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We have experimentally shown that a degenerate optical parametric oscillator pumped by a cw laser,
inserted in a cavity having degenerate transverse modes such as a hemiconfocal or confocal cavity, and
operating below the oscillation threshold in the regime of phase sensitive amplification, is able to process
input images of various shapes in the quantum regime. More precisely, when deamplified, the image is
amplitude squeezed; when amplified, its two polarization components are intensity correlated at the
quantum level. In addition, the amplification process of the images is shown to take place in the noiseless
regime.
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In order to be really useful quantum information pro-
cessing devices will have to process simultaneously a great
number of quantum variables and will have therefore to
operate in a Hilbert space of high dimensionality. In the
discrete variable regime this is achieved by processing
simultaneously many qubits carried by different quantum
objects [1]. In the continuous variable regime, this will be
achieved by working in a highly multimode system, de-
scribed by a great number of continuous quantum varia-
bles. In this respect, optical images are of high interest, as
they carry in an intrinsically parallel way a great quantity
of information [2]. In addition, decoherence can be very
low in such systems. It is therefore of great importance for
future applications to develop experimental techniques that
are able to process images at the quantum level, i.e., with a
minimum amount of added quantum noise in order to
minimize errors in the quantum channel.

The second interest of dealing with images at the quan-
tum level is in the domain of ‘‘quantum metrology,’’ i.e., in
the improvement by quantum techniques of measurements
performed in optical images, and more generally of infor-
mation extraction through image processing [3]. It was
theoretically demonstrated that the reduction of local quan-
tum fluctuations in the transverse plane of an image, or the
generation of quantum correlations between different parts
of the image, leads to such an improvement. To obtain it,
one needs to squeeze the ‘‘noise mode’’ of the measure-
ment, i.e., generate a squeezed state in a well-defined mode
that can have a complicated transverse shape. This was
experimentally implemented in the case of ‘‘nanoposition-
ing’’ [4], which required the generation of squeezed light
either in a ‘‘flipped mode,’’ having a � phase shift between
its two halves, or in a TEM01 mode. The interest of using
squeezed states in modes of complicated shapes was also
outlined in the issue of optical readout of information
stored on supports like CDs and DVDs, but containing
much more than 1 bit of information per �2 [5,6].

Degenerate parametric amplification is a very conve-
nient tool to generate light beams of adjustable transverse
variation having nonclassical local fluctuations and spatial
correlations: fed by an input coherent state, it amplifies it in
a noiseless way [7] and can generate at the output either
squeezed states or ‘‘quantum clones’’ [8]. This has been
experimentally observed in single pass parametric ampli-
fication using an intense pulsed laser as a pump. In [8] the
input field was in the TEM00 transverse mode. The first
experiment of processing at the quantum level a more
complicated image was reported in [9], and used a double
slit as an input image. Pulsed parametric amplification was
also recently used to demonstrate noiseless amplification
for quantum spatial fluctuations [10]. Other nonlinear pro-
cesses could also be used in this purpose, such as four-
wave mixing in atomic vapors [11] or active feedforward
schemes [12].

In view of applications, and especially for quantum
metrology in images, it is very important to be able to
operate a parametric amplifier in the continuous regime,
for which are available low noise and stable sources of
light that are well suited to high sensitivity measurements.
We report in this Letter the first experimental demonstra-
tion of cw amplification of images in the quantum regime.
This has been achieved using frequency-degenerate para-
metric amplification inside a resonant cavity. This device is
a well known cw source of squeezed vacuum [13], bright
squeezed light [14], EPR light [15], and can operate as a
noiseless amplifier [16], but only so far for the TEM00

eigenmode of the cavity [17]. In order to generate non-
classical images with more complex shapes, we have used
cavities that do not impose the transverse variation of the
light amplitude, i.e., transverse degenerate cavities, such as
confocal or hemiconfocal cavities, in which an infinite
number of transverse modes are simultaneously resonant.

The experimental setup is depicted in Fig. 1. It uses a cw,
frequency doubled, Nd:Yag laser with two coherent out-
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puts, one at 532 nm to pump the parametric crystal, and the
second at 1064 nm to generate the image that will be
amplified and processed. In order to eliminate the technical
excess noise, the 1064 nm beam is injected into a mode
cleaning cavity. We have studied two different configura-
tions: in the first one the nonlinear crystal is a type I
LiNbO3 crystal, inserted in a confocal cavity. In order to
minimize the threshold of parametric oscillation, the cavity
is doubly resonant on the pump mode and on the degener-
ate signal-idler mode. In the second configuration, shown
in Fig. 1, the parametric crystal is a type II KTP crystal, and
the cavity is triply resonant on the pump mode and on the
signal and idler modes of the same frequencies but or-
thogonal polarizations. In order to make the tuning of the
device to exact triple resonance easier, we have used a
dual-cavity configuration [18,19] in which the pump field
resonates in the cavity closed by the input mirror and the
output face of the crystal, whereas the signal and idler
modes resonate in another cavity, closed by the input
face of the crystal and the output mirror, which can be
independently tuned to resonance. Because the crystal has
planar faces, these cavities cannot be confocal. We have
therefore tuned them to the hemiconfocal configuration (in
which the plane mirror is separated from the output curved
mirror by a distance equal to a quarter of the radius of
curvature of the mirror). In both configurations, the thresh-
old for parametric oscillation using an optimally focused
pump is about 30 mW. The waist of the pump cavity is then
enlarged, so that the pump field can now amplify many
transverse modes of the subharmonic cavity. In order to
ensure the most stable possible operation of the system, the
parametric crystal is temperature stabilized within a mK
and all the different cavities are carefully stabilized using
the Pound-Drever-Hall method.

