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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 qguantum nondemolition criteria is
experimentally achieved. The measured sum of the transfer coefficients and the conditional variance
are, respectivelyl’y, + T,, = 1.31 andV,,,, = —2.1 dB. [S0031-9007(99)08445-8]

PACS numbers: 42.50.Dv, 03.65.Bz

Quantum nondemolition (QND) measurements have atsplitter (BS) from opposite sides with small angles of
tracted extensive interest [1]. Since 1986, a variety oincidence; S°"' and M°"t are, respectively, the output
QND-type measurements have been successfully demosignal and meter waves. Bothi® and M™™ consist of
strated in optical experiments [2—9]. In most experimentswo orthogonal polarized modes (polarization andpP
measurements of the quadrature phases of the probe fighdlarization) of equal mean intensity. The phagg ét
were involved to provide the information of signal observ-the BS and frequency() of S- and P-polarization modes
ables. Inarecent paper Harrisenal. [10] have proposed in S™ are, respectively, identical with that i#™™. The
a QND scheme, in which the signal and probe observablesrthogonal modes ir§™ are two independent coherent
are the intensity difference between twin beams on the lefstates without quantum correlation, but on the contrary
and right hand sides of a double ended nondegenerate ofrose inM™ are quantum correlated twin beams with the
tical parametric oscillator; therefore, only the field intensi-intensity difference fluctuation below the corresponding
ties need to be measured rather than the quadrature pha$L [12—14]. The input signal and meter observables
[10]. So far there is no published experimental realizations X" (¢) ands X, (¢) are the fluctuations of the intensity dif-

of this QND-type measurement. ference between the orthogonal polarized modes; that is,
It is well known that a beam splitter is the sim- SX (1) = S[I™ (1) — I (s

plest optical coupling device [11]. Recently Bruckmeier s(m(0) _Ens(’")’l(ij stma i)n]

et al.[9] have realized a quantum measurement satisfy- = A(m)OLAG(m) 1 (1) — Al 2(1)]/2

ing the quantum nondemolition criteria by injection of - Z;I(lm)Br;?m)(t)/\/E. 1)

a 3.7 dB quadrature squeezed wave into the usual vac- ) ’ ,
uum port of a beam splitter. The good results of sig-The symbols in the subscripts are as follows’ tands

nal transfefT, + T,, = 1.29 and the conditional variance fOr the signal and /" for the meter wave while *1”
Vi/m = —1.3 dB were obtained. On the other hand greatde”Otesintheg‘DOIa”Zfd mode and “2” the?-polarized
reductions of quantum fluctuations in the intensity differ-mode. I, (1) andI(,, (1) are intensities fos- and P-
ence between twin beams produced by a nondegenera@glarization modes is™ (M™), respectively. A, ()
parametric oscillator were achieved in several groups [12-andA(,, ,(7) are the corresponding quadrature amplitudes.
14]. The above-mentioned successful experiments motig /¥, (1) is the fluctuation of corresponding amplitude dif-
2 Deam spiter, ne dark port o whioh s fled by quantum e "¢ 1 the tme domain, L&r (1) = LAt (1) ~
itter, which is fi y quantum , in : ; ing, \[2y —

correlated twin beams instead of a quadrature squeezéqd(’”)ﬂz_(t)]/\/z' For th(_e signal mput‘wavdzb‘rs (w)|_>in_
wave as in Ref. [9]. When the twin beams with quan-1. While for the meter input wavdsr, (0)I%) < 1. Ay,
tum noise reduction in the intensity difference of 76% be-is the mean amplitude of" (M"); we have takeﬁsl?m) =
low the standard quantum limit (SQL) are injected into(Alt, (1)) = (A}, (1)) in Eq. (1).
the vacuum port of a beam splitter, the measurement of The relation between output and input quadrature
intensity difference fluctuation in the quantum domain isamplitudes at BS can be expressed as
experimentally realized. The measuréd+ 7,, = 1.31 out . in
andV,,, = —2.1 dB fulfill the QND criteria introduced (j(fﬁlt(z) ) = < \/\/TE \/@) ( Aisn,l(z) ) (2
by Hollandet al. [15] and Poizakt al. [16]. m1(2) m.1(2)

