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Experimental generation of broadband quadrature entanglement using laser pulses
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We report on the generation of broadband pulsed quadrature entanglement by combining two squeezed
vacua, which are generated from two degenerate optical parametric amplifiers (OPAs), on a beam splitter. With
a single pass through OPA, in which a periodically poled lithium niobate waveguide is used as a nonlinear
material, the noise reduction of 3.4+0.2 dB below the shot noise limit is observed with a bandwidth of more
than 200 MHz. The entanglement correlation or EPR correlation is confirmed with a sufficient criterion

(A2(X,+ X)) +(AX(Y,—Y,))=1.28<2.
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I. INTRODUCTION

Quantum entanglement or EPR correlation is one of the
most fundamental properties of quantum mechanics and the
most important resources in quantum communications and
quantum information [1]. The originally devised quantum
entanglement has been experimentally realized both in dis-
crete variable and in continuous variable [2,3]. In the discrete
variable regime, photon number are measured and pulse la-
sers are usually exploited as the light source. For each pulse,
the photon number (one or zero) is measured by using a
single photon detector and the quantum entanglement is ex-
amined relying on coincidence measurements. Meanwhile, in
the continuous variable regime, a canonical conjugate vari-
able called quadrature amplitude acts as the observable and
continuous wave (cw) lasers usually are used as the light
source. The quadrature amplitude of signal light are detected
using a homodyne detector by interfering it with a local os-
cillator (LO) and the quantum entanglement is interrogated
by measuring the quantum correlation between two beams.
Thanks to a well-established quantum entanglement source,
quantum information and communications have been rapidly
developing in recent years and many quantum protocols,
such as quantum teleportation [4], dense coding [5], or quan-
tum cryptography, have been successfully implemented both
in the discrete variable and in the continuous variable.

In practical communications protocol, it is very important
to encode each relevant information on a carrier, which can
be accessed individually. From this viewpoint, the laser
pulses are the best candidate. Each laser pulse, which can be
manipulated individually, can be utilized to encode one bit of
individual information, furthermore the high repetition rate
of pulse laser makes it possible to realize high-speed com-
munication. Hence, an important issue for practical quantum
information is to develop pulsed quantum entanglement
state. To date many convincing experimental realizations of
continuous-variable entanglement have been conducted
based on different nonlinear effects in different media such
as the second-order nonlinearity in optical parametric ampli-
fier (OPA) either utilizing a nondegenerate optical parametric
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amplifier operating below it threshold [6—10] or a nondegen-
erate optical parametric oscillator (OPO) operating above it
threshold [11,12] or two degenerate OPAs [4,13,14], and the
third-order nonlinearity in atoms [15] or fibers [16,17]. Un-
fortunately, among the abovementioned experiments, there
are few experiments on the realization of pulsed continuous-
variable entanglement, particularly, using the laser pulses
with high repetition rate. So, the realization of pulsed
continuous-variable entanglement with high repetition rate
still remains an experimental challenge.

In addition to the abovementioned potential for practical
application, the pulsed continuous-variable entanglement has
many other advantages in present quantum information sci-
ence. First, it has a wide bandwidth in the frequency domain.
It is well known that the wide bandwidth squeezing state can
be generated by single pass OPA taking advantage of the
high peak power of laser pulses [18,19]. Therefore, the com-
bined entanglement by two squeezed states still keeps this
property. Secondly, the experimental apparatus is simpler
comparing with experiments using a cw laser as light source
[20,21]. The high intensity during a pulse makes the build-up
cavities, in which the intensity of light are enhanced so that
nonlinear interaction is realized, and the cavity-lock servo
system obsolete. Another advantage of pulsed nonclassical
state is that it can be combined with measurement of another
observable such as photon number besides quadrature ob-
servable for each pulse. Recently, Fock states of light with
negative valued Wigner’s quasiprobability distribution have
been successfully observed using a conditional preparation
scheme [22]. Fock state has been generated by a conditional
measurement on quantum entanglement “twin” beams,
which are produced by an OPA and contain perfectly corre-
lated numbers of photons. Counting n photons in one mode
projects the other mode in a n-photon state, which can then
be analyzed using homodyne detection [23]. Furthermore
single-photon added coherent states are also constructed us-
ing the abovementioned techniques [24]. On the other hand,
“Schrodinger kitten” state and non-Gaussian state are also
generated by photon subtracted squeezed vacuum states,
where a small fraction of the squeezed state is split and de-
tected by a photon counter as a trigger and the remaining
signal beam is detected and analyzed using homodyne detec-
tor conditioned by the detected trigger photon [25,26].

