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The optical back-action evading (BAE) measurement via nondegenerate parametric optical down conversion in a ring cavity
has been analyzed. Two BAE schemes which are readily performed by experiments are presented and the dependences of BAE

gains on the system parameters are discussed.

1. Introduction

Back-action evading measurement is a new tech-
nique developed in the 1970s from the necessity of
super-low signal detection, especially the gravity-wave
detection [1,2]. The back-action-evading measure-
ment would allow one to overcome the perturbation
which occurs when an apparatus interacts with a
quantum-mechanical system and measures repeat-
edly the dynamical variables with identical results.
Using the squeezed staté of light in BAE systems, the
signal detection with the precision below the stan-
dard quantum limit (SQL) can be accomplished.
Because of its potential use in the super-low noise
signal detection and optical communication with
large capacity, there has been great interest in BAE.

Theoretical researches have demonstrated that the
optical BAE technique can be realized by four-wave
mixing, optical rectification and optical Kerr me-
dium [3-5]. Yurke [6] presented a variety of op-
tical BAE schemes in 1985. Later, using a single-pass
parametric down-conversion process pumped by a
pulse laser, Slusher et al. [7] realized experimentally
BAE of noise in a quantum measurement of an op-
tical field. Shelby et al. [4] further studied the BAE
condition in the parametric amplification process and
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proposed a BAE measurement scheme in detail. Ac-
cording to this scheme, a mode converter (a Faraday
rotator) must be placed in the cavity and it would
increase the cavity damping. Meanwhile, it is diffi-
cult to ensure that there are the same parametric gains
for the signal and readout modes with this scheme.
Therefore, experimental demonstration has not been
accomplished until now.

The feasibility of BAE via the nondegenerate par-
ametric down-conversion in a ring cavity is studied
in this paper. The presented two schemes only in-
clude the nonlinear crystal in the cavity without any
extra components, so that the cavity damping is re-
duced to the lowest limit. In this simple system, it is
easy to ensure that there are the same gains in signal
and readout modes during the parametric interac-
tions.

First of all, we introduce the BAE conditions and
then analyze the BAE schemes in ring cavity by
means of the mathematical formulas.

2. BAE condition and the proposed BAE schemes

As shown in fig. 1, ¢, 4", ¢°" and d°** besides
labeling optical beam paths also denote the annihi-
lation operators for the modes propagating along the
respective paths. According to ref. [6], if the black
box can give the transformation
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Fig. 1. If the relation of egs. (1.1) and (1.2) can be given by this
black box, the black box is capable of BAE measurement.

O = 4 i Gpap(d+d i) | (1.1)
d=d™+iGgae(c™—c*™) (1.2)
then the following relaiions are satisfied:

X = XP 4+ 2Gpap X, (2.1)
yout=yin (2.2)
X=Xy, (2.3)
Y3 =Y —2Gpae Y2, (2.4)
where

X, =(c™+c*) /)2, (3.1)
Y.=i(cm—c*") /2, (3.2)
X,=(d"+d"") /|2, (3.3)
Y =i(d"—d*) /)2, (3.4)

are the quadrature component operators for the ¢™,
d™ field modes, respectively.

From eq. (2.4) one sees that Yi® can be deter-
mined by measuring Y3 (if Y is known), mean-
while, from eq. (2.2) one sees that the component
Y, of the incoming signal is kept clean and this means
that BAE detection is realized for Y.. From eq. (2.1),
all the back-action noise is dumped into X.. The sig-
nal-to-noise ratio of the BAE is proportional to Ggag
[6]. We call Ggag the BAE gain and the larger the
Ggak is, the higher is the detection efficiency.

2.1. Scheme 1

As shown in fig. 2, ¢'™ and d™ are the incoming
signal and readout modes with enter from M, and
interact with the nonlinear crystal. ¢®* and d°* are
the output signal and readout modes. M, is a partly
reflecting mirror used as both input and output mir-
ror. Suppose that M, has the same transmission and
reflection coefficient 7 and r for both ¢ and d modes.

492

OPTICS COMMUNICATIONS

15 October 1993

Fig. 2. BAE via the ring cavity.

¢,, d, and c,, d, are intracavity annihilation opera-
tors before and after the nonlinear medium. M, and
M, are totally reflecting mirrors. One can readily ob-
tain the following equations,

¢y =tc™+re, (4.1)
d, =td"™+rd, , (4.2)
=0, +iG (¢, +ci), (5.1)
d,=d, +iG(d, +d\) , (5.2)
coM=tc, —rci™, (6.1)
d=td, —rd™, (6.2)

where G is the single-pass effective gain. From the
equations above we can obtain

coMt=cin4iG(1+r)/(1=r)(d™+d™), (7.1)
dot=d™+iG(1+r)/(1=r)(c™+c*im). (7.2)

These equations have the same form as egs. (1.1)
and (1.2) and the BAE gain is

Gpag=G(1+r)/(1=r1). (8)

When r— 1, Ggag approaches co, and at a certain re-
flectivity, Ggag increases linearly as G increases.

