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Squeezed vacuum from a monolithic
optical parametric oscillator
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We have developed a stable, reliable source of continuous-wave squeezed vacuum at 1064 nm, using a
subthreshold monolithic lithium niobate optical parametric oscillator. Quantum-noise reduction below the
vacuum noise level in a bandwidth of 30 MHz with a maximum of 5.5 6 0.2 dB at 2 MHz is demonstrated.
The reconstruction of the Wigner function of a continuous-wave, strongly squeezed-vacuum state is obtained.
 1995 Optical Society of America
1. INTRODUCTION
Squeezed states of light have been successfully demon-
strated in several different schemes, for both phase and
amplitude quadratures of the electromagnetic field.1

Among these schemes, the optical parametric oscilla-
tor (OPO) operating both below and above threshold
has been verified to be a very good squeezing genera-
tor. In addition to the demonstration of a high degree
of squeezing,2 – 4 these devices have been used in several
applications such as sub-shot-noise interferometry and
spectroscopy, noise reduction in optical amplification, and
back-action-evading measurements.5 – 8 It has also been
suggested that the solution of many challenging problems
in quantum mechanics, such as quantum nondemolition
measurements, noiseless amplification, and Schrödinger
cats, can be pursued with OPO’s.9 – 11 For most of these
experiments and proposals, OPO’s with good stability
and low loss are essential.

To realize a compact, stable, low-loss system for the
generation of squeezed states of light, we employ a mono-
lithic resonator. The monolithic resonator is a simple
device that consists of a nonlinear crystal coated on
both faces with reflecting dielectric coatings. Such a de-
sign ensures good mechanical stability and small losses.
Furthermore, because of the short length of the cavity,
the linewidth of such a resonator is broad compared
with those at discrete cavities, which implies a broad
bandwidth in the noise reduction. The performance of
monolithic resonators has been successfully tested for
second-harmonic generation and frequency downconver-
sion and for the generation of nonclassical light such
as twin beams and bright squeezing in second-harmonic
generation.12 – 14

In this paper we combine these techniques to build a
compact continuous-wave source of squeezed vacuum
at 1064 nm. Our research is partially motivated by
the possible application of such a squeezed-light source
in planned gravitational wave interferometers and ul-
trasensitive polarimeters, which will operate at this
wavelength.15,16 In addition to the measurement of
broadband squeezing, we applied the technique of op-
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tical homodyne tomography17,18 to reconstruct, for the
first time to our knowledge, the Wigner function of a
strongly squeezed state in the continuous-wave regime.

The paper is organized as follows. In Section 2 we de-
scribe the experimental setup and characterize the OPO.
In Section 3 we present the measurements of squeezing
and the reconstruction of the Wigner function. Conclu-
sions and future prospects are given in Section 4.

2. EXPERIMENTAL SETUP AND
CHARACTERIZATION OF THE OPO
A general overview of the experimental setup is shown
in Fig. 1. A frequency-doubled diode-pumped Nd:YAG
laser (Lightwave Electronics Model 122) pumps a mono-
lithic degenerate type-I OPO whose output is analyzed in
a balanced homodyne detector.

The OPO is a 7.5-mm-long standing-wave resonator
consisting of a LiNbO3 crystal doped with 5% MgO. The
end faces of the crystal are polished spherically, with
10-mm radii of curvature. One end of the crystal is
coated with a high reflector at both 1064 and 532 nm;
the other side is the output coupler with transmission
T ­ 2.1% at 1064 nm and high transmission at 532 nm.
With this configuration, the nonresonant pump double
passes the resonator to enhance the nonlinear coupling,
so that the threshold is reduced. The faces perpendicular
to the crystal c axis are coated with gold for electro-optic
modulation. The resonator is embedded in an aluminum
oven whose temperature is actively controlled to a few
millikelvins. The measured finesse of the OPO is 265,
which, considering the free spectral range of 9 GHz, gives
a linewidth of 2G ­ 34 MHz (FWHM).