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.76.012314

ZHANG et al.
Vi Vi Nd:YVO.
PZT ML Laser
Trep
WG
P for LO
LC
=}
% & PZT
wn||L LO Spectrum
Analyzer
WG
Aoy
L L
\

LO PZT

FIG. 1. (Color online) Experimental setup. SHG: second har-
monic generator, WG: waveguide, BS: 50:50 beam splitter, L: lens,
PBS: polarizing beam splitter, Ds: photodiodes, PZTs: piezoelectric
transducers, A/2: half-wave plate, and LO: local oscillator.

In this paper, we report on the generation of pulsed con-
tinuous variable quadrature entanglement by combining two
squeezed vacua, which were generated by single pass OPA
using single-mode periodically poled lithium niobate (PPLN)
waveguide as a second-order nonlinear material, on a beam
splitter. In contrast to most discrete-variable experiments in-
volving laser pulses with high repetition rate, is the measure-
ments of the quadrature amplitudes using a broad bandwidth
homodyne detector. We observed squeezing of about
3.4+0.2 dB below the shot noise limit over the bandwidth of
200 MHz. Thanks to good quality of PPLN waveguide, a
—5.7 dB deamplification gain and more than 90% mode
matching between the LO and probe in our experiment were
obtained. By interference of two squeezed vacua, quantum
correlation with about 3.2 dB below the shot noise level have
been reached when one of a pair of entangled beams is mea-
sured. The entanglement correlation between two entangled
beams is confirmed with a sufficient criterion (A*(X,+X,))
+(A*(Y,~Y,))=1.28<2 and we are able to achieve a rea-
sonably faithful realization of the original pulsed entangle-
ment in continuous variables with a high repetition rate laser
pulses.

The paper is organized as follows. In Sec. II, we describe
the experimental setup in detail with emphasis on a homo-
dyne detection system with bandwidth of 200 MHz. In Sec.
IMl, the technical details and results of the generation of
broad bandwidth squeezing are discussed. Section IV is de-
voted to a description of the generation of pulsed entangle-
ment state. Finally, we collect our conclusions in Sec. V.

II. EXPERIMENTAL CONFIGURATION
A. Experimental setup

The experimental scheme is presented in Fig. 1. The ini-
tial pulses are obtained from a cw mode-locked Nd: YVO,
(VAN) laser, which is pumped by a semiconductor laser di-
ode, operating at 1064 nm with a duration of 7 ps and a
pulse repetition rate of 76 MHz. This laser system provided
an average power of about 750 mW. The fundamental was
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divided into three parts. A major fraction of this light was
sent to a single pass through second harmonic generator
(SHG) system to generate an efficient 532 nm pump source
for pumping the OPAs. In our SHG system, a 5-mm-long,
2-mm-wide, and 1-mm-thick dual-band antireflection-coated
periodically poled potassium titanyl phosphate (PPKTP)
crystal is used as a nonlinear material. The crystal is set
inside a homemade oven, in which the temperature is ac-
tively controlled around the temperature for achieving maxi-
mum SHG output. An electronic feedback circuit is em-
ployed to actively stabilize the temperature fluctuation of
crystal to +£0.01 °C. In particular, about 300 mW of green
light was produced when the fundamental input power is
about 700 mW. However, in the following experiments,
about 100 mW of green light, which is generated at funda-
mental input power of 250 mW, is employed to pump the
two OPAs. This power is strong enough to obtain a signifi-
cant single-pass parametric gain in our two OPAs. Thanks to
high nonlinear coefficient of PPKTP, more than 40% SHG
efficiency is obtained.

