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Using a traveling-wave optical parametric amplifier with two orthogonally oriented type-I BBO crystals

pumped by picosecond pulses, we generate vertically and horizontally polarized squeezed vacuum states

within a broad frequency-angular range. Depending on the phase between these states, fluctuations in one

or another Stokes parameter are suppressed below the shot-noise limit. Because of the large number of

photon pairs produced, no local oscillator is required, and 3 dB squeezing is observed by means of direct

detection.
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Squeezed light is the basic resource for continuous-
variable quantum communication and computation [1].
Nowadays, the techniques of generating squeezed light

are well developed and include �ð3Þ interactions in fibers

[2] and �ð2Þ-based optical parametric amplifiers (OPAs),
seeded [3,4] or not seeded [5], cavity-based [6] or single-
pass [7]. Squeezed light, as a rule, is detected using a local
oscillator or, in the case of bright two-mode squeezing,
also by direct detection. More advanced techniques of
measurement include Wigner-function tomography [8]
and polarization tomography [9,10].

In quantum optics of both discrete and continuous var-
iables, a special role is played by squeezed vacuum state.
It is the state generated at the output of an unseeded
OPA [11]. At low parametric gain, it is known as biphoton
light [12], while at high gain it manifests quadrature
squeezing [11]. For any parametric gain, squeezed vacuum
is nonclassical since it contains only even photon-number
states [13].

In particular, two-mode squeezed vacuum generated at
the output of an unseeded two-mode OPA [14] has such an
important advantage as perfect two-mode squeezing: re-
gardless of the parametric gain, the photon-number differ-
ence for the two modes does not fluctuate. Two-mode
squeezed vacuum generated in a single-pass OPA is espe-
cially interesting: first, because its correlations are not
reduced by the cavity losses and, second, because it has a
rich broadband, i.e., multimode, frequency and angular
spectrum, which can be used for quantum information
protocols in higher-dimensional Hilbert spaces. However,
because of the difficulties in producing and detecting such
states, there are only a few reports on the direct detection of
broadband squeezed vacuum, and all of them show only a
small degree of squeezing [15–18].

In this Letter, we achieve a considerable degree of two-
mode broadband squeezing by combining two coherent
strongly pumped single-pass type-I OPAs, which generate
squeezed vacua in two orthogonal polarization modes. This
creates a squeezed vacuum with the variance of some

Stokes observable suppressed below the shot-noise level,
which is determined by the mean number of photons. The
latter, coinciding with the zeroth Stokes parameter S0,
gives the variance of any Stokes observable for a coherent
beam with the same mean photon number and with any
polarization. This special type of two-mode squeezing is
often termed polarization squeezing [19], and the state can
be called polarization-squeezed vacuum. Note that this
definition of polarization squeezing differs from the more
commonly used one [20,21], where the modulus of some
Stokes observable mean value is put between the variances
of the other two Stokes observables, VarðSiÞ< jhSjij<
VarðSkÞ, i; j; k ¼ 1; 2; 3. This type of polarization squeez-
ing is similar to quadrature squeezing rather than two-
mode squeezing. However, both types of polarization
squeezing are essentially nonclassical.
In our setup (Fig. 1), two 1-mm BBO crystals with the

optic axes oriented in orthogonal (vertical and horizontal)
planes were placed into the beam of a Nd:YAG laser third
harmonic (wavelength �p ¼ 355 nm). The fundamental

and second-harmonic radiation of the laser was eliminated
using a prism and a UV filter. The pump pulse width was
17 ps, the repetition rate 1 kHz, and the mean power up to
120 mW. The pump was focused into the crystals by either
a lens with focal length 100 cm, which resulted in a beam

