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Experimental Realization of a Quantum Measurement for Intensity Difference Fluctuation
Using a Beam Splitter
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A new quantum measurement scheme of intensity difference fluctuation between two light beams of
equal mean intensity is presented. In this system a beam splitter is used as the coupling device and
the twin beams with high quantum correlation are injected into its dark port as the input meter wave
instead of the usual vacuum field. A measurement satisfying all the quantum nondemolition criteria is
experimentally achieved. The measured sum of the transfer coefficients and the conditional variance
are, respectively,Ts 1 Tm ­ 1.31 andVsym ­ 22.1 dB. [S0031-9007(99)08445-8]

PACS numbers: 42.50.Dv, 03.65.Bz
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Quantum nondemolition (QND) measurements have
tracted extensive interest [1]. Since 1986, a variety
QND-type measurements have been successfully dem
strated in optical experiments [2–9]. In most experimen
measurements of the quadrature phases of the probe
were involved to provide the information of signal obser
ables. In a recent paper Harrisonet al. [10] have proposed
a QND scheme, in which the signal and probe observab
are the intensity difference between twin beams on the
and right hand sides of a double ended nondegenerate
tical parametric oscillator; therefore, only the field intens
ties need to be measured rather than the quadrature ph
[10]. So far there is no published experimental realizati
of this QND-type measurement.

It is well known that a beam splitter is the sim
plest optical coupling device [11]. Recently Bruckmeie
et al. [9] have realized a quantum measurement satis
ing the quantum nondemolition criteria by injection o
a 3.7 dB quadrature squeezed wave into the usual v
uum port of a beam splitter. The good results of si
nal transferTs 1 Tm ­ 1.29 and the conditional variance
Vsym ­ 21.3 dB were obtained. On the other hand gre
reductions of quantum fluctuations in the intensity diffe
ence between twin beams produced by a nondegene
parametric oscillator were achieved in several groups [1
14]. The above-mentioned successful experiments m
vated us to design a quantum measurement scheme u
a beam splitter, the dark port of which is filled by quantu
correlated twin beams instead of a quadrature squee
wave as in Ref. [9]. When the twin beams with qua
tum noise reduction in the intensity difference of 76% b
low the standard quantum limit (SQL) are injected in
the vacuum port of a beam splitter, the measurement
intensity difference fluctuation in the quantum domain
experimentally realized. The measuredTs 1 Tm ­ 1.31
and Vsym ­ 22.1 dB fulfill the QND criteria introduced
by Hollandet al. [15] and Poizatet al. [16].

At first we simply present the measurement princip
of the proposed scheme.Sin and Min are, respectively,
the signal and meter input waves incident upon the be
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splitter (BS) from opposite sides with small angles o
incidence; Sout and Mout are, respectively, the output
signal and meter waves. BothSin and Min consist of
two orthogonal polarized modes (S polarization andP
polarization) of equal mean intensity. The phase (w) at
the BS and frequency (v) of S- andP-polarization modes
in Sin are, respectively, identical with that inMin. The
orthogonal modes inSin are two independent coherent
states without quantum correlation, but on the contrar
those inMin are quantum correlated twin beams with the
intensity difference fluctuation below the corresponding
SQL [12–14]. The input signal and meter observable
dXin

s std anddXin
m std are the fluctuations of the intensity dif-

ference between the orthogonal polarized modes; that is

dXin
ssmdstd ­ dfIin

ssmd,1std 2 Iin
ssmd,2stdg

­ A
in
ssmddfAin

ssmd,1std 2 Ain
ssmd,2stdgy2

­ A
in
ssmddrin

ssmdstdy
p

2 . (1)

The symbols in the subscripts are as follows: “s” stands
for the signal and “m” for the meter wave while “1”
denotes theS-polarized mode and “2” theP-polarized
mode. Iin

ssmd,1std andIin
ssmd,2std are intensities forS- andP-

polarization modes inSin (Min), respectively. Ain
ssmd,1std

andAin
ssmd,2std are the corresponding quadrature amplitude

drin
ssmdstd is the fluctuation of corresponding amplitude dif-

ference in the time domain, i.e.,drin
ssmdstd ­ dfAin

ssmd,1std 2

Ain
ssmd,2stdgy

p
2. For the signal input wavekjdrin

s svdj2l ­

1, while for the meter input wavekjdrin
m svdj2l , 1. A

in
ssmd

is the mean amplitude ofSin (Min); we have takenA in
ssmd ­

kAin
ssmd,1stdl ­ kAin

ssmd,2stdl in Eq. (1).
The relation between output and input quadratur

amplitudes at BS can be expressed as√
Aout

s,1s2d
Aout

m,1s2d

!
­

√
2

p
R

p
Tp

T
p

R

! √
Ain

s,1s2d

Ain
m,1s2d

!
, (2)

