative intensity, one mode to another, as measured
by the optical spectrum analyzer. The output from this same spec-
trum analyzer also indicates the optical frequency of each mode
(accurate to *10 MHz). The optical frequency tuning was
accomplished via the piezo cavity length control device.

14
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In each case zero detuning is the mean optical frequency of all
four modes when all four modes are oscillating with equal inten- J
sity with zero magnetic field on the plasma. That optical
frequency should be near the midpoint of the 6328& natural
transition frequency associated with the two isotopes, Ne20 and

Ne22. The measured intensity points on each of the graphs for

each mode with respect to detuning are: the maximum intensity,

the intensity at zero detuning relative to the maximum, and that
point on the detuning scale at which lasing oscillation ceases.
The shapes of the curves through these points are sketched.
The relative intensities as indicated on the graphs should be
accurate to within *5 percent of that indicated by the optical
g spectrum analyzer output. As before, L and R represent left and
right circular polarization and C and A represent clockwise and
f anticlockwise. The labeling "left and right circular handedness"”
E of the modes is as the modes are in the plasma gain sections of
the ring cavity. The crystal being used is also indicated on
i each graph. 1

Again, the laser parameters of significance were: One, the
polarization ellipticity of each mode was near circular

(1.00 +0.02). Two, the gain/loss ratio was approximately 1.5
at gain maximum for each mode. Three, the NeZO/Ne22 isotope k
ratio was 50/50. Four, the He/Ne ratio was approximately 12/1.
Five, the total gas pressure was approximately 3.0 Torr.

Six, these measurements were also made with the instrument
attached to the fill station.

Intensity measurements associated with the 63 lMHz crystal are :
not indicated due to the fact that they were not significantly i
different from the ones associated with the 30 MHz crystal.

15
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l. Intensity Figures

166 MH=z

a.

All of the curves in figures 5a-i are associated with the

crystal:

Figure 5a indicates the intensity profile of all four
modes without the Zeeman splitting of the gain atoms.
Note the curves are reasonably Gaussian with the same
curve for LC and LA but different from RC and RA which

have the same curve.

Figure S5b is associated with 30 gauss in the

C direction on the gas plasma gain media. Note
the order of the various peak intensities and that
the curves are no longer symmetric Gaussian.

Figure 5c is associated with 50 gauss in the C
direction on the gas plasma gain media. Again note
the order of the peaks which is different from the
previous figure 4-2b.

Figures 54 and e are associated with 70 and

100 gauss respectively. Note the same order of
the peaks as the 50 gauss curves and that the
deviation from a smooth Gaussian curve becomes more
severe as the field magnitude increases.

Figures 5h-i are similar to those above except
the magnetic field is reversed and points in the
A direction around the ring. Note the order of
the peaks are different from the corresponding
figure with the field in the opposite direction.

16
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2. Intensity Figures

The curves in figures 6a and b are associated with the 30 MHz
crystal:

a. Figure 6a is associated with 40 gauss in the
C direction on the plasma. Note that the asymmetry
about the peak of each curve is more pronounced

than any of those in. figures 6a-i.

b. Figure 6b is associated with 80 gauss in the C direc-
tion on the plasma.

3. 1Intensity Figures

The curves in figures 7a-c are associated with 440 MHz crystal:

a. Figure 7a indicates all four oscillating modes
to have the same gain profile with zero magnetic

field on the dual isotope plasma.

b. Figure 7b indicates the effect of 60 gauss in
the C direction on the gain media.

c. PFigure 7c¢ indicates the effect of 100 gauss in
the C direction on the gain media.

There are several significant comparative features in these
curves: Note, the degree of asymmetry in the curves when the
magnetic field is applied is significantly less with the 440 MHz
crystal than with the other crystals. Note, all four modes in
figure 7a have the same gain profile with the 440 MHz crystal

as compared to the no field case with the 166 MHz crystal in
figure 5a. These two features indicate considerable mode gain
competition for the shorter crystals.

The initial comparisqns of the data represented in figures (5)
through (7) with the theory/model predictions showed the same
results with respect to the relations between peak intensity,
detuning, and magnetic field but did not indicate the substantial