FIG. 1 (color online). Experimental setup. UVF, UV filter; QP,
quartz plates; PBS, polarizing beam splitter; D1 and D2, detec-
tors.
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waist of 70 �m, or with a telescope, providing a softer
focusing (beam waist about 500 �m). Using a half wave
plate (HWP), we aligned the pump polarization to be at 45�
to the planes of the crystals’ optic axes. The crystals were
aligned for type-I collinear frequency-degenerate phase
matching. After the crystals, the pump radiation was cut
off by two dichroic mirrors, having high reflection for the
pump and 98.5% transmission for down-converted radia-
tion. The detection part of the setup, including a polarizing
beam splitter, a HWP or a quarter wave plate (QWP), and
two detectors, provided a standard Stokes measurement.
With a HWP oriented at 22.5�, the difference of the de-
tectors’ signals corresponded to the second Stokes observ-
able S2, while with a QWP oriented at 45�, the same
measurement provided S3. All surfaces of the optic ele-
ments had a standard broadband antireflection coating. The
angular spectrum of the detected light was restricted by an
aperture to be 0.8�, and the wavelength range was only
restricted by the phase matching and was 130 nm broad,
with the central wavelength 709 nm. The detectors were
Hamamatsu S3883 p-i-n diodes followed by pulsed
charge-sensitive amplifiers [22] based on Amptek A250
and A275 chips, with peaking time 2:77 �s. They had a
quantum efficiency of 90% and electronic noise equivalent
to 180 electrons=pulse rms. At their outputs, they produced
pulses of a given shape, with the duration 8 �s and the
amplitude proportional to the integral number of photons
per light pulse. The phase between the states generated in
the two crystals could be varied by tilting two quartz plates
with thicknesses l1 ¼ 532 �m and l2 ¼ 523 �m, placed
into the pump beam and having the optic axes oriented
vertically.

The output signals of the detectors were measured by
means of an analog-digital card integrating the electronic
pulses over time. The resulting integrals coincided, up to
the amplification factor A, with the photon numbers inci-
dent on the detectors during a light pulse. The amplifica-
tion factors for detectors 1 and 2 were independently
calibrated to be A1 ¼ 9:96� 10�3 nV s=photon and A2 ¼
1:107� 10�2 nV s=photon. The difference between the
detectors’ amplification factors was eliminated numeri-
cally, by multiplying the result of the measurement for
detector 2 by a factor of 0.9–0.92, depending on the align-
ment. As a result, the output signals of the detectors were
balanced to an accuracy of 0.1%. From the data set ob-
tained for 30 000 pulses, mean photon numbers per pulse
were measured, as well as the variances of the photon-
number difference and photon-number sum for the two
detectors. Since the electronic noise was comparable to
the shot-noise level, it had to be subtracted. The shot-noise
level was measured independently, using a shot-noise lim-
ited source [23], and corresponded to a standard deviation
of about 250 photons per pulse. The degree of two-mode
squeezing was characterized by the noise reduction factor
(NRF) [3,15] defined as the ratio of the photon-number
difference variance to the mean photon-number sum,

NRF ¼ VarðN1 � N2Þ
hN1 þ N2i : (1)

The dependence of the detector output signal on the
input pump power P is shown in Fig. 2. The measurement
was made for a 10 nm-wide band selected by means of an
interference filter, and the collection angle of 0.4� selected
by an aperture. With the pump focused tightly (using a lens
with focal length 100 cm), the dependence is strongly
nonlinear [Fig. 2(a)], and by fitting it with the well-known
expression for a single-pass OPA output [11],

N ¼ msinh2�; (2)

with m denoting the number of modes and the parametric

gain scaling as square root of the pump power, � ¼ �
ffiffiffiffi

P
p

,
� and m being the fitting parameters, we estimate the
highest parametric gain achieved in our measurement as
� ¼ 3:4. With soft focusing, by means of a telescope, the
NðPÞ dependence is much less nonlinear [Fig. 2(b)], and
the highest gain achieved is only 0.8. From the gain values
we see that the number of photons per mode ranges be-
tween zero and a hundred; i.e., we are in the regime of
mesoscopic twin beams [24]. At the same time, the largest
total number of photons per pulse is about 4000 for tight
focusing and about 1500 for soft focusing. Without the
interference filter, photon numbers per pulse are about
1 order of magnitude higher.
Figure 3 shows the variances of the second and the third