where T and R ; 1 2 T are the power transmission
and reflectivity of BS, respectively. Similarly with the
definition of input obervables, the output signal and
© 1999 The American Physical Society
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meter observablesdXout
s and dXout

m are the fluctuations
of intensity difference between the orthogonal polarize
modes of the output wave.

From Eq. (2), we obtain

dXout
s ­ A

out
s f2

p
R drin

s std 1
p

T drin
m stdgy

p
2 , (3)

dXout
m ­ Aout

m f
p

T drin
s std 1

p
R drin

m stdgy
p

2 , (4)

whereAout
s andAout

m are the mean amplitude of output sig
nal and meter waves, respectively:Aout

s ­ s2
p

R A in
s 1

p
T A

in
m d andA

out
m ­ s

p
T A

in
s 1

p
R A

in
m d.

Combining Eq. (1) with Eq. (3) and Eq. (4), respec
tively, we obtain the input-output relations for our mea
surement device:

dXout
s std ­ gsdXin

s std 1 Bs , (5)

dXout
m std ­ gmdXin

s std 1 Bm . (6)

gs and gm are the gain of signal and meter amplifiers
respectively, due to the mutual coupling at BS:

gs ­
p

R s
p

R 2 k
p

T d; gm ­
p

T s
p

T 1 k
p

R d ,

(7)
where k ­ A

in
m yA

in
s , Bs ­

p
T s2k21

p
R 1

p
T d 3

dXin
m std, and Bm ­

p
R sk21

p
T 1

p
R ddXin

m std are the
added noise coming from the “dark” port of the BS.

From Eqs. (3) and (4), we obtain the normalize
variances:

V out
s ­ RV in

s 1 TV in
m ; V out

m ­ TV in
s 1 RV in

m , (8)

whereV
outsind
ssmd ­ VarsdX

outsind
ssmd dy2I

outsind
ssmd have been nor-

malized to their respective shot noise2I
outsind
ssmd (I

outsind
ssmd ­

kIoutsind
ssmd,1 stdl ­ kIoutsind

ssmd,2 stdl), in this case, V in
ssmd ­

kjdrin
ssmdsvdj2l. The expressions (8) show that th

variancesV out
ssmd arise from a weighted sum of the inpu

noises of signal and meter waves.
The properties of a QND device are quantified b

the signal and meter transfer coefficients (Ts and Tm,
respectively) and the ability for quantum state preparati
[15]. Using the definition of correlation coefficients
introduced by Hollandet al. [15], we calculateTs andTm

from Eqs. (3) and (4)

Ts ­
R

R 1 T kjdrin
m svdj2l

;

Tm ­
T

T 1 Rkjdrin
m svdj2l

.

(9)

The ability for quantum states preparation is characteriz
by the normalized conditional variance [10,15]; that is,

Vsym ­ V out
s s1 2 C2

smd ­
kjdrin

m svdj2l
T 1 Rkjdrin

m svdj2l
, (10)

whereC2
sm is a normalized correlation between the met

output and the signal output [15]. In the above thre
relations we have takenkjdrin

s svdj2l ­ 1. It is obvious,
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when the fluctuation of the injected meter wave is belo
the SQL, i.e.,kjdrin

m svdj2l , 1, both the QND criteria of
Ts 1 Tm . 1 andVsym , 1 are fulfilled at the same time.

Figure 1 shows the experimental setup. An intracav
frequency-doubled and frequency-stabilized cw rin
Nd:YAP laser is used as the pump source. The outp
second-harmonic wave at0.54 mm enters the semimono-
lithic optical parametric oscillator (OPO), consistin
of an a-cut potassium-titanyl-phosphate (KTP) cryst
(10-mm long) and a concave mirror (curvature radi
50 mm) from one face of the crystal, coated to be us
as the input coupler. The OPO produces twin beams
1.08 mm through a frequency-down-conversion proce
above the oscillation threshold [17]. The standing-wa
OPO cavity (52-mm long) is actively locked to delive
a nearly constant output intensity. The concave mirr
is the output coupler with 5% transmission at1.08 mm
and high reflectivity at0.54 mm. The output coupling
efficiency of the OPO is 85% at1.08 mm.