At first we simply present the measurement principlewhere T and R =1 — T are the power transmission
of the proposed schemesS™ and M are, respectively, and reflectivity of BS, respectively. Similarly with the

the signal and meter input waves incident upon the beardefinition of input obervables, the output signal and
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meter observables X" and 6 X" are the fluctuations when the fluctuation of the injected meter wave is below
of intensity difference between the orthogonal polarizedhe SQL, i.e.{|6r"(w)[?) < 1, both the QND criteria of
modes of the output wave. T, + T, > 1andV,,, < 1 are fulfilled at the same time.
From Eq. (2), we obtain Figure 1 shows the experimental setup. An intracavity
out _ Zoutr in in frequency-doubled and frequency-stabilized cw ring
oX; A1 \/Eérs @ + ﬁarm QIEERNC) Nd:YAP laser is used as the pump source. The output
SXM = A°[JT 8r(r) + VR 8r"(1)]/v2, (4) Second-harmonic wave @54 um enters the semimono-
—out . 1—out , . lithic optical parametric oscillator (OPO), consisting
whereA " and4,, ~ are the mean amplitude of OULDUL SIg- of an «-cut potassium-titanyl-phosphate (KTP) crystal
nal and meter waves, respectively;’ = (~vVRA;" +  (10-mm long) and a concave mirror (curvature radius
JTAM) andA)" = (JTA" + VRA,)). 50 mm) from one face of the crystal, coated to be used
Combining Eg. (1) with Eq. (3) and Eg. (4), respec-as the input coupler. The OPO produces twin beams at
tively, we obtain the input-output relations for our mea-1.08 um through a frequency-down-conversion process

surement device: above the oscillation threshold [17]. The standing-wave
SXU(r) = g,8X"(r) + By, (5) OPO cavity (52-mm Iong)_ is ac_tively locked to deIi\_/er
’ ’ a nearly constant output intensity. The concave mirror
X (1) = g, 6X™™(r) + B,,. (6) is the output coupler with 5% transmission 808 nm

. . o and high reflectivity at0.54 um. The output coupling
gs and gm are the gain of signal an_d meter amp“f'ers'efficiency of the OPO is 85% dt08 wm.
respectively, due to the mutual coupling at BS: Intensive twin beams of 36 mW are obtained at the
gs =vVR(WR — kJT);  gw =TT + kvV/R),  pump power of 110 mW. The noise in the intensity
difference between the twin beams is reduced7by

@ ) .
—in ,~in _ 0.1 dB below the SQL from 2 to 5 MHz; the noise
— _ ] _ 1 / / ]

where k = A, /A", B T (-k R+ JT) X measurements are limited above 1 MHz to avoid the

in — -1 in
8X,(1), and B, = VR (k'T + JR)8X,\(r) are the jnquence of the technical laser noise which appears

added noise coming from the “dark” port of the BS. .__,usually on the side of low frequency. A small part of the
From Egs. (3) and (4), we obtain the normalizedyin heams reflected by the mirror M1 (4% reflectivity),
variances. Fig. 1, is used as the signal wave. The angle of incidence
yout = gyin 4 yin,  yout — pyin 4 pyin (8) on M1 is smaller than 3to ensure the balance of
out(in) out(in)) /ﬂout(m the reflectivity betweerS- and P-polarized waves (the

