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It is shown that correlated-emission noise quenching can be achieved in a ring laser via a spa-
tially modulated active medium. A gyroscope based on such a correlated-emission laser has a po-
tential sensitivity superseding the usual quantum limit.

In this Rapid Communication we propose and develop
the theory for a new class of correlated-emission laser!
(CEL) gyroscope? which is well suited to the precision
measurement of ultrasmall (effective) 3 rotation rates. The
envisioned system would have a potential sensitivity su-
perseding the usual quantum limit* and would avoid the
problem of “locking.”” Such a device would be ideal for ex-
periments allowing long measurement times but not re-
quiring a rapid response. Examples of problem areas
which would profitably use this type of high-precision
probe span the spectrum from general relativity and
cosmology” to solid-state and atomic physics.®

The basis for the present work is the observation that
spontaneous-emission (vacuum fluctuation) noise can be
suppressed in the relative phase angle between the two
counterpropagating modes of a ring laser.” In previous
work! such considerations were developed with the laser
gravity-wave detector in mind. To this end, it was shown
that such spontaneous-emission noise quenching is
achieved in the quantum-beat and Hanle-effect lasers as
discussed in Ref. 1. In a later publication® it was shown
that the sensitivity of a gravity-wave detector based on
these lasers is potentially improved beyond the usual quan-
tum limit. In the present paper these considerations are
extended to include ring-laser interferometry.

Hence, a CEL scheme is developed which is particularly
appropriate to the ring laser in which the two modes are
characterized by different directions of propagation, but
may have essentially the same frequency. It is shown that
spontaneous emission noise in the relative phase angle be-
tween these two laser modes may be eliminated by prepar-
ing a gain medium which is modulated in space, as in Fig.
1(a). Such a modulation could be produced by, for exam-
ple, positioning the lasing atoms or by selectively exciting
thin “wafers” to yield a hologramlike® modulation in the
active medium. Such a “holographic laser” provides
another technique for producing a correlated-spon-
taneous-emission device which supplements the previous
examples of quantum-beat and Hanle-effect lasers.!

Next, an idealized!® laser gyro in which the atomic
medium is frozen!! (no thermal motion) is analyzed. The
mirrors are characterized by a given reflectance!? (no ab-
sorption) and problems'? like 1/f (flicker-floor) noise are
ignored. The thrust of the present analysis is to show that,
in principle, a new class of high-precision ring-laser probe
is possible. Clearly the extent to which these considera-
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tions will carry over to laboratory practice is an open ques-
tion. However, the study of such simple models provides
us with a deeper insight into the quantum limits of gyro
operation and (hopefully) points the way to possible im-
provements in future generation systems.

Motivated by the above considerations, we next consider
the problem of noise quenching in a CEL ring laser. The
equation of motion for the density matrix p(&1,d1,d2,82,t)
of the two modes of the ring resonator is given'# in terms
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FIG. 1. (a) CEL ring laser in which correlation is produced
by striated or modulated gain medium. (b) CEL laser gyroscope
in which light is extracted from mirrors 7, and m> and reinject-
ed by mirrors ms and me. This leads to an enhanced gyroscope
sensitivity.
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of the annihilation (creation) operators a; (&,T), J

pGa1,aTa2a0) = —i(Q,—v)lala,,pl

Qo

2

where the above the laser modes have “bare-cavity” eigen-
frequencies Q; and Q,, operating frequencies v; and v,
ao represents the gain per atom, and n (x) is the density of
lasing atoms. The field operator 4 (x), written in terms of
the resonator normal-mode function u;(x) is

/‘i(x)=ﬁlexp(—ivlt)ul(x)+&zexp(—ivzt)uz(x) )

Finally, the jth mode loses energy at rate y; as descrlbed

by the Liouville operator
Lip=—%y;afa;p+paja;—2a;pa]) .