Intensive twin beams of 36 mW are obtained at th
pump power of 110 mW. The noise in the intensit
difference between the twin beams is reduced by7 6

0.1 dB below the SQL from 2 to 5 MHz; the noise
measurements are limited above 1 MHz to avoid t
influence of the technical laser noise which appea
usually on the side of low frequency. A small part of th
twin beams reflected by the mirror M1 (4% reflectivity)
Fig. 1, is used as the signal wave. The angle of inciden
on M1 is smaller than 3± to ensure the balance o
the reflectivity betweenS- and P-polarized waves (the
difference is less than 1y1000). The 96% fraction of
the twin beams transmitted by M1 acts as the inp
meter wave (Min, Fig. 1) of the quantum measuremen
scheme. The beam splitter (BS, Fig. 1) with reflectivi
50% 6 1% is the coupling device. The noise reductio
in the intensity difference between the twin beams at B
is decreased to6.2 6 0.1 dB due to the transmission loss

The orthogonal polarized modes in the signal wav
which aree1 ande2 modes in KTP crystal and correspon

HD3

i3

i2

M1(R=4%)

P2

P1
λ/2

M out

Sin

M in

pump

M2

M3

HD1

BS

λ/2

PZT2

λ/2

λ/2
Sout

HD2

PZT1

Laser

OPO AM1

AM2

FIG. 1. Experimental setup. HD: balanced self-homodyni
detector; AM: modulator; PZT: piezoelectric transduce
Sinsoutd: signal input (output) wave;Minsoutd: meter input
(output) wave.
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to S- and P-polarized modes on plane mirrors, are sep
rated by the polarized beam splitter (P1), then are mod
lated, respectively, by the amplitude modulators AM
and AM2 (Fig. 1) at the same modulation frequency o
3.4 MHz, with the opposite phase and the same mod
lation depth. The three half-wave platessly2d on the
optical path of the signal wave are used to make pola
ization rotations of 90±. The one behind P2 ensures th
S- and P-polarized modes ofSin at BS will be, respec-
tively, parallel with the corresponding modes ofMin. The
balanced self-homodyning detectors (Fig. 1) (without lo
cal oscillator) HD1, HD2, and HD3, respectively, con
sist of a polarized beam splitter, two focusing lense
two InGaAs photodiodes (ETX500T), and a 180± power
combiner. The noise of the photocurrent difference
recorded by a spectrum analyzer (HP8590D for HD
HP8590L for HD2 and HD3). The total detection ef
ficiencies of HD1, HD2, and HD3 are nearly identica
(h ­ 89%). They, respectively, detect the signal inpu
(Sin), the signal output (Sout), and the meter output (Mout)
at the coupling device.

Considering the influence of nonunitary detection effi
ciencyh, the measured data should be well described
the following theoretical results:

Ts ­
R

R 1 T kjdrin
m svdj2l 1

12h

h

; (11)

Tm ­
T

T 1 Rkjdrin
m svdj2l 1

12h

h

; (12)

Vsym ­
1 2 h 1 hkjdrin

m svdj2l
hfT 1 Rkjdrin

m svdj2lg 1 1 2 h
. (13)

The modulated signal wave from P2 is separated by t
partially reflective mirror M3 with a power reflectivity of
R ­ 50.10%. The reflected beam is detected by HD1
and the transmitted beam is employed as the input sig
(Sin). Since the modulated signals in the orthogon
polarized modes ofSin are out of phase the signal
intensity of the photocurrent difference is doubled. Th
signal-to-noise ratio (SNR) ofSin at BS (SNRin

s ) can be
calculated from the measured SNR by HD1:

SNRin
s ­ SNRHD1s1 2 RdyRh . (14)

The Sin and Min are mixed at BS. The optical paths
of signal and meter waves from OPO to BS are made
equal as possible, and the residual difference is carefu
corrected by the movable mirror M2. The residua
difference between the two optical paths is kept less th
5 mm. In this way, good mode matching ofM ­ 99%
betweenSin and Min at BS is obtained (measured by
the interference contrast), and the influence of the slo
frequency shift of the twin beams is minimized.