_ )
where Vs~ = Var(8X,) sm) ~NAVe DEeN Nor-  gigtarence is less than/1000). The 96% fraction of
Eout(m) (Tout(m) o

malized to their respective shot noi3g,, stmy =  the twin beams transmitted by M1 acts as the input
<1;)<unt131,[11)(f)> _ <If(u,,t1()f;)(t)>), in this case, Vsi?m) —  meter wave ™, Fig. 1) of the quantum measurement

scheme. The beam splitter (BS, Fig. 1) with reflectivity
50% * 1% is the coupling device. The noise reduction
in the intensity difference between the twin beams at BS
The properties of a OND device are quantified byis decreased t6.2 + 0.1 (_jB due to the_transmi§sion loss.
The orthogonal polarized modes in the signal wave,

the S'gf‘a' and meter trgnsfer coefficien® @nd Ty, . which aree; ande; modes in KTP crystal and correspond
respectively) and the ability for quantum state preparation

[15]. Using the definition of correlation coefficients
introduced by Hollanekt al. [15], we calculatel’y and T,
from Egs. (3) and (4)

(|87 m(@)I?). The expressions (8) show that the
variancesv"“‘) arise from a weighted sum of the input

s(m

noises of signal and meter waves.

R

T, = : 5

R + T(|6r(w)P)
9)

T, = T

T+ RS (@)

. . , A2
The ability for quantum states preparation is characterized

by the normalized conditional variance [10,15]; that is, M1(R=4%)

5in 2
Vim = V(1 = €3, = -0 (@))

T + RSN (@)?)
. . . FIG. 1. Experimental setup. HD: balanced self-homodyning
whereC?, is a normalized correlation between the metergerscior, AM: modulator; PZT: piezoelectric transducer;

output and the signal output [15]. In the above threeginuw): signal input (output) wave;M"©w: meter input
relations we have takef}ori"(w)|*) = 1. It is obvious, (output) wave.

(10)
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to S- and P-polarized modes on plane mirrors, are sepavoltages on PZT1 and PZT2 are used to ensure thaf the
rated by the polarized beam splitter (P1), then are moduand P modes ofS™® are in phase with the corresponding
lated, respectively, by the amplitude modulators AM1modes of M™, respectively, at BS (i.e.p,i = ¢mi;
and AM2 (Fig. 1) at the same modulation frequency ofe, = ¢,!,), then the relative phases of them are locked.
3.4 MHz, with the opposite phase and the same modu- In experiments, the signal and meter transfer coef-
lation depth. The three half-wave platés/2) on the ficients T, and T,,, respectively, are characterized by
optical path of the signal wave are used to make polarthe fraction of the SNR of the output signal and me-
ization rotations of 90 The one behind P2 ensures theter waves to that of the input signal wave [5]. This
S- and P-polarized modes of™ at BS will be, respec- definition is equivalent to that introduced by Holland
tively, parallel with the corresponding modesMf". The et al.based on the correlation coefficient [5,15]. Fig-
balanced self-homodyning detectors (Fig. 1) (without lo-ure 2 shows the noise power spectra of the intensity
cal oscillator) HD1, HD2, and HD3, respectively, con- difference fluctuation measured by the detectors HD1,
sist of a polarized beam splitter, two focusing lensesHD2, and HD3. The measured signal-to-noise ratio of
two InGaAs photodiodes (ETX500T), and a Z8fbwer the S™ is SNRyp, = 17.22 dB [Fig. 2(a)]. Because of
combiner. The noise of the photocurrent difference ighe relatively low intensity of theS™™ (~0.6 mw) the
recorded by a spectrum analyzer (HP8590D for HD1,
HP8590L for HD2 and HD3). The total detection ef-

ficiencies of HD1, HD2, and HD3 are nearly identical -48.8
(n = 89%). They, respectively, detect the signal input

" (a) HD1: signal in

(™), the signal output§°"!), and the meter outpu{°"!) E
at the coupling device. T ~56.8
Considering the influence of nonunitary detection effi- %
ciency n, the measured data should be well described by § -64. 8
the following theoretical results: °
L]
R S —
T, = - =n > (11) 27728
R + T(|&rin(w)?) + =7
T -80.8
m = - = > (12)
T + R{|6riM(w)|?) + Tn 219
1 —1n + n{ér™w)l? )
Vs/m U (w)l) (13) - () HD2:signal out
-39.2