Crucial for the suitability of a resonator for the gen-
eration of strong squeezing is its escape efficiency r ­
TysT 1 Ad, where T is the transmission of the output
coupler and A is the total internal round-trip loss of
the resonator. The value of r is equal to the maximum
achievable degree of squeezing. For a monolithic reso-
nator, it is not easy to measure the propagation losses
A and the output coupler transmission T separately. A
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Fig. 1. Experimental scheme for the generation of squeezed vac-
uum with a monolithic LiNbO3 resonator. AOM, acousto-optic
modulator; SHG, second-harmonic generator; LO, local oscillator;
piezo, piezoelectric mirror actuator.

direct way to determine the escape efficiency consists of
measuring the conversion efficiencies for resonant second-
harmonic generation or for parametric downconversion.
For both processes the maximum conversion efficiency is
equal to r. In previous experiments we measured maxi-
mum conversion efficiencies of 82% and 84% for frequency
doubling and downconversion, respectively, at pump pow-
ers near 110 mW.13,19 Correcting these values for the im-
perfect mode-matching results in an escape efficiency r of
88%. Assuming perfect detection efficiency, the best de-
gree of squeezing possible with this resonator is 9.5 dB.

A basic requirement for our system is temporal stabil-
ity of the squeezing. This condition can be achieved by
active stabilization, whereby the laser frequency is locked
to the OPO cavity resonance and the frequency-doubling
cavity is locked to the laser frequency. For the stabi-
lization of the laser frequency a probe beam at 1064 nm
is frequency shifted by 180 MHz with an acousto-optic
modulator and is injected through the high-reflector end
of the monolithic standing-wave cavity into a higher-order
transverse mode, such that the laser frequency (the sub-
harmonic of the OPO’s pump frequency) coincides with the
resonator’s TEM00 mode. Thus degenerate operation of
the OPO is ensured. An error signal for the feedback
to the laser is generated by a modified Pound–Drever
technique,20 in which the OPO crystal is modulated at
14.5 MHz, and the ensuing amplitude modulation of the
probe wave is measured in reflection by a rf photodetec-
tor (see Fig. 1).

In fact, the high frequency stability of the laser and
the OPO and the large OPO linewidth allow us to keep
the laser frequency in resonance manually for several
minutes. Most measurements shown here were there-
fore done without active stabilization of the laser.

The frequency-doubling cavity is independently locked
to the laser frequency with a similarly generated error
signal controlling the cavity length by means of a piezo-
electric mirror actuator.

The squeezed vacuum at the output of the OPO is com-
bined with a strong local oscillator in a balanced homo-
dyne detector.21 As photodetectors we used passivated
Epitaxx ETX500 InGaAs photodiodes with the covers re-
moved. We measured the quantum efficiency to be 97%,
using a Laser Instrumentation thermopile for calibration.
The local oscillator is split off from the laser source and is
filtered by a high-finesse cavity to reduce the excess am-
plitude noise of the diode-pumped Nd:YAG laser at fre-
quencies of a few megahertz. The filter cavity is 50 cm
long, with a bandwidth of 140 kHz. Figure 2 shows the
spectral densities C6 of the photocurrents i6 from the
plus and the minus junctions of the homodyne detector
for the beams before and after the filter cavity. A com-
parison of the traces shows that the excess noise of the
laser is strongly suppressed by the filter cavity, so that
the local oscillator is shot-noise limited at frequencies
$ 1 MHz. The suppression of a strong coherent modu-
lation applied to the local oscillator is better than 20 dB.
The shot-noise level, determined by comparison of C1 and
C2 when the open port of the beam splitter has vacuum
input, is accurate to 0.3 dB for a wide range of frequen-
cies. When the balancing of power in the two detectors
is optimized for a particular frequency, the accuracy is
of the order of 0.2 dB. With a local oscillator power of
2 mW the shot-noise level is 14 dB above the electronic
noise level of the detectors at lower frequencies and 5 dB
for frequencies above 24 MHz.

The alignment as well as the mode matching of the
pump into the OPO were optimized by operation of the
OPO above threshold, as described in Ref. 19. Further
optimization of the pump alignment and the OPO tem-
perature was done by measurement of the parametric am-
plification of a small signal at 1064 nm injected into the
high-reflector port of the cavity. With pump powers near
the threshold power of 28 mW, parametric gain as high
as 170 was observed.

