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We report on the experimental demonstration of strong quadrature Einstein-Podolsky-Rosen entanglement
and squeezing at very low noise sideband frequencies produced by a single type-II, self-phase-locked, fre-
quency degenerate optical parametric oscillator below threshold. The generated two-mode squeezed vacuum
state is preserved for noise frequencies as low as 50 kHz. Designing simple setups able to generate nonclassical
states of light in the kHz regime is a key challenge for high sensitivity detection of ultraweak physical effects
such as gravitational wave or small beam displacement.

DOI: 10.1103/PhysRevA.70.042315 PACS number(s): 03.67.Mn, 04.80.Nn, 42.50.Dv, 42.50.Lc

Since the pioneering work of Caves[1], which showed
that it is possible to improve the sensitivity of interferometric
measurements by the use of squeezed light, and its experi-
mental demonstrations[2], various protocols involving
squeezed light have been discussed in order to beat the stan-
dard quantum limit in gravitational wave detectors[3]. As
next generations of gravitational wave detectors will be de-
signed to be shot noise limited in the acoustic band from
10 Hz to 10 kHz, such techniques appear as quite promis-
ing ways to improve their sensitivity. Recently, a squeezing-
enhanced power-recycled Michelson interferometer has been
experimentally demonstrated and signal-to-noise ratio im-
provement obtained[4]. However, the injected squeezing
bandwidth lies around 5 MHz and not in the frequency band
of gravitational waves. A source of low-frequency squeezing
is thus a key point for the implementation of future
squeezed-input interferometers.

More generally, many high sensitivity measurements per-
formed at low modulation frequency can benefit from such a
device. In [5], a “quantum laser pointer” has been experi-
mentally demonstrated and an improvement of modulated
small displacement measurements in two orthogonal direc-
tions in the transverse plane has been reported. Improved
beam positioning sensitivity below the shot-noise limit is
obtained at the frequency where squeezing is available, a few
MHz in the case of this experiment. Two sources of low-
frequency squeezing are needed to apply this promising dis-
placement measurement technique to actual instruments
where frequency modulation is generally low. This could be
applied, for instance, to AFM microscopy in the tapping
mode where the cantilever oscillates at its resonant frequency
which is typically a few hundreds of kHz. Such a squeezing
source should also improve the thermo-optical spectroscopy
technique called the “mirage effect”[6], which enables the
measurement of very weak absorption: a thermo-optical
modulation on a sample induces a periodic refractive index
gradient and results in a low-frequency modulated probe
beam deflection.

Broadband and low-frequency squeezing is also very use-
ful even if the information is not carried by a single fre-
quency modulation. When a beam is detected during a finite
time, the signal-to-noise ratio depends on the noise in an
extended range of sideband frequencies. Broadband squeez-
ing with a cutoff frequency as low as possible is thus re-
quired. A great number of measurements can be improved in
that way, for instance the detection of weak pulsed signals or
the reduction of the bit error rate in the readout of digitized
optical information.

In [7], quantum noise reduction on the intensity difference
of twin beams has been observed down to 90 kHz. However,
only two experiments to date have demonstrated continuous-
wave squeezing at low frequencies. Both experiments are
based on an optical noise cancellation scheme where sources
of squeezing are inserted within a Mach-Zehnder interferom-
eter: squeezing has been obtained around 220 kHz with a
pair of independent optical parametric amplifiers(OPA) [8]
and very recently around 100 kHz with a single OPA[9].
This frequency range is rather unusual in the experimental
quantum optics field where nonclassical properties are gen-
erally observed in the MHz range due to the presence of
large classical noise at lower frequencies. In this paper, we
report on what is to our knowledge the first experimental
demonstration of very-low-frequency continuous-wave
squeezing without the need of an optical noise cancellation
scheme. Broadband vacuum squeezing is observed for fre-
quencies down to 50 kHz. Furthermore, our setup generates
not only single-mode squeezing but also Einstein-Podolsky-
Rosen (EPR) entanglement, which is a basic requisite in
quantum information protocols such as teleportation, dense-
coding, or optical-atomic interfacing[10].

