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Quantum Nondemolition Measurements Improved by a Squeezed Meter Input
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Continuous quantum nondemolition (QND) measurements of the amplitude quadrature of a 1064
wave are performed with a monolithic dual-port degenerate optical parametric amplifier (OPA). T
quality of the measurement is limited in part by the quantum fluctuations carried by the vacuu
meter input wave. Improved QND measurements are realized by injecting 3.4 dB amplitude-squee
light into the meter input port of the OPA. This achieves increased squeezing and correlation
the output signal and meter waves, and both improved operation as a quantum optical tap
as a quantum state preparator. The all-solid-state system was operated for 5 h with high stab
[S0031-9007(97)02339-9]
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Quantum nondemolition (QND) measurements [1] se
to measure a quantum mechanical observable preci
without disturbing its evolution. An example is a me
surement of a photon number without absorbing a sin
photon. QND measurement strategies are of importa
since they allow one to circumvent quantum mecha
cal limits inherent to standard measurement techniqu
They are indirect measurements: The signal system to
measured is coupled to a meter system for a finite tim
The interaction is chosen such that it couples an obse
able of the meter to the signal observable of interest,
does not influence its evolution. Subsequently, a (destr
tive) measurement on the meter system provides the
sired information on the signal system observable with
disturbing it.

During the search for appropriate coupling schem
nonlinear optical systems attracted interest [2], because
necessary technology was better developed than for
chanical systems such as gravitational bar antennas. S
1986, a variety of experiments on QND-type measu
ments has been realized. Initial experiments employe
x s3d coupling of pulses in an optical fiber [3]. Followin
experiments usedx s2d nonlinearities in crystals [4],x s3d

effects in sodium atomic beams [5] and in fibers for so
tons [6], and electromechanical coupling to a nonline
mechanical resonator [7]. Recently, the long-stand
challenge for repeated QND measurements was succ
fully mastered both for pulsed [8] and continuous-wa
measurements [9]. The latter approach is based in par
the system discussed here.

In this Letter, we show that the performance of
QND system is limited by quantum fluctuations of th
meter input state, and demonstrate that a squeezed m
input can break this restriction and permit improved QN
performance.

QND systems can be described by a linear input-out
formalism [10], relating the output to the input fluctuatio
operators via the internal dynamics of the coupling syste
For the present discussion, amplitude and phase quadra
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operators are the appropriate choice, since they decou
For the frequency domain amplitude quadraturesXs, Xm,
andXl of signal, meter, and vacuum (due to loss) mode
respectively, we writeµ

Xout
s

Xout
m

∂
­

µ
a b c
d e f

∂ 0B@ Xin
s

Xin
m

Xin
l

1CA , (1)

wherea throughf are complex coefficients. A QND mea
surement ofXin

s aims at both back action evasion, i.e
Xout

s ! Xin
s , which guarantees a nondestructive measu

ment, and at a precise measurement, i.e.,Xout
m is dominated

by Xin
s . As a quantum mechanical consequence, there

strong back action on and low measurement precision
the phase quadrature.

QND may be achieved by following two strategies t
implement the necessary phase sensitivity that discrim
nates amplitude and phase. The first is to devise aphase
sensitive systemwith an input-output matrix witha ! 1,
b ! 0, and c ! 0 to ensure back action evasion, an
jdj ¿ jej, jfj to guarantee high measurement precisio
This approach has been followed by all previous QN
experiments.

In contrast, the second strategy is based on inject
the meter in asqueezed statewith reduced quantum un-
certainty VarXin

m ! 0 rather than the vacuum state wit
VarXin

m ­ 1 into a coupling system witha ! 1 and small
losses,jcj, jfj ø 1. The prototype realization of this ap
proach [11], which was recently demonstrated [12], is
high transmittance beam splitter with squeezed light
jected into its usually dark port. The use of squeezed lig
for noise reduction in nonlinear optical systems has
far only been demonstrated in optical amplification wi
a nondegenerate optical parametric amplifier (OPA) [1
Here we present the first demonstration of the combin
use of both strategies to perform QND measurements.

Our QND system is based on a proposal by Smithet
al. [14] using a degenerate dual-port OPA [15]. Referrin
to the lower right of Fig. 1, signal and meter input wave
are resonantly injected into the cavity through partial
© 1997 The American Physical Society 1243
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FIG. 1. Experimental setup. HD: homodyne detector; MOD
modulation system; PZT: piezoelectric translator. SHG: se
ond harmonic generator.

transmitting mirrors (power transmissionsT1, T2). The
waves emitted therefrom are the output waves. T
wave inside the OPA resonator experiences a parame
deamplificationd due tox s2d interaction with the injected
pump and a passive lossA per round trip.