Fig. 2. Spectral density of the amplitude noise of the diode-
pumped Nd:YAG laser as a function of frequency. Shown are
C1 before the filter cavity (top, dashed trace) and C1 after the
filter cavity (middle, solid trace). The bottom trace shows C2

for both cases. The peak at 500 kHz is due to the relaxation
oscillation of the laser. The second peak at 600 kHz in the trace
of C1 after the filter cavity is the frequency modulation used for
locking the cavity. The resolution bandwidth was 10 kHz.
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3. MEASUREMENTS OF SQUEEZING

A. Squeezing Spectrum
The squeezed vacuum from the OPO is detected by a
measurement of the photocurrent fluctuations i2 from the
balanced homodyne detector. The resulting current is
sent to a spectrum analyzer, where the spectral density
C2 is recorded. The maximum noise enhancement S1

(antisqueezing) and reduction S2 (squeezing) correspond
to the fluctuations of the quadrature components x̂ ­
sâ 1 âyd and p̂ ­ sâ 2 âydyi of the electric-field operator
Ê. For a pump power P and an analysis frequency V,
the spectra are given by2,22

S6sV, P d ­ 6
4
p

PyPth

sVyGd2 1 s1 7
p

PyPth d2
, (1)

where G ­ 17 MHz is the cavity linewidth (HWHM) and
Pth ­ 28 mW is the threshold power of the OPO. The
measured spectral densities of the photocurrents are re-
lated to the spectra by

C6sV, P d ­ C0f1 1 jrS6sV, P dg , (2)

where C0 is the spectral density for a vacuum-state input,
r is the escape efficiency of the resonator, and j is the de-
tection efficiency; the last includes propagation losses af-
ter the OPO, homodyne efficiency, and detector quantum
efficiency.

Because we used broadband detectors that were cali-
brated between 1 and 30 MHz, we were able to record
the whole spectrum of squeezing and antisqueezing by
keeping the phase of the local oscillator constant at ei-
ther minimum or maximum noise level. After subtract-
ing the electronic noise and normalizing the squeezing
and the antisqueezing to the shot-noise level, we obtained
the traces shown in Fig. 3. The observation of squeez-
ing at still higher frequencies was limited only by the
bandwidth of the photodetectors employed in our detec-
tion scheme. The theoretical spectra are in good agree-
ment with the experimental data, as shown by the curves
presented in Fig. 3, where we used the total efficiency dj

and PyPth as fit parameters.
The measurement of squeezing at a fixed frequency

V ­ 2 MHz is shown in Fig. 4, where trace (i) is the
squeezing as a function of the local oscillator phase,
trace (ii) is the shot noise, and trace (iii) is the squeez-
ing when the phase of the local oscillator is fixed man-
ually at the minimum noise level. By averaging the
noise of trace (iii), we determine the squeezing level
to be 5.5 6 0.2 dB below the vacuum noise level. For
the measurement shown, the pump power was approxi-
mately 3y4 the threshold power. Further increasing the
pump power led to a higher gain, but additional noise
degraded the squeezing. We believe that this effect is
due to pump fluctuations, inasmuch as the pump was
not shot-noise limited at 2 MHz. From measurements at
lower pump powers we find the total efficiency of detec-
tion j ­ 92%, which agrees within 2% with the following
measured individual efficiencies: 98.5% homodyne, 98%
propagation after the OPO, and 97% detector quantum ef-
ficiency. Once we corrected for these values, the inferred
squeezing amounted to 7.9 dB outside the resonator.
B. Squeezing Ellipse and Wigner Function
The usual way to represent a squeezed state of the
electromagnetic field in the phase space defined by its
quadrature components x and p is a depiction of an
uncertainty region with the shape of an ellipse. The
principal axes of this ellipse correspond to the standard
deviation of the fluctuations in the (possibly rotated)
squeezed and the antisqueezed quadrature components.
The ellipse represents a contour of the Wigner function
W sx, pd of that state.