The nonlinear material for generation of squeezing states
in our experiment is a single-mode PPLN waveguide (WG)
with a length of 5.0-mm and effective core area of 3 um
X5 pum. The choice for a single-mode PPLN waveguide has
the benefit of the transverse confinement and of the possibil-
ity of spatial mode control. In bulk crystals, several problems
hamper the available gain [19,27,28]. Two phase quadrature
of the signal field experience different spatially dependent
gains, leading to the introduction of additional modes along
with an accompanying loss of squeezing (the phenomenon of
gain-induced diffraction). In a waveguide the transverse pro-
file is determined largely by the step-index changes rather
than by nonlinear optical index changes, so the mode can be
controlled [29,30]. This leads to more efficient nonlinear in-
teraction between the pump and signal fields and also pro-
duces a squeezed field in a well-defined spatial mode. After
the generated second harmonic light exited the SHG system,
we separate the second harmonic from the fundamental
wave. Furthermore, the second harmonic was divided into
two beams, which allow pumping the two OPAs systems.
The pump lights are carefully focused into the OPAs (WGs)
with lenses. The down-conversion signal produced in the
OPAs are then collimated with an antireflection-coated lenses
and propagates to a 50:50 beam splitter, where they will be
spatial and temporal overlap and interference to form the
entanglement state. The phase of one of two squeezed vacua
is locked so that the squeezing ellipses are perpendicular to
each other. Under this condition, the entanglement state is
generated which is the quantum resource in quantum infor-
mation experiments. Each of entangled beams is measured
on a homodyne detector by mixing with a LO light.

To observe a high degree of quadrature squeezing and
quantum entanglement, we believe that it is very important
to achieve a LO which matches the generated squeezed
vacuum very well. Contrary to the previous work, in which
the remaining 1064 nm light from SHG system is used a LO
[19], the LO pulses are obtained by splitting a small portion
of the laser emission. Because we found that the temporal
envelope of remaining light from SHG is greatly changed
from that of the fundamental wave [31]. The intensity and
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FIG. 2. (Color online) Homodyne system. PBS: polarizing beam
splitter, A/2: half-wave plate.

polarization of the LO beam are adjusted with a set of half-
wave plate and polarizer (not shown in Fig. 1). Then it was
passed through a similar PPLN waveguide to ensure proper
spatial mode matching to the signal. The LOs and signal
(orthogonally polarized to each other) are spatially over-
lapped at polarizing beam splitter (PBS) and propagate col-
linearly to a balanced homodyne detector. Before the mixing
at PBS, the LO delayed temporally to ensure simultaneous
arriving with the signal pulse and the phase of LO can be
varied by scanning a prism that is mounted on a piezoelectric
translator (PZT).

Another small fraction (about 2 mW) of the fundamental
beam is taken out to serve as a probe to study classical para-
metric amplification occurring in the OPAs. Once again, the
probe is also delayed temporally to ensure simultaneous ar-
riving OPA with pump pulses and the phase of probe light
relative to the pump light is varied by scanning the prism that
is mounted on a PZT.