Qualitatively, good QND measurements of the amp
tude quadrature require the condition

A ø T1 ø T2 ø d . (2)

Then the meter-in wave is near impedance matched, a
consequently the meter-out wave is dominated by t
part of the signal-in wave that is transmitted throug
the cavity. Thus, a precise measurement is possible.
addition, the measurement back-action is small since
cavity is impedance mismatched for the signal-in wav
and most of it is reflected, while perturbations from th
cavity are small. As relation (2) is difficult to implemen
experimentally and can only be approximated, fluctuatio
from the meter input are transferred to both signal a
meter output, reducing the QND performance. Injectio
of a squeezed meter input state then reduces this ad
noise and results in improved QND measurements.

Quantitatively, this QND system can be described b
a single figure of meritr21 which compares parametric
interaction and losses:r ;

p
Ayd. The overall QND per-

formance can be considered optimal if the port transm
sions are chosen asT1 ­ rd and T2 ­ d 1 T1, which
leads to operation close to, but below threshold. QN
measurements become perfect asr ! 0, which can be
seen from the leading terms of the input-output matrix f
relation (1) at low measurement frequencies:√

1 2 r 2
p

r 2r3y2
p

r 2r2y2 r

!
. (3)

The dual port OPA has been implemented as a min
ture (6 mm long) monolithic MgO:LiNbO3 ring resonator,
allowing a large operation bandwidth ofø50 MHz. A
ring cavity is used so that the input and output wav
1244
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are spatially separated. The port for signal input and o
put is a dielectric mirror with transmissionT1 ­ 1.45%
at 1064 nm. The second port for the meter is realized
a frustrated total internal reflection mirror with variab
transmissionT2, which is stabilized by actively control-
ling the distance (PZT1) between the coupling prism a
the resonator.

A continuous-wave Nd:YAG laser (500 mW, 1064 nm
serves both as the source of the signal wave and as
fundamental wave to be resonantly frequency doubled
the pump waves of the QND (113 mW) and squeezi
(77 mW) parametric amplifiers. The pump wave for th
ring OPA is injected single pass and achieves a parame
deamplification ofd ­ 2.4% per round trip.

The signal wave is imparted an amplitude modulati
at 14.0 MHz and is power stabilized to 1.05 mW by
modulation system before being resonantly injected in
the ring OPA. The important optical propertiesT1, A
and the signal input beam mode matchMs ­ 89.3% are
characterized by measuring the power reflectance
transmittance of the ring OPA as a function of pris
position without pumping. Optical efficiencies for th
propagation of the signal-in beam to the crystal, a
the signal-out and meter-out beams from the crystal
the detectors are 99.4%, 97.5%, and 99.0%, respective

The accurate measurement of the 14.0 MHz modulat
on the signal-in, signal-out, and meter-out waves is o
central task of the setup; the other is to measure
quantum noise of the output beams and their correlati
To this end three self-homodyne detectors are used,
(HD1) for the characterization of the input modulatio
and the other two (HD2, HD3) to detect the two outp
beams. The detectors use InGaAs photodiodes with 9
quantum efficiency. Each homodyne detector generate
current that is proportional to the amplitude quadrature
the detected beam and a calibrated reference for the
noise level. All output signals are measured by spectr
analyzers (HP 8591A, detection bandwidth 100 kHz, ze
span time 0.5 s) and evaluated by a computer.

The source of the squeezed meter input wave is
standing-wave parametric amplifier, injection seeded
a weak beam for its stabilization [16]. The squeez
light (30 mW power) exhibits 3.4 6 0.3 dB quantum
noise reduction around14 MHz, which is stable for many
hours. The meter input mode match isMm ­ 74%. To
operate the entire system stably, the doubling cav
the squeezing OPA cavity, and the laser frequency
locked on resonance with the resonance frequency of
ring OPA cavity. Each pump wave is phase locked f
maximum deamplification (PZT2, PZT3). In addition
the squeezed meter-in wave is phase-locked (PZ
with respect to the signal-in wave so that its squeez
quadrature enters the ring OPA asXin

m .
The first nonclassical effects considered are the sque

ingsSs,m ; sVar Xout
s,md21 of the signal-out and the meter

out beam, respectively. The results at 14.6 MHz as
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FIG. 2. Relative quantum noise VarXout
s,m of the signal and

meter output beams as a function of outcouplingT2. Circles:
vacuum meter input, triangles: squeezed meter input, and li
theory.

function ofT2 are shown in Fig. 2. It can be seen clear
that the fluctuations of both output beams are further
duced upon injection of the squeezed meter input wa
[17]. The antisqueezing of the signal-out beam at la
T2 reflects the 0.16 dB excess noise of the signal-in be

The functional dependences ofSs,msT2d can be under-
stood qualitatively for the case of a vacuum meter
put: The squeezing of the signal output beam is degra
for higher T2 since the outcoupling efficiency decreas
and the optical parametric oscillator (OPO) threshold
creases. The meter-out squeezing exhibits an optim
since for lowT2 the outcoupling efficiency for the meter
out beam limits the squeezing, while for increasingT2 the
OPO threshold grows compared to the pump power. T
quantum noise reduction in the meter output is larger th
that of the signal becauseT2 . T1.

