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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 nm
wave are performed with a monolithic dual-port degenerate optical parametric amplifier (OPA). The
quality of the measurement is limited in part by the quantum fluctuations carried by the vacuum
meter input wave. Improved QND measurements are realized by injecting 3.4 dB amplitude-squeezed
light into the meter input port of the OPA. This achieves increased squeezing and correlation of
the output signal and meter waves, and both improved operation as a quantum optical tap and
as a quantum state preparator. The all-solid-state system was operated for 5 h with high stability.
[S0031-9007(97)02339-9]

PACS numbers: 42.50.Dv

Quantum nondemolition (QND) measurements [1] seeloperators are the appropriate choice, since they decouple.
to measure a quantum mechanical observable preciseRor the frequency domain amplitude quadratuXgsX,,,
without disturbing its evolution. An example is a mea- andX; of signal, meter, and vacuum (due to loss) modes,
surement of a photon number without absorbing a singleespectively, we write _
photon. QND measurement strategies are of importance xout a b ¢ X%z
since they allow one to circumvent quantum mechani- <X‘§m> = <d e f> X
cal limits inherent to standard measurement techniques. " X"

They are indirect measurements: The signal system to b&herea throughf are complex coefficients. A QND mea-
measured is coupled to a meter system for a finite timesurement ofX" aims at both back action evasion, i.e.,
The interaction is chosen such that it couples an obsen&°t — X" which guarantees a nondestructive measure-
able of the meter to the signal observable of interest, butnent, and at a precise measurement, X! is dominated
does not influence its evolution. Subsequently, a (destrudy X*. As a quantum mechanical consequence, there is
tive) measurement on the meter system provides the datrong back action on and low measurement precision of
sired information on the signal system observable withouthe phase quadrature.

disturbing it. QND may be achieved by following two strategies to

During the search for appropriate coupling schemesimplement the necessary phase sensitivity that discrimi-
nonlinear optical systems attracted interest [2], because theates amplitude and phase. The first is to devipbase
necessary technology was better developed than for meensitive systemwith an input-output matrix witlu — 1,
chanical systems such as gravitational bar antennas. Sinée— 0, and ¢ — 0 to ensure back action evasion, and
1986, a variety of experiments on QND-type measure{d| > |e|,|f| to guarantee high measurement precision.
ments has been realized. Initial experiments employed &his approach has been followed by all previous QND
x® coupling of pulses in an optical fiber [3]. Following experiments.
experiments useg? nonlinearities in crystals [4]y® In contrast, the second strategy is based on injecting
effects in sodium atomic beams [5] and in fibers for soli-the meter in asqueezed stateith reduced quantum un-
tons [6], and electromechanical coupling to a nonlineacertainty VaX" — 0 rather than the vacuum state with
mechanical resonator [7]. Recently, the long-standing/arXi" = 1 into a coupling system wita — 1 and small
challenge for repeated QND measurements was succedesses|c|,|f| < 1. The prototype realization of this ap-
fully mastered both for pulsed [8] and continuous-waveproach [11], which was recently demonstrated [12], is a
measurements [9]. The latter approach is based in part drigh transmittance beam splitter with squeezed light in-
the system discussed here. jected into its usually dark port. The use of squeezed light

In this Letter, we show that the performance of afor noise reduction in nonlinear optical systems has so
QND system is limited by quantum fluctuations of thefar only been demonstrated in optical amplification with
meter input state, and demonstrate that a squeezed metenondegenerate optical parametric amplifier (OPA) [13].
input can break this restriction and permit improved QNDHere we present the first demonstration of the combined
performance. use of both strategies to perform QND measurements.

QND systems can be described by a linear input-output Our QND system is based on a proposal by Sreith
formalism [10], relating the output to the input fluctuation al. [14] using a degenerate dual-port OPA [15]. Referring
operators via the internal dynamics of the coupling systemnto the lower right of Fig. 1, signal and meter input waves
For the present discussion, amplitude and phase quadratusee resonantly injected into the cavity through partially
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are spatially separated. The port for signal input and out-
put is a dielectric mirror with transmissiofy, = 1.45%

at 1064 nm. The second port for the meter is realized by
a frustrated total internal reflection mirror with variable
transmissionT,, which is stabilized by actively control-
ling the distance (PZT1) between the coupling prism and
the resonator.