" glT + RUSrM (@) F 1 — g

The modulated signal wave from P2 is separated by the
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 signal
($™). Since the modulated signals in the orthogonal
polarized modes ofS™™ are out of phase the signal
intensity of the photocurrent difference is doubled. The
signal-to-noise ratio (SNR) of'" at BS (SNR') can be
calculated from the measured SNR by HD1:

SNR" = SNRup1(1 — R)/R7. (14) L (©) HD3: meter out

The S and M'™™ are mixed at BS. The optical paths
of signal and meter waves from OPO to BS are made as
equal as possible, and the residual difference is carefully
corrected by the movable mirror M2. The residual
difference between the two optical paths is kept less than
5 mm. In this way, good mode matching &f = 99%
betweenS™ and M™ at BS is obtained (measured by B
the interference contrast), and the influence of the slow A
frequency shift of the twin beams is minimized. 3.0 3.2 3.4 3.6 3.8 4.0

The incidence angles on the mirror M3 and BS are less Frequency ( MHz)
than 3 (as on M1). The measured noise power Spectig|g > Noise power spectra of the intensity difference. (a),
of the sum and the difference in photocurrent in HD1 arqb), and (C) are the spectra of intensity difference noise
equal and at the corresponding SQL level. The drivingdetected, respectively, by HD1, HD2, and HD3.
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influence of the electronic noise on the measured shot -45.6
noise level has to be considered; the corrected SNR B
is 17.25 dB. The calculated result from Eg. (14) is

SNR" = 17.74 dB. The signal-to-noise ratios of tts&"t 1.6 0
and M°"* measured by HD2 and HD3 are SNR= [
15.96 dB [Fig. 2(b)] and SNB' = 15.85 dB [Fig. 2(c)]. -57.6}

From the measured data we obtain the signal and me-
ter transfer coefficients, = SNR"' /SNR" = 0.66 and 'S -63. 6
T,, = SNR"/SNR" = 0.65, respectively. The signal
transfer property ofl', + T,, = 1.31 beyond the classi-

cal limit of 1 has been achieved. The experimental data %% § 555 34 3.6 38 40
are close to the resulf; + T,, = 1.35 calculated from Frequency ( MHz)

Egs. (11) and (12). . - . .. FIG. 3. Conditional variance. (1) Shot noise level $f*;
The quantum-state preparation ability of this device isy |owest noise level of the differende — Be®is).

shown in Fig. 3. Trace (1) is the shot noise levelS&f!

detected by HD2. Trace (2) is the lowest noise power ) )

spectrum of the difference between the output signal phosyStéms with the presented scheme the device can be de-
tocurrent and the attenuated)( as well as phase-shifted Veloped as a noiseless optical tap to be used in practical
(), output meter photocurrenta(— Bei¢i), which is  Optical information and measurement. .

obtained by continuously adjusting the attenuatand ~ The financial support of this work was partially pro-
selecting the appropriate phase shiftof i;. With an  Vided by the Nation Natural Science Foundation of China
attenuation of the order g8 = 7 dB, the minimum com- (Approval No. 69438010) and the Shanxi Provincial Sci-
bined noise power goes to 2.1 dB below the shot nois€nce Foundation.

level of S°t. This minimum is nothing but the condi-

tional variance, i.e.V,/,, = —2.1 dB that is less than o _ _ -

the classical limit of 1 [16,18]. The conditional vari- *E?\E\r/ne?z;igtdial\(lj;ngﬁs“:Fegzapr?ggnlql?’nlzlc:s\pglli ig:;”ze Fisiche
ance calculated from Eq. (13) i8;/,, = —3 dB which : ' ; : )
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