To provide a satisfactory theoretical description
the experiment, the theory given in Ref. [14] must
extended to include the imperfect mode matchingsMs

and Mm, optical propagation losses, detector quantu
efficiencies, and a large outcouplingT2 beyond the
good cavity approximation together with measureme
frequencies comparable to the cavity linewidth [9]. Go
agreement between theory and experiment is obtained
assuming increased losses ofA ­ 1.1% when the ring
OPA is pumped, compared to the cavity losses of 0.5
for no pump, which may indicate the presence of gre
induced infrared absorption. All other parameters of t
theory are determined by measurements.

For a QND device the meter output reading must
correlated to the signal output reading: “the needles m
together” [2]. The optical correlationCo of the amplitude
fluctuations of the output beams leads to a detector cur
correlation Cc, which is measured by interfering th
currents and measuring the noise at 14.6 MHz.Cc is
reduced as compared toCo by electronic noise of the
nes:
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FIG. 3. Optical correlation vsT2 for vacuum (circles) and
squeezed meter input (triangles). Lines: theory.

photodetectors. As shown in Fig. 3Co is improved when
the vacuum is replaced by the squeezed meter input.

This QND scheme has the particular property of p
mitting quantum state preparation for both output beam
measuring one beam will lead to a state reduction of
entangled state and therefore to a state preparation o
other beam. This will reduce the variance of the seco
beam by the factor1 2 C2

c , leading to the conditiona
variancesVsjm ­ s1 2 C2

c dySs andVmjs ­ s1 2 C2
cdySm

of the signal-out and the meter-out beams, respectiv
They are both below unity and therefore fulfill the qua
tum state preparation condition. When using squee
light, Vmjs for optimal T2 is improved from 22.5 to
22.8 dB. Like squeezing, the state preparation abil
can be applied to extend the measurement precision
yond the standard quantum limit.

Besides the quantum state preparation ability,
transfer coefficientsTs andTm characterize the quality o
a QND system [18]. They are defined as the fraction
the signal-to-noise ratio (SNR) of the signal input bea
that is transferred to the signal and meter output bea

FIG. 4. Ts 1 Tm vs the meter outcoupling for vacuum (cir
cles) and squeezed meter input (triangles). Lines: theory.
1245
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FIG. 5. Summary diagram:Vmjs vs Ts 1 Tm when varyingT2
for vacuum (open triangles) and squeezed meter input (clo
triangles).

respectively. For any phase-insensitive device, the s
of both transfer coefficients is at most unity if the inpu
beams are shot noise limited:Ts 1 Tm # 1. However,
a quantum optical tap succeeds in breaking this barr
and offers improved optical information transmission b
operating phase sensitively, ideally transferring the fu
SNR from the input to both outputs:Ts 1 Tm ­ 2.
Figure 4 shows the measurement results asT2 is varied.
It can be seen clearly that the signal transfer is improv
when the vacuum meter input is replaced by a squeez
beam, whereTs 1 Tm reaches its optimum atT2 ­ 7.6%,
resulting in Ts ­ 0.69 and Tm ­ 0.43. Much care was
taken to operate the experiment at rf frequencies whe
the input beam was almost perfectly shot noise limite
as technical noise causes an overestimation of the tran
coefficients.

In summary, the two independent nonclassical prop
ties of the OPA, i.e., operation as a state preparator a
as a quantum optical tap, are shown in Fig. 5, slight
averaged for clarity. Both are improved by the injectio
of squeezed light into the meter port, demonstratin
the value of squeezed light to overcome limitations
QND measurement systems. At present, the availa
crystal quality is the critical limitation of the experi-
ment: bulk losses lead to both reduced normal QN
performance and generated squeezing, and inhom
geneities cause phase front distortions and imperf
Ms and Mm. Reducing the losses to 0.06% appea
possible for both OPAs and would then allow, at oth
erwise unchanged conditions, a 7.3 dB squeezed me
1246
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input and QND performance ofTs 1 Tm ­ 1.49 and
Vmjs ­ 27.0 dB.

Aside from the proof of principle of improved QND
measurements, this system was designed for long-tim
operation. Five hours of continuous and reliable operatio
were obtained using 13 servo loops. Reliability is
crucial feature for bringing QND measurements to th
arena of applications, e.g., precision experiments requiri
very long integration times or resolution beyond th
standard quantum limit.
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