An input image of desired shape is imaged on the input
crystal face in an imaging transformation conserving both
the amplitude and the phase of the image, and the relative
phase between the pump and the input field is controlled by
a mirror placed on a piezoelectric transducer. The proper-
ties of degenerate cavities in terms of transmission of
images have been studied in [20]: a confocal cavity trans-
mits either the odd or the even part of the input image,
whereas a hemiconfocal cavity transmits only half of the
even (or odd) transverse modes, and mixes the images with
their spatial Fourier transform. The output infrared image
is sent either to a CCD camera that records the image in the
near or the far field, or to a detecting device measuring

quantum fluctuations: in the type I configuration, it mea-
sures the fluctuations of the total intensity of the amplified
image. In the type II configuration, a polarizing beam
splitter separates the signal and idler polarizations’ direc-
tions and allows us to measure independently the intensity
fluctuations of the two polarization components of the
amplified image. The photodetectors are InGaAs photo-
diodes with matched quantum efficiencies around 95%.
These two detecting devices (CCD and photodetectors)
allow for different characterization of the system: the
CCD is here to control the imaging properties of the cavity,
at low analysis frequency and in the classical regime.
However, because of classical noise at these frequencies,
the nonclassical character of these images is analyzed
through high speed photodetectors at a few megahertz
analysis frequency. These detectors do not resolve spatially
the image but detect the entire incoming field, and thus
both detecting schemes are necessary simultaneously.

Let us first briefly recall some properties of degenerate
parametric amplification. In the type I configuration, the
parametric amplifier is phase sensitive (PSA) and trans-
forms an input coherent (or vacuum state) into a squeezed
state. In the ideal lossless case, the signal-to-noise ratio is
preserved in the amplification process. The noise factor F
of the system, defined as the input signal-to-noise ratio
divided by the output signal-to-noise ratio, is equal to 1,
and the amplification is said to be ‘‘noiseless’’ [7].
Furthermore, if one takes into account the quantum effi-
ciency of the detector this process can increase the overall
signal-to-noise ratio [21]. In the type II configuration, the
amplifier is a usual phase insensitive amplifier (PIA) if the
input field is injected with the polarization of the signal or
idler mode, and, as expected for a regular amplifier, the
noise factor tends to 2 for high gains. The amplifier is phase
sensitive and noiseless if the input field is injected with a
polarization at 45� of the signal and idler mode polar-
izations. In the latter case, the system generates squeezed
states in the output modes at 45� of the signal and idler
polarizations, and also ‘‘quantum clones’’ [8], or EPR
correlated beams on the signal and idler polarizations.

All these properties hold for single pass amplification
and also for intracavity amplification with a single cou-
pling mirror used both for input and output [22,23]. In the
more practical scheme in which the input and output
mirrors of the optical cavity are different, they are some-
how modified because of the admixture of a new source of
incoming vacuum fluctuations at the output mirror. In order
to optimize the system for maximum squeezing and quan-
tum correlations on the output beams, we have chosen the
transmission of the input mirror to be very small compared
to the transmission of the output mirror. This situation is
not optimum for amplification as the input beam suffers
significant insertion losses when it enters the cavity. The
quantum character of the amplification process will then be
assessed by comparing its experimental performances to a
theoretical model taking into account such insertion losses.
In this respect the most convenient parameter characteriz-

FIG. 1 (color online). Experimental setup.
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ing the amplifying device is its ‘‘on-off’’ noise factor Foo,
defined as the relative variation of the signal-to-noise ratio
measured at the output when the amplifier pump field
varies from its actual value (ampli ‘‘on’’) to zero (ampli
‘‘off’’), which has been also measured in several other
experiments [9,10]. Let us note that Foo may be smaller
than 1, meaning that the amplification process may im-
prove a signal-to-noise ratio that has beforehand been
degraded by the losses.

In the first configuration using a type I crystal, the input
image was a strongly mismatched TEM00 mode, with a
waist larger than the one of the eigenmode of the optical
parametric amplifier (OPA) cavity. We observed gains in
the PSA configuration of the order of 4. The signal to be
amplified consists of a small modulation at 5 MHz of the
total image intensity, and the noise is measured at the
frequency of the modulation. It is then possible to deter-
mine the on-off noise factor Foo defined above, and also to
measure the ‘‘on-off gain’’ Goo defined in the same way.
One then gets experimental points of coordinates
�Goo; Foo� which are plotted in Fig. 2. The same figure
contains two theoretical curves: the upper one gives the
variation of Foo versus Goo for a regular, phase insensitive,
parametric amplifier, and the lower one gives Foo for a
phase sensitive, noiseless amplifier. Both curves have been
calculated for the same experimental values of the input
and output mirrors’ transmission factors. One observes that
the measured values of Foo lie well below the PIA theo-
retical curve. This shows that the amplifier adds much less
noise than a phase sensitive amplifier with the same losses,
which is evidence that the device indeed operates in the
quantum regime of noiseless amplification.