B. Homodyne detector

Homodyne detector is one of the most important appara-
tus in quantum optics experiments. It provides a measure-
ment of the field quadratures of signal fields. It consists in
mixing the unknown signal field with a strong reference LO
field and then detecting proportional photodetectors. A sche-
matic of our homodyne detector is shown in Fig. 2. The LO
and signal with orthogonal polarization are mixed at the first
PBS and propagate collinearly to the balanced homodyne
detector. A half-wave plate (A\/2) is inserted to rotate the
beam polarization to 45° and another PBS splits it into equal
two beams. The A/2 and PBS construct a 50:50 beam split-
ter, which is necessary for balanced homodyne detection.
The orientation of the N/2 is controlled by an extremely
high-precision rotational mount. The precise rotation of the
N/2 is crucial to obtaining a true 50:50 split, which is more
important in pulsed homodyne detection [32,33]. The two
beams were then focused on a pair of InGaAs photodiodes,
which are connected and oppositely biased. The photocurrent
difference was loaded on a load resistor and further amplified
with gain of about ten times by an operational amplifier
(CLC425) in a noninverting configuration. The photocurrents
difference produced by the two detectors is proportional to
the electric field quadrature selected by varying the relative
phase between the LO and the signal field. After passing
through a high pass filter, the output signal is analyzed by a
spectrum analyzer in the frequency domain or digital scope
in the time domain. The quantum efficiency for each photo-
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FIG. 3. (Color online) Frequency response of the broadband low
noise detector. Trace a: electronical noise, trace b: spectral power of
the detected signal when both photodiodes are illuminated by laser
pulse with power of 2 mW. Two peaks are due to first and second
harmonic frequency of the laser repetition rate. Inset: oscilloscope
traces of the homodyne detector at a LO power of 1.5 mW. Trace c:
output of homodyne detector, trace d: trigger signal by the Q-switch
synchronization from the laser power supply.

diode is measured by comparing the reading of a power
meter with mean photocurrent. We obtained 7,=0.85+0.03
and 7,=0.84+0.03, respectively.

In order to make high speed op-amp circuit’s reliable,
stable, low noise and fast, it is necessary to carefully select
the electronic components and design the physical layout of
the circuit board. Low capacitance photodiode (5 pF) is cho-
sen for getting a wide bandwidth. To keep balance between
two sets of homodyne systems for measuring of quantum
entanglement, high precision (0.1%) resistors are employed
for the load resistor and feedback resistor. For high fre-
quency operation, it is necessary to provide a low impedance
path to ground for the bias of photodiode. This is achieved
by using a ceramic surface mount chip capacitor (1 uF) and
feed through to the ground place. The BNC connector is
soldered directly onto the output of op-amp. The photodiode
must be placed very close to the op-amp to minimize para-
sitic capacitance and inductance effect. The two photodiodes
were mounted at a distance of as short as possible (1 cm)
from each other to minimize spurious rf interferences.

Figure 3 shows a typical frequency spectrum of the detec-
tor output at LO power of 2 mW. As can be seen, the detec-
tor output has a useful bandwidth to about 200 MHz. The
output of homodyne is also measured using a oscilloscope
and is shown in the inset of Fig. 3. The output pulses, in
which the successive pulses are separated by 13 ns, are
clearly distinct from one another. Another key point of our
homodyne is its ability to efficiently perform the difference
between the intensity fluctuations of the beams impinge on
the two detectors. This ability is expressed by the common
mode rejection ratio (CMRR) of the balanced detection, de-
fined as ratio between the spectral power measured when
both photo detectors (PDs) are illuminated and the spectral
power when only one PD is illuminated. We measured it at
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FIG. 4. (Color online) (a) Output probe versus the relative phase
between the input probe and pump beams. (b) Classical parametric
gain versus average pump power.

the harmonic frequency of the laser repetition rate, obtaining
maximum CMRR of 45 dB at low LO laser power and a
typical CMRR of more than 20 dB at LO power about of
2 mW, which is the LO power in our measuring of squeezed
state and entanglement state. The saturation property of our
homodyne is also studied. We found that in the dc signal it
does not appear until to LO power of ~10 mW, however the
saturation property appears at the LO power of ~4 mW in
the rf signal because of the decrease of the CMRR. To pre-
vent the doubtful measurement, we limited the laser power to
less than 3 mW in our following measurement.

III. GENERATION OF BROADBAND QUADRATURE
SQUEEZING

A. Classical gain

The initial investigation into the characteristics of the
OPA is the classical parametric gain. It was measured by
introducing a probe light into the OPA. The amplification or
deamplification of the input probe signal is observed with an
oscilloscope by comparing the output signal power with the
pump turned on and off. A typical measurement of phase
sensitive amplification of OPA is shown in Fig. 4(a). When
the pump is on and the phase of the probe light relative to the
pump light is scanned, the output probe signal fluctuates due
to the changes of the relative phase. The amplification gain
(G,) and deamplification gain (Gp) is defined as the maxi-

