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OPTICAL MASER PHOTON RATE GYROSCOPE ¥

by

C.V. Heer
Ohio State University
Columbus, Ohio

The basic equations for the resonant frequencies of an electro-
magnetic cavity in an accelerated system of reference are considered.
The removel of the degeneracy between clockwise and counter-clockwise
resonant modes in vacuum is discussed in terms of the angular momentum
of the photon. If matter with an index of refraction is placed in the
cavity the shift in resonant frequency is shown to depend upon the
moment of the energy flux. A maser media in the cavity permits oscilla-
tion and the beat frequency which is caused by rotation is discussed for
a Fabry-Perot square cavity with all flat mirrors and which is oscillat-
ing at 3.39 microns. Saturation problems are considered.

INTRODUCTION

Historical references and references to recent research on the
measurement of absolute rotation with electromagnetic radiation is
given in references 1 through 10. In the accelerated frame of refer-
ence of a system which rotates with angular velocity £2 about the
z-axis and for which the source and detector are attached to the rotat-
ing system, Maxwell's equations have thegr convential appearance for
Cartesian ordering of the coordinates ,5:

curl E+ B/t =0 divB =0 "
1

A4

curl H - "D/r2t =g divg=(9

The constitutive equations are modified by rotation and are given to
ot order in.2 by

2-spe ot [foar) =2} Oa? (22)
D=k EE- o ‘(—Q—x,% xj_{]‘ H(a? ()
c

In the short wavelength limit these equations are equivalent to an index
of refraction

P gt g 0 K+Ha?d (3)

vhere ?o 18 an unit vector in the direction of propagation. Rotation




has the effect of making even the vacuum appear anisotropic. The
current J or _,u.i the polarization current of electric dipoles remain
the same to firs§ order in .. If the fields are expanded in ortho-
normal functions for the electromagnetic cavity for L2 = O, the fre-
quency splitting between the degeneate cw and ccw modes introduced by
rotation is

AV = kgD g fﬂv[rx(ma x % + xn.,] O(a?d
: (4)

Ir E and Hy are the modes of a simple cylindrical cavity rotating about
its s:,metry axis, the observed frequency of the photon is h»'= h7, +
Lef2 vhere L is the orbital angula.r momentum of the photon and was

referred to as the "Coriolis-Zeeman" effect for the photon. This simple
analogy is true only for vacuum and in the presence of matter it becomes
apparent that the effect is due to the moment of the energy flux. For
the convential optical maser photon rate gyroscopes cavities such as
those sm in Figure (1), the modes have approximately a gaussian cross-
section and integration of the approximate modes over the beam
cross-section ylelds a rotation beat frequency of

Arva 2R c0s & /A (5)

where R is the radius of the inscribed circle, ) the wavelength in meters,
8 the angle between the perpendicular to the plane of the cavity and
the axis of rotation. This is in accord with the angular momentum in-
terpretation since the angular momentum of the photon about the axis of
rotation 18 L, = (h/\ )R cosd and Av= 2,12,

With the advent of microwave maser it was evident that the Q
of the system could be increased by the introduction of maser mediemoand
a beat frequency proportional to rotation would occur!. The discovery
of the optical maser made possible systems with photons with much larger
photon orbital angular momentum and lead to the suggestion of the optical

maser photon rate scope?s8. Such rotation beats were first reported
by Macek and Davis’/ and subsequently by Cheo and HeerlO.
oF ON

The general case is much too complex for analysis and in the
following discussion it is assumed that only one almost degenerate mode
is excited and this mode is linearly polarized. Also in order to simpl-
ify the discussion a waveguide closed in a circle is used to guide
the waves as shown in Figure (2). The approximate modes are

Bgng —> (27)% g &719F (6)

where u is the linear polarization of the transverse mode and q is the
mmber of modes around the periphery of the circle. The efective field

in the cavity is approximately



Hrt) =B (6) p e v ¥ (6) y ot (7)

(am)2 (27)?

and from equation (1) and (2), the equation of motion for a single mode
is
(1] ® -l o

2 .
Eq *@, E+q - 122GE, = - €, Prg " édg Epq (8)

vhere [do is the resonant frequency of the cavity, Q the cavity and load
loss term, and P . the contribution of the polarization of the maser
medium. Since wg is large, equation (8) is examined for fields

-1a/ %, 1&/01-,

E+q(t) = Alt) e + B(t) e (9)

where A(t) and B(t) are slowly varying functions of time. The A coef-
ficient corresponds to ccw traveling waves and the B coefficient to cw.