26

-




R

L R T

butun] yzbusT A3tTAR) Snsiaa A3TSusjzul ‘€9 2anbrd

ONINNL13a

ZH g0l xS v € z ] 0

NOILI3YIa - D
SSNVO - oY
IVLSAHO ZHW OE

ALISN3LNI

27

[P TN




Putung yibuaT X3TAED SnsiaA KITSUSIUI  -q9 =anbrg

ONINNLID
ZH gOL X § v € z | 0

ALISN3LNI

NOWLO3M¥Ia -2
SSNVY - 08
AVLISAHO ZHN OE

28

R

LR R PO e s S P RPNV LS

3
ki




T

ZH g0} X

butung, yzbusg LK3jrae) snsisaa A3TSusiul

‘v, aanbtg

ONINNL13a
S v £ 0 i- z- €- - -
T 1 T 1 | T T
SIAOW
ONILYTTIOSO ¥NO4 1V
_ Q1314 JILINOVIN OH3Z
m IVLSAYD ZHW OPY
&
o
<

29

Skl




butuny, y3zbus A3TAe) Snsisa K3tsusjur ‘qL @2anbtyg

ONINNL3C |

ZH g0l X S v € [A i 0 - [ A € o S- §

30

NOILOAY™IA - D
SSNvO - 08
AVLSAHO ZHN Oy

ALISNILNI

anis v — at Z . : :
PP S P LT D e G D —




butung, yjbusT LK3tae) snsaaa AJTsuajul Oy L8iInbrg

ONINNL130

ZH g0L x S 14 € A i 0 - A €- - 5-

T,

—~
™
{
s NOILO3HIA - D o
= SSNv9 - 001 :
m IVLSAHD ZHW OvY .
P,




asymmetries shown in the experimental data. However, by an

1 alteration/addition to the early model, which effectively elimin-
ated the "strong Doppler limit" assumption, the later curves gen-
erated by the model matched almost identically the experimental

curves.

B. Y BEAT NOTE

RN i AL R Wk e AT e ratber s

The following data concerns the ¥y multioscillator gyro beat-note

P

as defined in equation 3:

.
-

<
It
Hh
|
Hh
|
Hh
+
Fh

These measurements were obtained with the ring laser instrument

fixed to the gas fill station. Therefore, there is only a small

e et

constant (approximately 10 Hz) contribution to @ from the instru-
ment rotating at earth rate. Thus, any variation in ¥ is

substantially a function of the active coupling of the various

oscillating modes. 1In each case, ¥ is plotted as a function of
cavity length detuning for the various indicated axial magnetic :
fields on the gas plasma. Zero detuning was determined in each ‘
case by adjusting the cavity length to a point such that the
peak intensity magnitude of the beat-note from the left circular
gyro equals that from the right circular gyro. This point is
different in absolute frequency space for each of the curves

because of the asymmetry in the intensity profiles as a function
of magnetic field and because of the different isotope ratios
used in the various experiments. (Note the intensity data in
figure 5.) Nevertheless, in each case zero detuning of the

B

mean optical frequency is near the midpoint of the 63283 natural

i

o . , . 2

transition frequency associated with the two isotopes Ne 0 and
22

Ne .
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; The crystal frequency splitting being used is indicated on each

22 ratio. The Faraday splitting

figure, as is the Nezo/Ne
between (f4 and f3) and (f2 and fl) may be determined from the
indicated magnetic field strength and the data in figure 4.
The He/Ne gas ratio was 12/1 in each case. The total gas
pressure in each case was 3.0 Torr unless otherwise indicated on
] the figure. The gain to loss ratio in each case was determined
by the plasma current at lasing threshold and was approximately 1.5
unless otherwise indicated. The accuracy of the data points is
indicated by the size of the points. The beat-note frequency was
determined with an oscilloscope and the detuning by the output
from the optical spectrum analyzer on this same oscilloscope.
a. Figures 8a-d demonstrate several ¢ sensitivities

associated with the 166 MHz crystal: Note that

in each case a reversal of the direction of the

magnetic field causes the slope of the curve to

reverse sig9 and the magnitude of the i bias (devi-

ation from y = 0) to reverse sign. Furthermore,

note that the ¢ bias may be adjusted to zero by
22

a proper selection of the Nezo/Ne isotope ratio

i 1
1

(see figure 8c) and that variation in the isotope
ratio does not significantly change the slopes of
these curves. These same features were found to

be similar with respect to each of the four crystals.

b. Figures 9a-c demonstrate a ¢ sensitivity to the
gain/loss ratio. This gain/loss ratio was determined
by the plasma current ratio at lasing threshold and
at the current for which the data was taken. Note
that there is no significant difference in figures 9a
and 9b. However, the slopes of these curves begin
to change as the gain/loss ratio exceeds 2.0.