PHYSICAL REVIEW A 76, 012314 (2007)

mal probe power and minimum probe power when pump is
on divided by probe power when pump is off, respectively.
The observed maximum amplification gain and minimum
deamplification gain are also shown as a function of the
pump average power in Fig 4(b). As shown in figure, a mini-
mum deamplification of —5.7 dB and maximum amplifica-
tion of 10 dB were obtained at the provided pump power of
about 20 mW. With further increase of the pump power, the
amplification gain can be monotonously increased; however,
the deamplification gain starts to increase instead of to de-
crease. It seems that the deamplification of the input beam
becomes impossible at high pump powers. In the perfect
case, the product of amplification gain and deamplification
gain should be unity; however the product deviates from
unity as the pump power increases as shown in Fig. 4(b).
Note the deamplification gain is always less than the ampli-
fication gain. Similar disparity between the amplification and
deamplification response of an OPA were reported in many
experiments on generation of pulsed squeezed state using
bulk crystal and the lack of deamplification is due to the
phenomenon of gain induced diffraction, which is only oc-
curring at high pump power.

In order to understand the lack of deamplification in the
OPA in detail, we established a simple imperfect mode
matching model. It is well-known that the lack of deampli-
fication is caused by the distortion of spatial or temporal
profile of laser pulse, such as temporal destruction by gain
induced diffraction using bulk crystal as nonlinear material,
at high pump power. So we can simply assume all the lack of
deamplifiction is due to a mis-mode-matching between the
pump and probe beams. Taking into account the mode
matching efficiency &, which means ¢ fraction of probe is
perfectly overlapped with pump and 1-¢ fraction has no
overlap, the parametric gain can be written as

Gy=&exp(2r) +1 =&,

Gp=&exp(-2r)+1-&, (1)

where exp(2r) and exp(=2r) are the intrinsic parametric am-
plification gain and deamplification gain and r is the squeez-
ing parameter of OPA system (r=0 no squeezing, r— o ideal
squeezing and the ideal limit cannot be achieved experimen-
tally since it requires infinite energy). In reality, the expres-
sion should contain a term, which relatives to the pump
power; and the general solution of that expression is difficult
to obtain [34]. To simplify the expression, we assume that
term keeps constant of one under the experimental condition
of low pump power (deamplification gain is always less than
1). In this simple model, the squeezing parameter should be
proportional to the amplitude of pump field and mode match-
ing efficiency & should be constant. The discrepancy of
squeezing parameter r and mode matching efficiency ¢ indi-
cate the existence of the gain-induced-diffraction- (GID-)
like effect. Using this equation, we can estimate squeezing
parameter r and mode-matching efficiency ¢ from the ob-
served G, and Gp. The calculated r and & versus the pump
power are shown in Fig. 5. We can see that squeezing pa-
rameter is a nearly linear function of square root of pump
power and ¢ is almost a constant at low pump power and
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FIG. 5. (Color online) Estimated squeezing parameter and mode
matching efficiency versus the square root of the average pump
power.

decreases with the increasing of the pump power at high
pump power. In other words, we did not see any evidence of
the effect of gain-induced diffraction until the deamplifica-
tion gain of —5.7 dB (corresponding to pump power of
20 mW). By comparison, a deamplification is about 3 dB
when a bulk crystal is exploited in OPA system [19]. At the
high pump power, the decreasing of the mode matching ef-
ficiency probably caused by the GID-like effect.