It is convenient to summarize the information contained
in Eq. (1) via the quantum Langevin equation, !4 that s,

té] = —i(ﬂl - Vl)ﬁl+‘;‘a161+%012528_i°——i“}']a[‘f'ﬁl,
(3a)
(é2= ““i(ﬂl "V2)02+%a2a2+%a21618i°—%)’zaz‘f‘ﬁ'z .
(3b)

The Langevin noise operators appearing in Eqgs. (3a) and
(3b) are defined by

(FI@)F (")) =2D;;8( —1) , 4)

where the diffusion coefficients are

ar+af (a1 +ap)e™®

D,‘j=’4‘ (5)

(a12+ ai“l)e“’ a2+af

The phase angle @ is given by (v; —v,)t. For the present
discussion we will consider the gain coefficients to be
equal, @) =a;=a.

The cross-coupling coefficients a;; and ay; depend upon
the spatial distribution of the gain medium. For example,
when the active medium is spread uniformly over the re-
gion —1/2=x <1/2 we find a3, =a3; =0. However, if we
consider a modulated gain medium such that the active
atomic medium is distributed in a sequence of thin wafers,
having relative weights 4,, according to the expression

==

no Y, Ap8(x —nr/2), —
nix)= n ,

0, otherwise ,

N'N
N~

(6)

as in Fig. 1(a), we find that a;» =a,; =a. That is, we have
a strong correlation between modes 1 and 2. Note in par-
ticular that the cross-coupling diffusion coefficients D,
and Dj; are nonvanishing in the case of the modulated
gain medium but are zero when the lasing medium is uni-
formly pumped. As was shown in Ref. 1, finite D, can
lead to a quenching of spontaneous-emission fluctuations
in the relative phase angle. We next consider the applica-
tion of such a CEL to the laser gyroscope.

=1,2, by

—i(Qy—vp)afarpl

1/2 n A A - - N
" GOIA)ATX)p+pA(x) AT (x) =247 (x)pA (x)1+ Lip+ Lop 1)

The basis for the laser gyroscope is, of course, the Sag-
nac frequency difference between the two counterprop-
agating modes. In notation of Ref. 1, we now have
Q;—Q,=S5Q, where Q is the (effective) rotation rate
and S is the gyroscope scale factor (44/Xp) in which A4 is
the area enclosed by the ring, p is the ring perimeter, and
X is the reduced wavelength. Again we emphasize that the
effective rotation rate may be due to many effects other
than physical rotation, e.g., magnetic gravity, Fizeau-type
effects, the Faraday effect, etc.

Consider next the uncertainty in the frequency deter-
mination of an ordinary laser due to spontaneous emission.
This is given* by Av=y~/A v/Pt,,, where y is the cavity de-
cay rate, P is the laser power, ¢, the measurement time,
and A v the photon energy. Hence, the minimum detect-

-able rotation rate is found, by equating the Sagnac fre-

quency difference to the uncertainty in laser frequency,!’
to be
1/2

(conventional laser

gyroscope quantum limit) . (7)

hv

QminES_l
" Pt

Proceeding toward the CEL analog of Eq. (7) we note
that the essential ingredients in conventional gyroscope
operation are gain, loss, and mode coupling due to back-
scattering. The analysis of the ring-laser problem includ-
ing the backscattering problem was first given by Ar-
nowitz and Collins'® and has been repeated and applied in
many subsequent publications. Extending the CEL
dynamics as given by Eqgs. (3a) and (3b) to include the ef-
fects of controlled backscattering,'” as in Fig. 1(b), and
rewriting the equations of motion in terms of amplitude
and phase variables defined by a; =p; exp(—i6;), we have
our working CEL-gyroscope equations

2p1 =a1p1+ aizpacosy — yip1+ yiopacos(y+¢) (8a)
2py=aprtanpicosy — yapa+ yupicos(y+¢) ,  (8b)
- P2 P .
y= ﬂ 02—' 7 |12 +a12 sy
p1 P2
— 3 7222+ 2 sin(y+9) +F @) @)
P1 P2

where the relative phase angle y is defined as
-6, , 9

and the loss rate and backscatter cross-coupling rate [as
indicated in Fig. 1(b)] are given by

v=G(1—w)t+6,
71=72=7='§(1—r2) , (10a)