2.2. Scheme 2

As shown in fig. 3, M, is a partly reflecting mirror
and M,, M; are totally reflecting mirrors. P, and P,
are the half-wave plates, which project the fields ¢
and 4™ along the polarizations corresponding to the
subharmonic fields ¢’, d’ of parametric amplifier:
¢'=cos f c™+sin 0 d", (9.1)
d'= —sin fc™+cos O d™ . (9.2)

Through mirror M,, the modes are
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where
A=t/[(1-rG)*~(rg)’], (18.1)
p=1-rG, (18.2)
q=rg, (18.3)

Fig. 3. BAE via the ring cavity and mode converters outside the
cavity.

¢y =tc'+rec,, (10.1)
dy=td'+rd, . (10.2)
After interacting with the nonlinear crystal, one has
c;=Ge,+gdt (11.1)
d,=Gd, +gct (11.2)
cy=tc,—rc’, (12.1)
dy=td,—rd’, (12.2)
cM'=cospcys+singd,, (13.1)
d®'= —singc,+cospd,, (13.2)

where g=,/1—G?. Substituting egs. (9) into egs.
(10), one obtains

¢, =t(cos O c™+sin § d*) +rc, | (14.1)
dy=t(—sin O c™+cos 0d™") +rd, . (14.2)

Respectively substituting egs. (11) and egs. (12)
into egs. (14), we have

cy=t(cos @ c™+sin 0 d™)+r(Ge, +gdt), (15.1)
dy=t(—sinfc™+cos 0d™)+r(Gd, +gcit) (15.2)
(16.1)

dy=t(Gd, +gci")—r(—sin 6 c™+cos Hd™) . (16.2)

c3=t(Ge, +gdt ) —r(cos 6 c™+sin 6 d™) |

Equations (13)-(16) can be solved to express c,, d,
in terms of ¢™®, d'®,

cy=A[pcosfc®—gsinfctin

+psin@d"+qgcos §d*in] (17.1)
dy=A[—-psinfci"+qgcosfctin
+pcos @d"+gsin 6d+in] (17.2)

and finally we can express ¢°* and d°“ in terms of
¢™ and d™™. The calculation results are

c®"*=B, cos(0+¢)c"— B, sin(f—p)c*i

+ B, sin(0+¢)d™+ B, cos(8—p)d*™,  (19.1)
d°'= —B, sin(6+¢)c"+ B, cos(f—¢)c*™™

+ B, cos(8+¢)d™+B,sin(6—p)d*",  (19.2)
where
B, =tAGp+tAgq—r, (20.1)
B, =tAGq+tAgp . (20.2)
It is readily to testify the following relation,
Bi-B3=1. : (21)
When
=0, (22.1)
cos 260=1/B, , (22.2)

the overall transformations of the signal and readout
input-output quadratures are given by

Xt =xn+2 /2(BI-1)Xip, (23.1)
yer=vyp, (23.2)
X=Xy, (23.3)
Y =YPF2/2(Bi-1)Y", (23.4)

From eqs. (23), the BAE gain is

Gpag=+/2(B1—-1). (24)

Figure 4 shows the relation between the BAE gain
Ggag and the single-pass gain G. The dashed line cor-
responds to the first scheme. The Gg,g increases lin-
early with G. The solid curve corresponds to the sec-
ond scheme. Although in most cases there is low
Ggag, for some certain G, much larger Gg,g than that
in first scheme will be obtained. The angles rotated
by P, and P, are the same according to our schemes.
For certain system parameters, a certain rotating an-
gle can be chosen to satisfy the BAE condition and
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Fig. 4. The relation between the BAE gain and the single pass
gain (r=0.75).
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Fig. 5. The relation between the BAE gain and the rotating angle
(r=0.9).

get large Ggae. From fig. 5, we can see that, for any
BAE gain given by system parameters through eq.
(24) and (20.1), a certain angle between 0° ~ +45°
(or 0°~ —45°) can be chosen to satisfy the BAE
condition.

It should be noticed that the transformations of
egs. (5) and eqs. (11) are given on the proper pump
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phases [6]. We have provided a simple analysis for
these phases. If the pump phase noise is considered,
these transformations are approximately satisfied,
and the BAE precision is reduced. The quantitative
analysis has gone beyond this paper and we would
like to discuss this subject in our forthcoming
publication.

3. Conclusion

The possibility of performing optical BAE through
a parametric process in a ring cavity has been stud-
ied. The schemes presented are simple and reliable.
The first scheme is very simple but the variation of
Gpag With G is small. At a given single-pass gain of
crystal, the second scheme can yield large Ggag When
choosing appropriate rotating angles. Both of these
schemes overcome the shortcoming brought from the
intracavity mode converter and are the feasible pro-
posals to realize the cw BAE measurement.
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