Again, the same was observed for the other crystals:
little change in the slopes of these curves until the

gain/loss ratio exceeded 2.0.
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c. Figures 10a, 10b, and 9b indicate a @ sensitivity
to total gas pressure. These three figures are asso-
ciated with the 166 MHz crstal. However, all four
crystals showed similar results in that the higher
pressures had less detuning sensitivity. This par-
ticular general result agrees with theory/model

predictions.

d. Figures 1lla and 1llb are associated with the 63 MHz
crystal. Again, this data demonstrates the decreased
detuning sensitivity with an increase in total gas
pressure.

e. Figures 12a and 12b are associated with the 440 MHz
?rystal. These two figures demonstrate the detuning
Y sensitivity and the Y bias sensitivity to isotope
ratio.

f. Figures 13a and 13b demohstrate the @ detuning
sensitivity associated with the 30 MHz crystal.
Again, note the decrease in sensitivity with the
increased total pressure.

g. Figure 14 is a compendium of the & sensitivity
experimental data compared with theoretical predic-
tions. The form of this data is different from
that in the previogs figures. In this case the

vertical scale is y/detuning and the horizontal ‘
scale represents the magnetic field on the gas gain i
plasma. All four crystals are represented in this
figure. The other laser gyro parameters such as :
total gas pressure, gain/loss ratio, Nezo/Ne22

ratio, etc., were held constant and the same for

each crystal in this comparison. The corresponding
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theoretical constants representing these gyro
parameters, such as gas pressure, were chosen_to'
match the experimental parameters as close as

possible.
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SECTION V
$ CONCLUSIONS AND RECOMMENDATIONS !
. |

There are several cases related herein which may be pointed to
as examples of the usefulness of this kind of study in the
development of a theoretical model. For example, the degree of
asymmetry in the intensity versus detuning curves as a function
of magnetic field on the plasma was not known. In this case,
the experimental data revealed a need to modify the theoretical
assumptions concerning the "strong Doppler limit."

It is significant to note the theory-experiment correlation
attained with respect to the ¥ difference-frequency beat-note
data. The comparison in figure 14 shows good agreement between
theory and experiment for the long and the short (440 and 30 MHz)
crystals. The other two crystals agree within the same order of
magnitude with the theory which none of the four did at the
beginning of this study.

3 A continued correlation effort is necessary to continue the
refinement of the theory. The ¥ beat-note parameter sensitivi-
ties are of critical importance in designing a Zeeman multioscil-

lator. Much progress has been made during this study period
with respect to matching experimental data with the ¥ calcula-
4 tions. A continued effort is recommended.
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Experimental evidence is presented showing the polarization characteristics of the oscillating modes in an active
6328 A He—Nc gas ring laser cavity to be determined solely by the anisotropic characteristics of the passive ring cavity.
The data is compared to that predicted from a Jones matrix analysis of the passive cavity.

In an anisotropic He—Ne ring laser, it is possible
to have simultaneous continuous laser oscillation of
two polarization eigenstates of a single transverse
mode in each direction. It has been shown [1] that
the relative frequencies of these four oscillating eigen-
states are substantially a function of the anisotropies
in the laser cavity and of the isotropic nonreciprocal
phenomena such as rotation of the cavity. This is, of
course, not true in the presence of strong active cou-
pling between eigenstates propagating in the same or
opposite directions. Two or more of these oscilla-
tions may be coupled strong enough such that they
oscillate at the same frequency irrespective of the
magnitude of the anisotropies or the nonreciprocal
phenomena. The data presented herein shows that,
in the absence of strong coupling between two modes
propagating in the same direction, the electric field
polarization states of these eigenstates are complete-
ly determined by the anisotropies in the passive ring
cavity,

The ring laser apparatus used in this equipment
was constructed from a solid block of CerVit. The
block has machined clearance holes, gain bores, and
aperture to accommodate both the optical and elec-
trical discharge paths. Both the mirrors and elec-
trodes were affixed to polished surfaces on the solid
block. The closed optical path of this ring laser is

This work was supported by the U.S. Air Force Office of
Scientific Research and Ait Force Avionics Laboratory
ASD Contract #33615-78C-1524.
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approximately 32 centimeters long. The CerVit block
has two separate 4 centimeter long equal gain re-
gions. The electrodes (one cathode and two anodes)
were positioned such that the Langmuir flow effects
from the plasma gain media flow cancel. The He—Ne
gas was an equal mixture of 20Ne and 22Ne with the
He:Ne pressure ratio being 13:1 at a total pressure

of 3 torr.

A quartz crystal approximately 0.066 centimeters
in length (along its rotary axis) was installed in the
optical cavity as the only anisotropic element in the
cavity. This element establishes an approximate 63
MHz frequency splitting between the modes of op-
posite circular polarization propagating in the same
direction. Thus, coupling between these two modes
is significantly reduced. The combined remainder
of the passive ring cavity, the mirrors, constitute an
equivalent single, almost isotropic element. The meas-
ured birefringence phase anisotropy of the ring laser
cavity without the crystal was less than 0.05 degrees
and the loss, @, anisotropy was less than 0.0001.
The quartz crystal had parallel, polished, anti-reflec-
tion coated faces approximately perpendicular to
the rotary axis of the crystal. The crystal was in-
stalled in the ring cavity in a manner such that it
could be rotated, or tilted about an axis parallel to
the polished faces and perpendicular to the laser beam
axis. If the laser beam axis and the crystal rotary
axis are not parallel, the crystal element appears
slightly birefringent to the laser beam. Fig. | is a
graph of the measured phase birefringence as a
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Fig. 1. Crystal tilt-angle versus X-Y phase anisotropy.