The Wigner function is a quasi-probability distribu-
tion in phase space, differing from a classical distribu-
tion mainly by the fact that it may be negative and
by the fact that it cannot be measured directly, inas-
much as it is a joint distribution of the eigenvalues of
two noncommuting observables.23 What is measurable,
though, for any pair of rotated quadrature components
x̂u ­ x̂ cossud 1 p̂ sinsud, p̂u ­ 2x̂ sinsud 1 p̂ cossud, are
the marginal distributions Pusxud ­

R`

2` W fxu cossud 2

Fig. 3. Spectral density C2 as a function of the analysis fre-
quency V, with trace (i) being the antisqueezing spectrum and
trace (ii) the squeezing spectrum. The theoretical expectations
are denoted by the solid curves superimposed upon traces (i) and
(ii). The peak at 14.5 MHz and its harmonic at 29 MHz come
from the modulation of the doubling cavity used for locking. The
resolution bandwidth was 100 kHz; the video bandwidth, 100 Hz.

Fig. 4. Squeezed vacuum from the monolithic OPO. In trace
(i) the phase of the local oscillator is being scanned; in trace
(iii) the phase is fixed manually for minimum noise. One ob-
tains the shot-noise level by averaging trace (ii). The resolution
bandwidth was 100 kHz; the video bandwidth, 1 kHz.
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Fig. 5. (a) Standard deviations of the electric-field amplitudes of
a squeezed-vacuum state in phase space. The circle represents
the unsqueezed vacuum state. (b) The same data transformed
into a squeezing ellipse. The points correspond to measured
values corrected for total efficiency, and the curves represent the
theoretical expectations.

pu sinsud, xu sinsud 1 pu cossudgdpu .17 These marginal
distributions are classical probability distributions. For
the case of a squeezed state, they are Gaussian. The re-
cently established technique of optical homodyne tomog-
raphy permits the reconstruction of the Wigner function
from these marginal distributions by use of the inverse
Radon transform.17,18 Because the Wigner function is
related to the density matrix through a Fourier trans-
form, it is possible to determine completely the quantum-
mechanical state of a system.

In the following discussion, we first show how to visu-
alize the uncertainty region of the quantum-mechanical
state of the light field in our experiment based on a mea-
surement of the variances, and then we describe the re-
construction of its entire Wigner function.

The square roots of the experimental values of the
variances (measured as in Fig. 4) correspond, when
corrected for escape and detection efficiency and the
electronic noise floor, to the standard deviation of the
electric-field operator Ê in phase space as a function of
the phase angle u. Its equation is given by DÊsud ­
fsDx̂d2 cos2sud 1 sDp̂d2 sin2sudg1/2, which is the equation
of a lemniscate. The phase-space representation of our
experimental data is shown in Fig. 5(a). The circle rep-
resents the unsqueezed vacuum state. The principal
axes of the lemniscate, a ­ Dx̂ and b ­ Dp̂, correspond
to maximum noise suppression or enhancement in the
respective quadrature component.
The variances of the E field can be thought of as be-
ing projections of the uncertainty region in phase space
onto the direction of observation determined by the phase
angle u. Geometrically, this means that the E-field vari-
ances form the pedal curve of the uncertainty region.24

Therefore the uncertainty region and thus the contour of
the Wigner function are calculated with the transforma-
tion

frsudcossud, rsudsinsudg )

"
a2

rsud
cossud,

b2

rsud
sinsud

#
.

(3)

The result for a 4-dB squeezed-vacuum state is shown
in Fig. 5(b). The area of the ellipse and the circle are
approximately equal, as is expected for a minimum un-
certainty state.

Although this transformation of the values of the vari-
ances to the contour of the Wigner function is correct for
a minimum uncertainty state, it is not correct for arbi-
trary states of the light field. The information contained
in the variances is in general not sufficient to infer the
geometrical shape of the uncertainty region.

We gain more information about the state of the light
field by recording not just the variance but rather the
whole distribution Pusxud of the electric-field fluctuations.