Stokes operators measured versus the delay introduced by
the two quartz plates between the vertically and horizon-
tally polarized components of the pump beam. The mea-
surement was performed at � � 0:3, with the 80 mW pump
beam softly focused into the crystals. At the phase delay
equal to �, squeezing was obtained in the S2 Stokes
observable, while S3 was antisqueezed. At zero phase
delay, the squeezed Stokes observable was S3. At the
same time, the observable S1 was always antisqueezed.
This behavior is clear from the following simple consid-
erations: the states generated at the outputs of the two
crystals consist of horizontally and vertically polarized
photon pairs, jHHi and jVVi. Because of quantum inter-
ference, they become orthogonally polarized pairs. In par-
ticular, the sum jHHi þ jVVi gives two pairs of right- and
left-circularly polarized photons, jRLi, while the differ-

FIG. 2 (color online). Dependence of the OPA output on the
pump power for the beam waist 70 �m (a) and 500 �m (b).
Solid lines show a fit with Eq. (2),m ¼ 34 (a) andm ¼ 1400 (b).
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ence, jHHi � jVVi, gives two pairs of diagonally and
antidiagonally polarized photons, jADi. Therefore, the �
phase delay between the squeezed vacuum fields generated
in the two crystals will lead to a state with suppressed
fluctuations in the second Stokes operator, while for the
case of the zero phase delay, the state will be squeezed in
the third Stokes operator. Note that the mean values of all
Stokes observables hSii; i ¼ 1; 2; 3 are equal to zero; the
state is unpolarized in the ‘‘classical optics’’ sense but
polarized in second- and higher-order moments. Indeed,
rotation of the HWP or QWP in our measurement setup
caused less than 7% variation of the mean signals in both
detectors. It is known that mixed states typically can have
this property. But there are also pure states with all hSii ¼
0, e.g., when each of the two polarization modes is in a
single-photon state, or the case presented here. This prop-
erty is called ‘‘hidden polarization’’ [19,20,25] and led to
the introduction of various definitions for the degree of
polarization [20,26].

A rigorous calculation can be made in the framework of
the Heisenberg approach. Denoting the photon creation
operators in the horizontal and vertical polarization modes

as ayh and ayv, we can write the OPA Hamiltonian as the

sum of the Hamiltonians for the two crystals,

Ĥ ¼ G½ðayh Þ2 þ ei�ðayvÞ2� þ H:c:; (3)

where G is proportional to the pump field amplitude and�
is the phase delay introduced between the vertical and
horizontal pump components. Then the Hamiltonian (3)
can be expressed via photon creation operators in orthogo-
nal elliptically polarized modes with the axes of the ellip-

ses oriented at �45
�
, ay� � 1=

ffiffiffi

2
p ðayh þ iei�=2ayvÞ and

by� � 1=
ffiffiffi

2
p ðayh � iei�=2ayvÞ [27]:

Ĥ ¼ 2Gay�b
y
� þ H:c: (4)

From the form of the Hamiltonian it is clear that the
output state has perfectly correlated fluctuations in modes
corresponding to the operators a�; b�. The mean values

and variances of all Stokes operators can be calculated
using the Bogoliubov transformations following from the
Hamiltonian (4):

a� ¼ Ua0� þ Vby0�; b� ¼ Ub0� þ Vay0�; (5)

where U ¼ cosh� and V ¼ sinh�, � is dimensionless gain
proportional to G, and a0�; b0� are the input (vacuum)

photon annihilation operators. Losses in the optical ele-
ments and nonunity quantum efficiencies of the detectors
can be taken into account in the usual way, by introducing a
beam splitter in front of each detector, with the amplitude
transmission coefficient

ffiffiffiffi

�
p

and the amplitude reflection

coefficient
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �
p

.