B. Measurements of squeezing

The phase sensitive OPA can be exploited for generation
of squeezed vacuum state of light. In this run, the OPAs were
only pumped by the pump light and the probe signal input
was blocked. To measure the squeezing of OPA system, the
beam splitter, which is used to interference two squeezed
vacua, is removed and the generated squeezed vacua from
OPAs are directly mixed with LO beams at PBS and mea-
sured by homodyne system, respectively. The output of ho-
modyne detector is recorded using a spectrum analyzer. A
typical broadband observation of squeezing is shown in Fig.
6. In this measurement, the analyzing frequency of spectrum
analyzer is set from 0 Hz to 200 MHz. At the same time the
LO phase is scanned as a parameter; while the frequency is
swept, the phase of the LO is advanced independently. We
observed the phase sensitive noise with the maximum and
minimum corresponding to measurement the antisqueezing
and squeezing quadratures, respectively. The shot noise level
(SNL) and electronical noise versus frequency are also
shown in the figure. The SNL is obtained by blocking the
signal input to the homodyne detector and the electronical
noise is obtained by blocking both the signal and LO inputs.
Noise reduction below the SNL is clearly observed up to
200 MHz. To the best of our knowledge, this is first time
noise reduction below SNL has been observed in such a wide
bandwidth [18,35].

The squeezing at a fixed analyzing frequency of 10 MHz
is shown in Fig. 7. It was obtained by recording the noise
power of one homodyne detector with the spectrum analyzer
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FIG. 6. (Color online) Noise measurement results on a squeezed
vacuum generated by a PPLN waveguide. Trace (a) is electronical
noise of homodyne detector, trace (b) is shot noise level with LO
power of 2.5 mW and trace (c) is the noise power of squeezed
vacuum. The two peaks appear at 76 MHz corresponds to the rep-
etition frequency of the mode-locked laser and its second harmonic.
Resolution bandwidth is 1 MHz and video bandwidth is 10 Hz.

when scanning the phase of the LO. The power of the pump
light is fixed at 20 mW. The analyzing frequency of spec-
trum analyzer is set at center frequency of 10 MHz and span
of 0 Hz. The noise level of the vacuum (SNL) is normalized
to 0 dB and the electronical noise of homodyne is subtracted.
The normalized phase sensitive noise shows 3.4 dB squeez-
ing below the SNL and antisqueezing of 13 dB.

In the absence of perfect detection efficiency, the squeez-
ing is degraded with the overall detection efficiency. Quan-
tum efficiency of photodiode, transmission of optical compo-
nents, and spatial mode matching can be accounted for by
the detection efficiency 74.. A further consideration is mis-
mode-matching (£) between the probe and pump light be-
cause it also introduces noise to the OPA system. So, an
overall efficiency #, which is determined by detection effi-
ciency and mode-matching efficiency, is given by 7= 74.é.

Noise power (dB)

Vshot noise Ievel\ﬂ

1 2
Phase (r)

FIG. 7. (Color online) Normalized noise power of squeezed
vacuum at fixed analyzer frequency of 10 MHz. The black curve is
measured result and the red dashed curve is a fitted result using
parameters,which are calculated from the classical amplification
and deamplification gain. Resolution bandwidth is 300 kHz and
video bandwidth is 100 Hz.
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A phenomenological expression for the measured noise
power can be expressed by

Py(#) = nlexp(2r)cos® ¢ + exp(— 2r)sin® ¢] + 1 — 7,
(2)

where ¢ is the relative phase of LO. By fitting this formula
to the experimental squeezing results we can extract the
squeezing parameter r and overall detection efficiency 7.
The dashed curve in Fig. 7 is a theoretical fit to the data
where fitted parameter values are r=1.67 and 7=0.6. Taking
into account of detector quantum efficiency of 0.85, the
waveguide loss of 1 dB/cm and the total propagation loss of
3%, we got a total detection efficiency (74, of 0.71. The
fitted value of r and ¢ are in good agreement with the esti-
mated values from the parametric gain at a pump power of
about 20 mW.