712=721=7c=§t2rc . (10b)
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In the above c is the speed of light, p is the perimeter of the
ring, while » and ¢ are the field reflectance and the
transmittance of mirrors 1 and 2, and r, is the reflectance
of mirrors 5 and 6 of Fig. 1(b). The extra phase ¢ accu-
mulated in the backscattering depends on the position of
the external mirrors 5 and 6. Finally, the noise source in
Eq. (8c) is obtained from Egs. (3a) and (3b) and is de-
fined by
(Fy@)F (') =2D(y)s(t —1") , (11a)
where, in the physically interesting case that p; =p,=p,
the phase diffusion rate is given by
D(y/)=—a;(1—cosy/) . (11b)
4p
In this case and choosing ¢ =, our basic working equa-
tion (8c) becomes

v=SQ—(a—7.)singy+F(y) . (12)
We now divide y into its average value yg and fluctuations
Sy about this value. Since S Q K a— 7, we have y<1, so
that siny =y, and Eq. (12) yields the average phase

Vo= ,when t, 2 (a—7y.) !, (13)

a—Yc

where ¢, is the measurement time. Note that when the
backscattering mirrors 5 and 6 are removed, y;2 =7, is
zero. Hence, we see from Eq. (13) that the effect of con-
trolled backscattering is to increase the size of the signal
phase. This is in marked contrast to a conventional laser-
gyroscope operation where backscattering is a nuisance.

Likewise, Eq. (12) implies that fluctuations Sy about g
are given by

t
6v/=j; expl—(a—y.) (@t —t)1Far’ , (14)

and the mean-square fluctuation about yyq is then found
from Egs. (14) and (11b) to be

<aw2>e—az%/-;'—{1 —expl—(a—y)t 11 —cosyo) . (15)
[4

Inserting Eq. (13) into Eq. (15), noting that yo<1, and
taking ¢ =t,, > 1/(a—7.), the rms fluctuations are found

to be of order

sq - " 1/2
a—ve || ala—1y.) )

Hence, for small rotation rates (such that S Q <a—7,)
this spontaneous-emission enduced error (16) is negligible
compared to “shot noise” which goes as 1/7'/2.

As noted above, the limiting source of noise is now shot

Sy= 16)

" noise. The phase error is then Sy~ 1/7'/2, where 7 is the

average photon number detected in time ¢,, that is,
i =P4t,,/hv, where P; is the laser power at the detector.
Equating the shot-noise error Sy to the signal yq as given
by Eq. (6) and solving for the minimum detectable rota-
tion rate, we find

_ 1/2
Qminz[a ’YC]S—I
Y

hv
Pty

a7

Finally, we note that the power P; is not the total emitted
power P but only (y4/7)P since the detector port M3 ex-
tracts only a fraction y4/y of the total emitted power.
Furthermore, a==y,+ y4, so that the prefactor (a —y.)/y
in Eq. (17) is just y4/7, which taken together with the fact
that Py =(y,4/y) P, leads to our final result

1/2
v\ as)

Qming S—l
" Pt

where €=1/~/7tm, where we have used Eq. (13) to write
tm '~(a—y.) =7a.

Thus, for our idealized model, gyroscope sensitivity is
improved by the factor e. We emphasize that the present
calculation ignores mirror losses due to absorption v,.

When such losses are included in the simplest models, the

factor ¢ is governed by ¥,/(y,+ ¥). In conclusion, we see
that (1) the CEL gyroscope has, in principle, a sensitivity
superseding the conventional quantum limit, and (2) this
device is not hampered by the usual “deal-band” locking
problem associated with low rotation rates. The applica-
tion of the present considerations to real-world experi-
ments will be discussed elsewhere.
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