Our setup relies on a frequency degenerate type-II phase-
matched optical parametric oscillator(OPO) below thresh-
old, in which a quarter-wave plate inserted in the cavity adds
a linear coupling between the signal and idler fields. In this
paper, we focus on the case where the plate is rotated by a
very small angle(smaller than 0.02°) relative to the principal
axis of the nonlinear crystal. In such a configuration, the
signal and idler modes are entangled: they show quantum
correlations and anticorrelations on orthogonal quadratures*Electronic address: coudreau@spectro.jussieu.fr
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for noise frequencies inside the bandwidth of the cavity. This
nonclassical behavior exists also without the plate. However,
the linear coupling—even for a plate rotated by a very small
angle—facilitates the finding of experimental parameters for
which entanglement is observed. When our setup is operated
above threshold, frequency degenerate operation is obtained
in a small locking zone and not only for a precise value of
experimental parameters[11], which corresponds also to the
required parameters below threshold. When this zone is
found, the OPO can be operated below threshold and the
entanglement is maximized by fine tuning of the crystal tem-
perature. Furthermore, the degenerate operation with bright
beams opens the possibility to match the homodyne detec-
tion without infrared injection of the OPO. In prior experi-
ments with KTP crystals and green pump, the pairing of
crystals in order to compensate walk-off[2] or usinga-cut
KTP for noncritical phase matching and frequency-doubled
Nd:YAP laser [12] was necessary to generate entangled
states of light.

Instead of directly measuring the quantum correlations
and anticorrelations of the signal and idler fields,A1 andA2,
we characterize the noise of the superposition modes ori-
ented ±45° from the axes of the crystal,

A+ =
A1 + A2

Î2,
A− =

A1 − A2

Î2
.

These two modes have squeezed fluctuations due to the cor-
relations and anticorrelations between signal and idler fields.
The amount of entanglement between signal and idler can be
inferred from the amount of squeezing available on these
superposition modes. We have developed in[13] a theoreti-
cal study of this original device named “self-phase-locked
OPO” in the above-threshold regime. Below threshold, the-
oretical and experimental behavior for various birefringent
plate angles will be reported on in a forthcoming paper[14].

The experimental setup is shown in Fig. 1. A continuous-
wave frequency-doubled Nd:YAG laser(“Diabolo” without
option “noise eater,” Innolight GmbH) pumps a triply reso-
nant type-II phase-matched OPO, made of a semimonolithic
linear cavity: in order to increase the mechanical stability
and reduce the reflection losses, the input flat mirror is di-
rectly coated on one face of the 10-mm-long KTP crystal
(u=90°, w=23.5°, Raicol Crystals Ltd.). The reflectivities
for the input coupler are 95.5% for the pump at 532 nm and
close to 100% for the signal and idler beams at 1064 nm.

The output coupler with a radius of curvature of 38 mm is
highly reflecting for the pump and its transmission is 5% for
the infrared. A birefringent plate—l /4 for the infrared and
almostl for the pump—is inserted inside the cavity. Rota-
tion as small as 0.01° can be obtained thanks to a rotating
mount controlled by a piezoelectric actuator. At exact triple
resonance and for a very small angle of the plate relative to
the axes of the crystal, the oscillation threshold is less than
20 mW, close to the threshold without the plate[15]. The
OPO is actively locked on the pump resonance by the
Pound-Drever-Hall technique: we detect by reflection a
12 MHz modulation and the error signal is sent to a home-
made proportional-integral controller. The OPO can operate
stably during more than one hour without mode-hopping us-
ing a drastic control of the crystal temperature within the mK
range and an optical table isolated from floor vibrations by
pneumatic feet(Newport I-2000).

The 1064 nm laser output is used as a local oscillator for
homodyne detection of the generated state. This beam is spa-
tially filtered and intensity-noise cleaned by a triangular-ring
45-cm-long cavity with a high finesse of 3000, which is
locked on the maximum of transmission by the tilt-locking
technique[16]. The homodyne detection is based on a pair of
balanced high quantum efficiency InGaAs photodiodes(Epi-
taxx ETX300, quantum efficiency: 95%) and the fringe vis-
ibility reaches 0.97. The shot noise level of all measurements
is easily obtained by blocking the output of the OPO. A
half-wave plate inserted at the output of the OPO, just before
the first polarizing beam splitter of the homodyne detection,
enables us to choose the field to characterize signal or idler
modes which are entangled, or the ±45° rotated modes which
are squeezed. The homodyne detection can be locked on the
squeezed quadrature during more than an hour using a stan-
dard dither and lock technique. The error signal is extracted
from the demodulated noise at a given frequency after enve-
lope detection.