The incidence angles on the mirror M3 and BS are le
than 3± (as on M1). The measured noise power spect
of the sum and the difference in photocurrent in HD1 a
equal and at the corresponding SQL level. The drivin
1416
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voltages on PZT1 and PZT2 are used to ensure that thS
and P modes ofSin are in phase with the correspondin
modes of Min, respectively, at BS (i.e.,win

s,1 ­ w
in
m,1;

w
in
s,2 ­ w

in
m,2), then the relative phases of them are locke

In experiments, the signal and meter transfer co
ficients Ts and Tm, respectively, are characterized b
the fraction of the SNR of the output signal and m
ter waves to that of the input signal wave [5]. Thi
definition is equivalent to that introduced by Hollan
et al. based on the correlation coefficient [5,15]. Fig
ure 2 shows the noise power spectra of the intens
difference fluctuation measured by the detectors HD
HD2, and HD3. The measured signal-to-noise ratio
the Sin is SNR0

HD1 ­ 17.22 dB [Fig. 2(a)]. Because of
the relatively low intensity of theSin (,0.6 mW) the

FIG. 2. Noise power spectra of the intensity difference. (a
(b), and (c) are the spectra of intensity difference noi
detected, respectively, by HD1, HD2, and HD3.
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influence of the electronic noise on the measured sh
noise level has to be considered; the corrected SNRHD1
is 17.25 dB. The calculated result from Eq. (14)
SNRin

s ­ 17.74 dB. The signal-to-noise ratios of theSout

and Mout measured by HD2 and HD3 are SNRout
s ­

15.96 dB [Fig. 2(b)] and SNRout
m ­ 15.85 dB [Fig. 2(c)].

From the measured data we obtain the signal and m
ter transfer coefficients,Ts ­ SNRout

s ySNRin
s ­ 0.66 and

Tm ­ SNRout
m ySNRin

s ­ 0.65, respectively. The signal
transfer property ofTs 1 Tm ­ 1.31 beyond the classi-
cal limit of 1 has been achieved. The experimental da
are close to the resultTs 1 Tm ­ 1.35 calculated from
Eqs. (11) and (12).

The quantum-state preparation ability of this device
shown in Fig. 3. Trace (1) is the shot noise level ofSout

detected by HD2. Trace (2) is the lowest noise pow
spectrum of the difference between the output signal ph
tocurrent and the attenuated (b), as well as phase-shifted
(f), output meter photocurrent (i2 2 beifi3), which is
obtained by continuously adjusting the attenuationb and
selecting the appropriate phase shiftf of i3. With an
attenuation of the order ofb ­ 7 dB, the minimum com-
bined noise power goes to 2.1 dB below the shot no
level of Sout. This minimum is nothing but the condi-
tional variance, i.e.,Vsym ­ 22.1 dB that is less than
the classical limit of 1 [16,18]. The conditional vari-
ance calculated from Eq. (13) isVsym ­ 23 dB which
is better than the experimental result. The differen
might derive from the fact that the measured minimu
of (i2 2 beifi3) is not exact due to the coarse electron
phase shifter used in our experiment.

In conclusion, we have presented a new quantum m
surement in which the intensity difference fluctuation
the measured observable and a beam splitter with qu
tum correlated twin beams at its dark port is used as t
coupling device. Although the proposed device is not
true QND operation regime since the signal gaings is a
nonunity [16], all the criteria for the quantum nondemol
tion measurement proposed by Hollandet al. [15] are ful-
filled. Since twin beams with high quantum correlatio
are easier to produce than the quadrature vacuum squee
state light [12–14] and in the presented scheme only fie
intensities are measured, the designed system is sim
and robust. The measured results can be improved by
ing more efficient detectors. With the same system taki
h ­ 0.96 as in Ref. [8] instead of 0.89,Ts 1 Tm ­ 1.51
and Vsym ­ 23.7 dB can be predicted. To our knowl-
edge, this is the first experimental presentation of a qua
tum measurement with the intensity difference fluctuatio
as the observables. In the last few years quantum c
related twin beams have been successfully employed
improve the sensitivity of signal recovery [19], weak ab
sorption measurement [14], and two-photon absorpti
spectroscopy [20], in that the measurement precision h
beaten the SQL. Combining the published measurem
ot
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FIG. 3. Conditional variance. (1) Shot noise level ofSout;
(2) lowest noise level of the differencesi2 2 beifi3d.

systems with the presented scheme the device can be
veloped as a noiseless optical tap to be used in practi
optical information and measurement.
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