Polarization of the Optical Maser Media

Following the procedure introduced by Lambl3 a developr:i t for
the polarization of traveling wave modes was made by the author~". The
polarization including first and third order terms may be written as

=/ 2 2 -1 @yt 2 2y, _H Wt
€ Pug ™ (OO ™5 [HITIA 707 + (cproyjal ™ol T)p 57 |

vhere C, is the first order coefficient to the polarization and C2 and
C the %hird order coefficients. For large doppler broadening

Cjari const exp -( @gy,- ldo)a/D (11a)
and C, and C3 are of the form for atoms at rest
CJ = CJ + 103 = const ( Wap- Wo)—i Yab (11b)
( Wy “o)2e Uy

and, CA a O, Cg = 1’3{3«0 for large doppler motion
vhere =27 V is the frequency of the optical maser line. If the
fonoving notation ?s used for A and B,

At) =uelt ; B(t) =v el

(12)

Cp=Cf +1C] ; Cp=Ch+14C; ; C3=0Cf+iC

then in the guasi-linear approximation eguation (8) becomes



u=dJ4lg+d Wo(cq + CZU + C'V2) (13a)
v = g-% (et + et v cgd) (13b)
bl -1 " 2 " 2
A= - W (T + ]+ CAU™ + c3v YU (13¢c)
. -l 1 1 2 1 2
= - + +
v wWy(Q ¢ C3U + v w (13a)
Steady state requires U = vV = O and the solution for the ampiitude is
— 2 - - ” 1 "
U=V = (7 cy)/(cy + ¢3) (14)
and the beat frequency between modes by
: 2_ 2
_ - e Y ‘) n
“ow T Phow T2 L4 (cp-c3)(u =v)  (15)

To this degree of approximation the c.w. and c.c.w. modes are equally
excited; the frequency of each mode is shifted an equal amount in the
same direction by the frequency sensitive C' terms and the amplitude
terms. The difference in frequency between the two modes is 2--g and
is not sensitive to the effects of saturation for the ideal . systemn.

Equation (42a) gives the stored energy energy and the power out-
put of each mode is

P =P _ = wig= o ENR=- E(w/R)@ )/ (cyrcy)  (16)

Ccw CCw

For extreme doppler motion C il has the doppler frequency response given
by equation (38) and for (Q Cy) < O the system oscillates. C. has
the response given by equation (%9) and the frequency response of3the
power ouput is of the form

. 2 2
- 77 Y L, - 2 2
(-Q 1, const e = &P o) /D / ( “on W)+ B/ab
TR

(17)
and shows the dip in power output discussed by Lambl3. Frequency pulling
is given by

- - 37 1myl e Ve .
Vccw')/cw")i)wk)g‘ogcév L)/+(;/ e.b) Aj/d//
(18)
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The approximate expression is in agreement with the expression introduced
by Townesld.

Stebility

Equations 13c and 13d lead to a stable solution, that is ﬁ = V =0
and U = V, for values of C;> C;. Phase trajectories are shown in Figure
(8). TFor atoms at rest C; is ldrger. For atoms with large doppler motion
C, becomes larger than C.”and is insensitive to frequency. This solution
t0 the equations 1ndicatés that large doppler broadening is necessary
for the cobservation of rotation beats. Other types of broadening have
not been investigated as yet. This solution also indicates that at the
atomic line frequency, C5 Cg and the system is near a point of instability.

Bias Beats

If a unidirectional coupler as shown in Figure 5 is inserted in
the beam or scattering occurs the equation of motion is modified. Equa-
tions 13a and 13b remain the same in the absence of a phase shift, and
equations 13c and 13d become of the form

)

- W@y + cp P ey VA U+ W, /g (13¢")

bl 'l 1" 1" 2
V= - wy(Q +Cl+C3U

+ ¢y V2) V + LY, U/q, (13a')

Q, and are a masure of the power coupled from one traveling wave into
the othe¥. The simplest case to consideg is the unidirectional coupler
showvn in Figure (5), @~ ©° and then U=-V2 = Q'l/(C"-CE) u/v. For
weak coupling, Q4>>Q, U/V ~= 1 and a phenomena known’as bias beats
occurs,

ooy = Wey =220+ Dudye M3 0 A /(G- W)
(1%)

Bias beats as a function of frequency are shown in Figure (9). Mr. Little,
a graduate student in our laboratory, has observed the effect shown in
Figure(9) as the cavity is tuned across the doppler broadened line. Q

ey be estimated from the coupled power by QA/Q = PL/PA, where Py, is the

oscillator power and PA the coupled power.