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

FIG. 1. Experimental setup. HD: homodyne detector; MOD:deaer"flcatllon o N 2.‘4% pe:jround m?' d dulati
modulation system; PZT: piezoelectric translator. SHG: sec- 1he Signal wave is imparted an amplitude modulation
ond harmonic generator. at 14.0 MHz and is power stabilized to 1.05 mW by a

modulation system before being resonantly injected into

transmitting mirrors (power transmissiofig, 7»). The the ring QPA' . The important optical propertids, A
waves emitted therefrom are the output waves. Th&nd the signal input beam mode maithy = 89.3% are
wave inside the OPA resonator experiences a parametrfdi@racterized by measuring the power reflectance and
deamplificationd due toy® interaction with the injected transmittance of the ring OPA as a function of prism
pump and a passive logsper round trip. position without pumping. Optical efficiencies for the

Qualitatively, good QND measurements of the amp“_propagation of the signal-in beam to the crystal, and
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tude quadrature require the condition the signal-out and meter-out beams from the crys'gal to
the detectors are 99.4%, 97.5%, and 99.0%, respectively.
ALK KT, =d. 2 The accurate measurement of the 14.0 MHz modulation

the signal-in, signal-out, and meter-out waves is one
ntral task of the setup; the other is to measure the
uantum noise of the output beams and their correlation.
To this end three self-homodyne detectors are used, one
D1) for the characterization of the input modulation
nd the other two (HD2, HD3) to detect the two output
eams. The detectors use InGaAs photodiodes with 97%

Then the meter-in wave is near impedance matched, an@
consequently the meter-out wave is dominated by th
part of the signal-in wave that is transmitted through
the cavity. Thus, a precise measurement is possible. |
addition, the measurement back-action is small since th
cavity is impedance mismatched for the signal-in wave,

g:l\(jitmgrset g:ngllls fgl?glt:t?énvg)lﬁsp;;ﬁgaﬂlgri'r?q f:gmetr?tequantum efficiency. Each homodyne detector generates a
y : P current that is proportional to the amplitude quadrature of

experimentally and can only be approximated, quctuatlonihe detected beam and a calibrated reference for the shot

:L%rgrtgit?ite:eénup;;ga:ﬁ;rgrp\lslf)egggfotromgazz Sl?r:}i:sgn oise level. All output signal_s are mea_sured by spectrum
of a squeezéd meter input state then reduce.s this addé aIy;ers (HP 85914, detection bandwidth 100 kHz, zero
noise and results in improved QND measurements an time 0.5 s) and evaluated by a computer. :

Quantitatively, this QND system can be descrit;ed by, The_ source of the squeezed”met'er Input wave is a
a single figure c;f merit—! which compares parametric standing-wave parametric .a'mpl'lfler, injection seeded by
. . o a weak beam for its stabilization [16]. The squeezed
interaction and losses: = /A/d. The overall QND per-

. . X . light (30 uW power) exhibits3.4 = 0.3 dB quantum
formance can be considered optimal if the port transmis; o reduction arount MHz, which is stable for many

sions are chosen &g, = rd and T, = d + T;, which . his, —
leads to operation close to, but below threshold. QNDhours. The meter input mode matc 74%. To

. operate the entire system stably, the doubling cavity,
measurements be<_:ome perfect ras- 0, which can pe the squeezing OPA cavity, and the laser frequency are
seen from the leading terms of the mput-qutput matrix forIocked on resonance with the resonance frequency of the
relation (1) at low measurement frequencies: ring OPA cavity. Each pump wave is phase locked for

1—r —Jr —-r? maximum deamplification (PZT2, PZT3). In addition,
Jrooo =2 r (3) the squeezed meter-in wave is phase-locked (PZT4)
with respect to the signal-in wave so that its squeezed
The dual port OPA has been implemented as a miniaguadrature enters the ring OPA ¥ .
ture (6 mm long) monolithic MgO:LiNb®ring resonator, The first nonclassical effects considered are the squeez-
allowing a large operation bandwidth ef50 MHz. A  ingsS,,, = (Var X%) ! of the signal-out and the meter-
ring cavity is used so that the input and output waveout beam, respectively. The results at 14.6 MHz as a
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FIG. 2. Relative quantum noise Vaf\ of the signal and FiG. 3. Optical correlation v, for vacuum (circles) and
meter output beams as a function of outcoupling Circles:  squeezed meter input (triangles). Lines: theory.
vacuum meter input, triangles: squeezed meter input, and lines:

theory.
photodetectors. As shown in FigC3 is improved when
the vacuum is replaced by the squeezed meter input.