Figure 2 shows the experimental broadband noise reduc-
tion observed in the ±45° vacuum modes for frequencies
between 300 kHz and 10 MHz. One observes that these two
modes are squeezed well below the standard quantum limit,
except around 1 MHz, where the narrow peak of excess
noise is due to the relaxation oscillation of the laser. One can
note that this excess is less important on the modeA+, which
is sensitive to phase noise of the laser. A noise eater imple-
mented on the Nd:YAG laser should permit us to largely

FIG. 1. Experimental layout. A continuous
frequency-doubled Nd:YAG laser pumps below
threshold a frequency degenerate type-II phase-
matched OPO with a quarter-wave plate inserted
inside the cavity. The generated two-mode state is
characterized by homodyne detection and the dif-
ference of the photocurrents is sent onto a spec-
trum analyzer. PD Lock: FND-100 photodiode
for locking of the OPO. PD Split: split two-
element InGaAs photodiode for tilt-locking of the
filtering cavity.
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reduce this classical excess noise. The degree of entangle-
ment between signal and idler fields can be evaluated by the
inseparability criterion developed by Duanet al. [17] and
Simon [18]: a necessary condition for inseparability is that
the half-sum of the previous squeezed variances falls below
1. This criterion is well verified in the considered frequency
band, as one can observe in Fig. 2. To the best of our knowl-
edge, our setup generates the best EPR entangled beams ever
produced in the continuous variable regime. We have mea-
sured at a given noise frequency of 3.5 MHz(RBW set to
100 kHz and VBW to 300 Hz) a value of the inseparability
criterion equal to 0.33±0.02[14].

Figure 3 sums up the same experimental measurements as
given by Fig. 2 but now for low noise frequencies, between
40 kHz and 150 kHz. Measurements are corrected from the
electronic dark noise, which is at least 4 dB below all traces.
One can see that the ±45° vacuum modes are strongly
squeezed: the noise variances are still reduced by 3 dB
around 100 kHz and reach the shot noise limit for
frequencies below 50 kHz. No significant difference is ob-
served between the two rotated modes. The low limit fre-
quency is well below the ones previously reported. In con-
trast to[8] and[9], the low-frequency squeezing is obtained
with the same efficiency on both rotated modes, showing that
the effect is not due to common mode rejection of excess
noise but to an intrinsic absence of low-frequency noise in
our setup.

We have reported in this paper the demonstration of a
compact source of squeezing from 50 kHz to 10 MHz(still
present above, in the bandwidth of the cavity, but not mea-
sured) with a slight increase of noise in a frequency band of
100 kHz around 1 MHz. This broadband noise reduction is
likely to reduce noise in a pulsed measurement during a time
window of durationT. The noise variances2 of the measure-
ment can be written

s2 =E
0

+`

SsndT2sinc2spnTddn,

whereSsnd is the spectral noise density of the light source.
Let us evaluate the improvement obtained on a measurement
during a window of durationT=1 ms. We model our device
by a shot-noise limited source below 50 kHz(the excess
noise can be reduced to shot noise by a feedback loop) and
squeezed by 3 dB above. In comparison with a shot-noise
limited source at all frequencies, the noise variance is di-
vided by a factor 1.7. This very simple example shows the
great interest of broadband and low-frequency squeezing to
improve a large class of physical measurements.

In summary, we have demonstrated significant broadband
vacuum EPR entanglement and squeezing down to 50 kHz
with a single OPO below threshold and without the need of
optical noise cancellation technique. The degree of entangle-
ment can be improved further by increasing the transmission
escape efficiency of the OPO. Up to now, the attainable low-
est frequency seems only limited by the technical noise of
the laser and locking noise of the different cavities involved
in our setup. The implementation of the intensity noise eater
on the Nd:YAG laser—as is the case for gravitational wave
detectors where lasers are expected to be shot noise limited
around a few tens of Hz—should allow it to reach even
lower frequencies.
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FIG. 3. Normalized noise variances from 40 kHz to 150 kHz
of the ±45° vacuum modes after correction of the electronic noise
and inseparability criterion for signal and idler modes. Squeezing
and entanglement are observed down to 50 kHz. The resolution
bandwidth is set to 3 kHz and the video bandwidth to 10 Hz.

FIG. 2. Normalized noise variances from 300 kHz to 10 MHz
of the ±45° vacuum modes and inseparability criterion for signal
and idler modes defined as the half-sum of the previous squeezed
variances. The resolution bandwidth is set to 100 kHz and the video
bandwidth to 300 Hz.
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