Fig. 6. (a) Noise of the photocurrent i2 of the squeezed vacuum
from the OPO at 2 MHz as a function of the local oscillator
phase. The detection bandwidth is 100 kHz. (b) Distributions
of the photocurrent fluctuations for maximum squeezing, shot
noise, and maximum antisqueezing. The curves are fits of
Gaussian distributions. The inset shows the distributions for
eleven different phase angles from 0 to p.
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Fig. 7. (a) Reconstruction of the Wigner function for the squeezed vacuum. (b) Contour plot of the Wigner function. The ellipticity
of the contours is slightly smaller than in Fig. 5 because no corrections for the detection efficiency were made.
As mentioned above, this procedure allows us to em-
ploy the method of optical homodyne tomography to de-
termine the Wigner function completely. The inverse
Radon transform corresponds in two dimensions to the
step of backprojecting the variances, carried out above.

For a squeezed-vacuum mode of frequency V relative
to the carrier optical frequency, the Wigner function is
given by

Wsqsx, pd ­ s1y2pdexp

√√√
2

1
2

hf1 1 rS2sVdgx2

1 f1 1 rS1sVdgp2j

!!!
, (4)

where S1 and S2 are defined by Eq. (1). Thus there is
a spectrum of Wigner functions that differ in the ratio of
their half-widths. For our reconstruction we chose the
field mode at V ­ 2 MHz.

Following the procedure described in Ref. 18, we first
obtained the distributions of the electric-field amplitude
at several different phase angles in phase space. The
intermediate-frequency output of the spectrum analyzer
at 2 MHz with a resolution bandwidth of 100 kHz, was
recorded by a Nicolet 400 digitizing oscilloscope, as the
local oscillator phase was slowly scanned. In this way it
is possible to observe the variance of the electric field di-
rectly on the spectrum analyzer while accumulating the
amplitude data. A typical trace of the resulting pho-
tocurrent fluctuations is shown in Fig. 6(a). We divided
this time trace of 161,000 points into 79 sections corre-
sponding to 79 different phase angles. For each phase
angle interval the time-dependent amplitude noise was
sorted into 128 bins. Thus histograms of 128 bins at 79
different phase angles u were created, each having the
shape of a Gaussian [Fig. 6(b)]. These histograms corre-
spond, when normalized, to the Gaussian distributions of
the amplitude noise at different phase angles.

Finally, the collection of histograms was transformed
with the inverse Radon transform. The main part of
the inversion algorithm consists of a convolution of the
measured histogram values with a given filter function
(filtered backprojection). A quadratic regularization was
used to approximate this filter function. The Wigner
function and its contour lines are shown in Fig. 7. Note
that no corrections for detection and escape efficiency
were made. For the chosen parameters, the numerical
error of this reconstruction process is estimated to be less
than 2%, which is consistent with a comparison of the ra-
tio of the two half-widths of the Wigner-function sections
at x ­ 0 and p ­ 0 and the directly observed squeezing
and antisqueezing of 5.5 and 11 dB for this measurement.

4. CONCLUSIONS
In conclusion, we have used a monolithic continuous-wave
OPO pumped below threshold to generate squeezed vac-
uum at 1064 nm. With this device 5.5 dB of squeezing
was observed at a frequency of 2 MHz, and the whole
squeezing spectrum from 2 to 30 MHz was recorded.
Furthermore, the Wigner function of the squeezed-
vacuum state was reconstructed. With the same device
we have generated a beam of bright squeezed light by
the process of parametric deamplification. 4-dB noise
reduction in the amplitude noise of a 0.25-mW beam was
achieved.25 The level of detected squeezing was limited
mainly by the finite detection efficiency and the noise of
the pump laser. We plan a further investigation of the
effect of the latter in the future.

The reconstruction of the Wigner function of a squeezed
state represents a first step in a complete experimental
characterization of a squeezed state. Because of the high
degree of squeezing and its good stability, the experimen-
tal determination of the photon statistics and density-
matrix elements in Fock-state representation appears to
be possible.26

We believe that, beyond the demonstration of the per-
formance of monolithic resonators as very stable, com-
pact squeezing sources with a high degree of squeezing,
they can be useful in several applications of squeezed
light. The broad bandwidth makes it suitable for spec-
troscopic investigations, and its simplicity should make
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proposed experiments that require more than one source
of squeezed light more accessible.
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