Figure 8 shows the variation of the measured squeezing
and antisqueezing with OPA pump power as well as the cor-
responding theoretical prediction from Eq. (2) based on the
measured experimental parameters (amplification gain and
deamplification gain) as discussed above. The measured data
have been corrected for electronical noise, which is more
than 10 dB below the SNL for a LO of about 2 mW. We note
that the measured squeezing is in good agreement with the
predicted squeezing from amplification gain and deamplifi-
cation gain parameters. Although the antisqueezing agrees
very well with the prediction at low pump power, it is always
higher than the prediction at high pump power. This discrep-
ancy might be due to GID-like effect. The calculated squeez-
ing parameter from the amplification gain at high pump
power might be less than the squeezing parameter, which is
obtained in the experiment. However, the mis-squeezing-
parameter does not affect the measured squeezing level, be-
cause the squeezing level is mainly dependent on the overall
detection efficiency at the high squeezing parameter. From
Fig. 8, we note that the squeezing is seen to level off at about
3.0 dB already at a pump of 12 mW while the antisqueezing
increases with the pump. It has been demonstrated that the
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amount of antisqueezing is also important in practical quan-
tum information experiments. We do our best to increase the
amount of the squeezing while at the same point, the anti-
squeezing has not grown too large. This indicates that in the
experiment of generation of entanglement it would be most
favorable to operate at this relatively low pump level of OPA
to decrease the antisqueezing.

IV. GENERATION AND CHARACTERIZATION OF
QUADRATURE ENTANGLEMENT

A. Generation of the entanglement

The scheme, on which the experiment is based, utilizes
the superposition of two independently squeezed vacua to
create quantum correlations between two output ports. The
two output beams a and b have entanglement or EPR corre-
lation of the type originally discussed by Einstein Podolsky,
and Rosen. The shadow part in Fig. 1 illustrates this interfer-
ence and the stick-ball figures graphically show the interfer-
ence in a phase space representation. The amplitude (X;) and
phase (Y;) quadrature of the two squeezed vacua at the two
input ports are expressed by

— i —
Xy =V lexp(- rl)X(lm)] +V1 - 7]1X(1U)»
— .
Y=\ [exp(r) Y]+ 31 - 7Y, (3)
X, = v’%[exp(— r)XSM T+ V1 = X,

Yy = \malexp(ry) YT+ V1 = ¥y, (4)

the subscript index i (i=1,2) indicates the two individual
inputs fields and the superscript (in,v) denotes injected
vacuum field of the OPAs and vacuum field due to loss,
respectively. We assume that both the input vacua and the
loss vacuum have the same variance and their variances sat-
isfy the minimum uncertainty states <A2X§m)>=<A2Y§.m))
=(A2X§U))=(A2Y§"))=l/2. When the squeezing parameter r;
>0, we got the squeezed state with (A?X;)<<1/2 and
(A?Y;)>1/2, and the minimum uncertainty state ((A%X;)
X(A?Y;)=1/4) is destroyed by introducing 0<7<1. The
quadrature components of the entangled output modes are

given in terms of the input squeezed beams and the interfer-
ence phase 6 [36,37]

X, t 0 —rcos@ rsinf X,
Y, 0O ¢t —rsinf —rcosé Y,
X, |y 0 tcosd —tsiné X, |’ ®)
Y, O r tsinf tcosé Y,

where r and ¢ are the amplitude reflection and transmission
coefficients of the beam splitter respectively, and they satisfy
the relation of r2+¢>=1. The correlation between pairs of
quadratures can be readily written as

(A(X,+ X)) = (t+ NXAXX,) + (1 — 1) ((A%X,)cos? 0
+(A%Y,)sin%0), (6)
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(A%(Y, - Yp)) = (t= XA ) + (r + r)*({A%X,)sin?6
+(A%Y,)cos6). (7)

For a particular choice of r=r=1/ \5 and #=1r/2, the cor-
relation can be rewritten as

(A*(X, + X)) = 2(A%X,), (8)

(A%(Y,-Y,)) =2(A%X,), )

i.e., they only depend on the squeezing level. For strong
squeezed input states (r;— o), perfect quantum correlation
(A*(X,-X,))—0 and (A*(Y,+Y,))—0 are obtained. When
we input two coherent states (r;=r,=0), we get the shot
noise level. The SNL in this case is 2 units of vacuum noise,
because we are considering the cross correlations between
two originally independent fields. However, in a practical
case, the interference phase 6 is different from 77/2 and the
difference between r and ¢ is slightly less or more than zero.
In such a case the generated correlation will depend on not
only the squeezing level but also the antisqueezing level of
the inputted squeezed vacua. Hence, the generated correla-
tion will not have a value as the same value as the inputted
squeezing level.