function of T, are shown in Fig. 2. It can be seen clearly This QND scheme has the particular property of per-
that the fluctuations of both output beams are further remitting quantum state preparation for both output beams:
duced upon injection of the Squeezed meter input Wav@easuring one beam will lead to a state reduction of the
[17]. The antisqueezing of the signal-out beam at largentangled state and therefore to a state preparation of the
T, reflects the 0.16 dB excess noise of the signal-in bean®ther beam. This will reduce the variance of the second
The functional dependences §f,,(T>) can be under- beam by the factod — C?, leading to the conditional
stood qualitatively for the case of a vacuum meter invariancesVy, = (1 — C2)/S; andV,,; = (1 = C7)/Sn,
put: The squeezing of the signal output beam is degrade®f the signal-out and the meter-out beams, respectively.
for higher 7, since the outcoupling efficiency decreasesThey are both below unity and therefore fulfill the quan-
and the optical parametric oscillator (OPO) threshold infum state preparation condition. When using squeezed
creases. The meter-out squeezing exhibits an optimuright, V. for optimal 75 is improved from —2.5 to
since for lowT, the outcoupling efficiency for the meter- —2.8 dB. Like squeezing, the state preparation ability
out beam limits the squeezing, while for increasihghe ~ can be applied to extend the measurement precision be-
OPO threshold grows compared to the pump power. Th¥ond the standard quantum limit.
guantum noise reduction in the meter output is larger than Besides the quantum state preparation ability, the
that of the signal because > T;. transfer coefficienty andT,, characterize the quality of
To provide a satisfactory theoretical description of2 QND system [18]. They are defined as the fraction of
the experiment, the theory given in Ref. [14] must bethe signal-to-noise ratio (SNR) of the signal input beam
extended to include the imperfect mode matchinds that is transferred to the signal and meter output beams,
and M,,, optical propagation losses, detector quantum

efficiencies, and a large outcoupling, beyond the » 120
good cavity approximation together with measurement § S
frequencies comparable to the cavity linewidth [9]. Good & 1.151 TQ
agreement between theory and experiment is obtained by % 1104 &
assuming increased losses 4f= 1.1% when the ring S =
OPA is pumped, compared to the cavity losses of 0.57% & | o5 2
for no pump, which may indicate the presence of green ”g %
induced infrared absorption. All other parameters of the £ 1.00
theory are determined by measurements. % i
For a QND device the meter output reading must be = 0.95 1 %
correlated to the signal output reading: “the needles move 2 ©
together” [2]. The optical correlatio@, of the amplitude 0.90 0 : T I 30 pye

fluctuations of the output beams leads to a detector current ¢ ling T, [%]
correlation C., which is measured by interfering the outcoupling 13 [7o

currents and measuring the noise at _14-6 _MHze IS FIG. 4. T, + T, vs the meter outcoupling for vacuum (cir-
reduced as compared G, by electronic noise of the cles) and squeezed meter input (triangles). Lines: theory.
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0.5 input and QND performance of, + T,, = 1.49 and
classical | quantum optical tap Vs = —7.0 dB.
e 04 Aside from the proof of principle of improved QND
3{“; 1 quantum necessary for measurements, this system was designed for long-time
B state OND operation. Five hours of continuous and reliable operation
= i TreRateon were obtained using 13 servo loops. Reliability is a
b= crucial feature for bringing QND measurements to the
R ) e arena of applicatior_\s, e.g., precision expgriments requiring
E . T meterin very long integration times or resolution beyond the
= <20 1 - \ squeezed stan(_jard quantum limit. _
'-g 1 i meter in It is a pleasure_to thank H. Hansen_, J.-Ph. P0|.zat, R.
g 2.5 A M"“?W’q.‘é:# Paschotta, G. Breitenbach, and H. J. Kimble for stimulat-
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FIG. 5. Summary diagrani’,,; vs T, + T,, when varyingT, S 9

for vacuum (open triangles) and squeezed meter input (closed
triangles).

respectively. For any phase-insensitive device, the sum
of both transfer coefficients is at most unity if the input
konstanz.de
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