Frequency Locking

Equations 13c' and 13d' are similar to the equations which aig
considered in the entrainment of an oscillator by an external source—.




In this problem the coupling of the linear term of the electric field of
the cw wave to the ccw wave (s similar to the external source term.

Frequency entraimment or locking becomes a problem when the two frequencies
are within AV of each other and,

AV ouing < 4% (PA/PL)% (15)

vhere 477 1s the cavity bandwidth. For simplicity this criterion is
used, and the more detailed examination of equations 13 is not used, to
estimate the region of entraimment. This coupling could be due to a un-
idirectional coupler or to scattering of energy of one beam into the
other. If in the latter case f P; is the scattered power and 4-r>the
angular spread of the maser beam { 4 == spot size/HT LS and the spot
sized is of the order of L\ ) the coupled energy is of the order of

Pp/Pp, = £Aa~= fX /ATL (16)
For £ = 0.01, A2=10"%, 1~1, 427 ~10°, entrainment or frequency
locking problems are of importance in the hundreds of cycles per second

frequency separation region. A more exact expression indicates that
entrainment may be reduced by reducing the power level of the maser.

Optimum Design Considerations

From the previous discussion it is apparent that a maser media
with a large doppler broadening is necessary of stable oscillation at
two frequencies, that is C5 > C. is necessary. In the ideal system and
to the approximation to which equations 13 are correct, these two fre-
quencies do not entrain or lock and rotation beats are expected over the
entire doppler line. Operation near the atomic frequency 1s near an
unstable point, but the frequency response of the coefficients must be
examined in Qreater detail to discuss this in more detail. In the
Presence of coupling between the two waves, the bias teat frequency is
shovm in Figure (9). Operation at & frequency *7/ p &vey from either
side of the atomic line tua.b » yields a minimm bids beat frequency.
Since the sense of the bias is fixed by the choice of the right or left
minimmm, the sense of rotation may be determined.

The bandwidth for frequency entrainment may be reduced by select-
ing a maser media with e small value for the C" saturation coefficient
and a large value for the linear gain Ci‘_ and also selecting & cavity with
a high Q or low losses. Further-more any properties of the mirrors,
brewster angle windows, or other objects in the maser beam path which
cause unidirectional coupling or scattering of power between the two beams
mist be minimized. In order to avoid objects in the path the design



shown in Figure 7 does not have brewster angle windows, ete. but is
entirely enclosed. The maser beam is free from foreign objects, dust,
moisture, etc. and the only surfaces are the mirrors and the quartz
maser tubes. Some investigations of Mr. Little indicate that even the
maser tubes may be important. In a system similar to that shown in
Figure (6) and oscillating, the insertion of a quartz tube in the beam
path could enhance the power level of oscillation, attenuate the level,
or have almost no effect depending on the diameter of the tube. For very
small engles of reflection the interior of the tube is almost a perfect
reflector and acts as a guide. Rough surfaces attenuated the bean.

Thermal vibrations of the mounting platform and spontaneous
emission noise are not as yet a limitation on the photon rate gyroscope
and should not be of interest until beats in the region of 1 cps are of
interest. Mechanical vibrations or mechanical noise could be as effec-
tive as noise and increase the effective noise temperature of
the system well above that of the temperature of the surroundings. Re-
sonat frequencies of the mounting platform can be troublesome, but since
each platform is a special case these are not discussed.

EXPERIMENTAL APPARATUS

Slides of the experimental apparatus being used, mechanical
details, of the apparatus, and the performance of the apparatus will be
shown. .
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Figure 2
Ideal Cavity
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Figure 5
fP Unidirectional Coupler
Partially Transmitting mirror

Fligure 6
Photon Rate 6@yroscope

Figure 7
Photon Rate Gyroscope
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Figure 8
Stability
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Figure 9
Bias Beats