function of this crystal tilt-angle. The error in this
data is indicated by the size of the dots on the graph.
Zero degrees tilt-angle represents the polished faces
of the crystal being normal to the laser beam propa-
gating through it. Since the remainder of the ring la-
ser cavity is isotropic, this crystal element defines

a pseudo principal cartesian coordinate axis set for
the total ring cavity, The X axis we define parallel
to the rotation axis of the crystal tilt. With the laser
beam path being the Z axis, the Y axis is orthogonal
1o the X axis and tilts £6° orthogonal to the Z axis
(see fig. 2).

The purpose here is to demonstrate that in a
6328 A He—Ne ring laser, if the anisotropic charac-
teristics of the passive ring laser cavity are known,
one may calculate, via the Jones matrix calculus {2],
the expected polarization characteristics of the lasing
modes in the active cavity. Each physical element in
the ring cavity is represented by a two-by-two ma-
trix. The crystal element in this experiment is both
birefringent and a polarization rotator.

A birefringent element is represented by the ma-
trix

(exp (i6/2) © )
0 exp(~id/2))’
where 5 is the relative X-Y phase shift (birefringence)

introduced by the element. A polarization rotator
is represented by the matrix

(cos 8 -—sind

sinéd cos8/’

+

6° CRYSAL
LT
ANGLE

I'ig. 2. Coordinates relative to crystal,

where 8 is the angle through which an electric vec-
tor is rotated by passing through the element. The
crystal element in this experiment is represented by
the product of these two matrices:

(exp(i8/2)coso ~exp(id/2)sing )
exp(—i8/2)sin0 exp (—~i8/2)cos@/

In the Jones calculus a two-by-two matrix may be
formed which represents the total ring cavity. This
matrix is formed by taking the product of the ma-
trices representing the individual cavity elements.
The product is taken in the order in which the modes
encounter then during a single pass around the cavi-
ty. There exist possible electric vector polarization
states of these oscillating resonant modes such that
a single pass around the cavity does not change this
polarization state. This may be represented mathe-
matically by the eigenvalue equation:
ME "> AE,, $)]
where M is the Jones matrix representing the total
ring cavity, E,, is the single pass regenerative eigen-
vector field of the nth longitudinal mode, and A,
represents the eigenvalue single pass phase shift in
E,.

In this experiment the ring cavity without the
quartz crystal may be represented by the identity
matrix

o 1)

Therefore, with the addition of the crystal element,
the matrix M, representing the total cavity, becomes

e e W e
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the same as the matrix representing the crystal ele-
ment.

_ exp (i6;2) cos@ —-exp(i§/2)sin@ )
_(exp(--iB/Z)sinO exp( -i8/2)cos8)

To determine the expected polarization states of the
modes in this 1ing cavity one may solve eq. (1) for
the eigenvectors associated with M. The normalized
vector are:

exp(18/2)sin @

isin}6 cos6 £ i[l — (cos}8 cos)?} 172
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where the + sign goes with £, the right circularly
polarized mode, and the — sign goes with £ , the left
circularly polarized mode.

The solid line with the dots in fig. 3 is a plot of
the calculated vector magnitude ratio £y /Ey for both
Ep and K as a function of the crystal tilt-angle:

Ey i 15cosB ¢ [1 - (cosid cos8)?] /2

l—:‘; T sing o T T T

where the optically active crystal element rotates the
electric vector on a single pass through by 6 =12.4
degrees. & is the relative X-Y phase shitt as taken from
the measurements recorded in fig. 1. The X’'s in fig. 3
are the measured field intensity ratio Ey/Ey from the
output of the ring laser as a function of the crystal
tilt-angie in the ring laser cavity. Again, the error in
this data is approximated by the size of the X's. This
data was the same for the two cases: 1) the modes

of like polarization and opposite direction strongly
coupled and frequency locked, 2) the modes of like
polarization and opposite direction weakly coupled
and not frequency locked.

In conclusion, in the absence ot strong frequency
coupling between two active oscillations propagating
in the same direction in a four-mode 6328 A He—Ne
ring laser cavity, the polarization state of each reso-
nant mode is solely a function of the anisotropic pas-
sive ring cavity. A Jones matrix analysis of the aniso-
tropic passive cavity will substantially determine the
polarization characteristics of each generated reso-
nant oscillation.
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