Variances of the Stokes operators Ŝ2 � ayhav þ ayvah
and Ŝ3 � �iðayhav � ayvahÞ are found by passing to

a�; b� operators, then applying transformations (5), and

then averaging the second-order moments over the vacuum
state. The result, with an account for losses �, is

VarðS2Þ
2�V2

¼ ð1� �Þsin2 �
2
þ ð2�U2 þ 1� �Þcos2 �

2
;

VarðS3Þ
2�V2

¼ ð1� �Þcos2 �
2
þ ð2�U2 þ 1� �Þsin2 �

2
:

(6)

Since the total number of registered photons is hS0i ¼
2�V2, the left-hand sides of Eqs. (6), according to Eq. (1),

give the NRF values for the Ŝ2 and Ŝ3 Stokes operators. In
the low-gain limit (as is the case for the above-described
measurement), U � 1, and Eqs. (6) become

NRF ðS2Þ ¼ 1þ�cos�; NRFðS3Þ ¼ 1��cos�: (7)

Equations (7) were used to fit the data shown in Fig. 3,
taking into account the approximate relation between the
tilt angle of the plates � and the phase � ¼ �0 þ 2�ðl1 þ
l2Þðno � neÞ½�p cosfarcsinð2 sin�=ðno þ neÞÞg��1, where

no;e are the ordinary and extraordinary refractive indices

of quartz. The only fitting parameters being the efficiency
� and the initial phase delay �0, the theoretical depen-
dence is in a good agreement with the experimental data.
The resulting quantum efficiency is found to be � ¼ 0:45,
which is considerably less than we expected from the
values of the detectors’ quantum efficiencies and the opti-
cal losses (about 7%).
However, in our experimental scheme there is one more

source of losses. Because the nonlinear crystals are placed
in series in the pump beam, squeezed vacuum generated in
the first crystal has to pass through the second crystal. As it
was shown in Ref. [28] for the case of two-photon light, the
desired state is only produced in the central part of the
frequency-angular spectrum. The state produced at the
‘‘slopes,’’ due to the group-velocity dispersion and optical
anisotropy, is a different one. In our case the angular
bandwidth is restricted by the aperture, but the frequency
spectrum contains the whole band allowed by phase match-
ing. If the crystals are aligned to produce, for instance,

FIG. 3 (color online). NRF in S2 (squares, solid line) and S3
(circles, dashed line) depending on the quartz plates tilt.
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S2-squeezed state at the central wavelength (709 nm), the
state at the slopes will be S3 squeezed and antisqueezed in
S2. According to our numerical calculation, the fraction of
the ‘‘correct’’ state for the case of degenerate phase match-
ing is 0.71. This explains the low degree of noise suppres-
sion in our experiment. The effect of group-velocity
dispersion in the second crystal reduces the degree of
squeezing even more drastically in the case of nondegen-
erate phase matching. For instance, for phase matching at
650 and 780 nm, numerical calculation shows that the
fraction of the squeezed state in the bandwidth is only
0.52. To test this in the experiment, we measured the S2
variance for two cases: the crystals aligned for degenerate
phase matching and the crystals aligned for phase match-
ing at wavelengths 650 and 780 nm (Fig. 4). While in the
first case the NRF falls below 0.5, in the second one its
minimal value is 0.75. Note that the interference phase is
also changed in the degenerate regime, because of the tilt
of the crystals.

We stress that this effect is not inevitable and is only
present in configurations where two crystals are placed one
after another. A setup with a Mach-Zehnder interferometer
[27,29], for instance, is free from this drawback.

In conclusion, we report on a source of broadband twin
beams (squeezed vacuum) covering the wavelength range
from 650 to 780 nm and the angular range up to 0.8�. The
source is a mesoscopic one, providing a number of photons
per mode of up to 100. Because of its highly multimode
character, the resulting number of photons per pulse is up
to 5� 105. Polarization properties of the produced state
reveal ‘‘hidden polarization’’ effect: depending on the
polarization of the pump beam, the output state has fluc-
tuations in either S2 or S3 Stokes observables squeezed
50% below the shot-noise level. To the best of our knowl-
edge, this is the first report on such a high degree of
squeezing observed via direct detection of twin beams
from a single-pass OPA.
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FIG. 4 (color online). NRF in S2 versus quartz plates tilt for
degenerate (squares) and nondegenerate (circles) phase match-
ing.

PRL 102, 183602 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
8 MAY 2009

183602-4