In the experiment with the type II crystal, we used
different shapes of the input image: vertical slits or hori-
zontal slits of different sizes as shown in Fig. 3, and
unmatched TEM00 modes. The noise and the signal were
measured on the sum of the high frequency channels of the
signal and idler polarization photocurrents. The experi-
mental results for the on-off noise factor are represented
in Fig. 3. One observes again that the measured noise
factors are very close to the PSA theoretical curve and
well below the PIA theoretical curve: the system operates
indeed in the regime of noiseless amplification.

In both experiments, one observes that the experimental
values ofFoo (on which we did not make any postselection)
vary significantly, and differ from the theory. This effect is
not due to parameters we did not take into account in the
theory, but to the varying quality of the locking, which is
critical because of the strong thermal effects taking place
inside the crystal. However, all our experimental data lie
well inside the area corresponding to the quantum regime
of image amplification. The type II experimental setup
turned out to be less sensitive to temperature fluctuations
than the type I experiment. This enabled us to study in
more detail the quantum properties of the type II OPA. We
measured the quantum fluctuations of the total intensity of
the images at the output of the cavity, in either the ampli-
fication or the deamplification regime, with a digital ac-
quisition system described in [24].

When the phase of the input image was stabilized on a
value leading to image amplification (upper curve on
Fig. 4), we observed that the noise on the difference
between the total intensities of the signal and idler ampli-
fied images at a frequency of 5 MHz was well below the
shot noise level, showing that the system generated quan-
tum correlated ‘‘twin images.’’ The observed reduction
factor was 30% with respect to the shot noise level, roughly

FIG. 2 (color online). Results in the confocal OPA. Dots:
experimental values of on-off noise factor in function of the
on-off gain. Full lines: theoretical values in the PIA and PSA
cases. Dotted lines: uncertainty in the determination of the
parameters used in the theory.

FIG. 3 (color online). Results in the hemiconfocal OPA. Same
curves as Fig. 2. The images above are typical images used in our
amplification experiments.
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independent of the shape of the input images, and in fair
agreement with theory (predicting a quantum noise reduc-
tion of 45%). Our setup thus operates as a ‘‘quantum
cloning amplifier’’ of images [25], an extension of the
‘‘quantum cloning amplifier’’ of simple TEM00 beams
demonstrated in [8].

When the phase of the input image was stabilized on a
value leading to image deamplification (lower curve on
Fig. 4), we observed that the noise on the sum of the total
intensities of the signal and idler deamplified images was
also well below the shot noise level, showing that the
system generated in this case an intensity-squeezed image
on the polarization at 45 from the signal and idler polar-
izations. Again, the observed reduction factor was 30%
below shot noise. To the best of our knowledge, this is the
first experimental evidence of generation of a nonclassical
image of complex shape. This shows that we are able to
tailor the total quantum fluctuations of a light beam of any
shape resonating in the cavity, a feature that can be very
useful in multipixel processing [3].

In conclusion, we have experimentally demonstrated in
this Letter significant quantum effects in cw amplification
of images of different shapes, namely, the generation of
quantum intensity correlated images, or of amplitude
squeezed images. Our image amplifier, though affected
by strong insertion losses, was shown to operate in the
noiseless regime. If one actually wants to use such a noise-
less device in practical applications, it is, however, neces-
sary to modify the setup, optimized for squeezing and not
for noiseless amplification. This can be achieved in prin-
ciple by using an impedance matched cavity for which
there is no reflected beam at the input mirror of the cavity.
Calculations show that in our present experimental con-
figuration, an OPA with a ratio between the input coupler
transmission and output coupler transmission of 1=4 would
be effectively noiseless for gains comprised between 4 and

10, with cavity thresholds comparable to our setup and
with negligible reflected power from the cavity.

We have also shown that it is possible to modify the
quantum fluctuations of images of various shapes with the
same experimental setup, so that it is in principle possible
to quickly switch from one squeezed image to another.
This is what is needed, for example, in the optical readout
of optical memories below the standard quantum limit [5].
The present setups, however, based on hemiconfocal or
confocal cavities, are so far not able to process nonclassical
images of any shape. We are presently developing a setup
using a self-imaging cavity [26] that will not be hampered
by this restriction. This new device will also enable us to
investigate ‘‘local’’ quantum effects, which have been
predicted for measurements performed not on the total
intensity but on the different pixels of a CCD camera
recording the image [27,28].
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FIG. 4 (color online). Temporal variations of the output signal
power of the optical parametric oscillator in three regimes: when
the relative phase between the signal and the pump is scanned,
and locked in the amplification or deamplification regime. When
locked our amplifier was stable during a few minutes.
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