To characterize the entanglement, a well-established ap-
proach is to consider the criterion derived by Duan et al. [38]
and also by Simon [39]. The criterion is based on the total
variance of a pair of canonical conjugate variable. It has been
demonstrated that, for any separable system, the total vari-
ance is bounded from below by a certain value due to the
uncertainty relation, whereas for entangled states this bound
can be exceeded. The quadratures of electromagnetic fields
are a pair of canonical conjugate variable, so the entangle-
ment or equivalently nonseparability can be demonstrated by
a violation of the inequality

(A% (X, + X)) + (A% (Y, - Y,)) = 2. (10)

Entanglement will be present in our system, if both input
states are squeezed states ((A2X,)<<1 and (A%X,)<1).

B. Measurements of entanglement

There are several ways to witness entanglement. The most
intuitive way is to simultaneously measure the correlation of
two quantum variables, which have the standard canonical
commutation relations, between the two entangled beams.
An alternative approach is to construct a quadrature combi-
nations that verify the correlations between original en-
tangled beams by interference the entangled beams on a
50:50 beam splitter [9,40]. The entanglement can be demon-
strated by direct detection of the noise variance of quadrature
combination of one output only or by measurement the cor-
relation of quadrature combinations between the two outputs.
In our experiment, the quality of the entanglement state was
investigated both by measuring one entangled beam as well
as the correlation between the two entangled beams. The
noise in a single entangled beam was measured by fast scan-
ning the local oscillator phase ¢ of the homodyne detector
(200 mHz) while slowly scanning the relative phase 6 be-
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FIG. 9. (Color online) Normalized noise of one beam of the
entangled beams obtained by scanning the mutual phase difference
between the two squeezed vacua in addition to a rapid sweep of the
LO in the homodyne detector.

tween the two squeezed vacua (20 mHz). An example is pre-
sented in Fig. 9. The observed noise in a single beam of
entangled state was obtained by combining two squeezed
vacua with squeezing level of 3.2 and 3.0 dB, respectively,
while the shot noise level was obtained by blocking the two
squeezed vacua inputs. In this run, the rapid sweep of the
local oscillator ensures that both quadratures were measured
for each value of 6. Hence, the recorded noise of spectrum
analyzer can be expressed by

Py(@) = cos>@(A%X ) + sin®(A%Y ). (11)

Without loss of generality, we assume that both squeezed
input vacua have the same variances for the squeezed and the
antisqueezed quadrature (AX;)=(AX,)=V(8,,) and (A%Y})
=(A%Y,)=V(8,,q). Depending on the relative interference
phase 6, the noise powers of Py(¢)go=cos’V(S,)
+sin’@V(4,,;) at the phase of #=0 and Py(¢)sp.pn
=%V(5ami) at the phase of 6=m/2 of a single beam can be
directly calculated using Egs. (5) and (11), respectively. As
the explained above, the noise of a single beam in Fig. 9 is
expected to be phase independent and arises when overlap-
ping two squeezed vacua with a relative phase difference of
0=/2. So, this allows us to identify this point in Fig. 9, and
we observed noise power of about 8 dB, which gives noise
level of the entangled beam, above the shot noise level. Fur-
thermore, the phase sensitive noise is also observed when the
two squeezed vacua are combined in phase (#=0). The re-
sults shows a noise reduction of about 3 dB, which equals
the noise level of squeezed vacuum, below shot noise level
and the antisqueezing level of more than 10 dB above the
shot noise level. As the expectation, about 3 dB difference
between the antisqueezing level and noise level of one en-
tangled beam is observed.

Next, we proceed to the measurement of the entanglement
correlation between the two entangled beams via balanced
homodyne detection of both of them and subtracting or add-
ing the resulting photocurrents from the two sets of homo-
dyne systems. In this run, the relative phase () of two
squeezed vacua was controlled at 77/2 and one of LO phases
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FIG. 10. (Color online) Entanglement correlation between two
entangled beams. It is obtained by adding signal of two homodyne
detectors measuring the two beams while scanning one of the LO
phase.

is fixed on the measurement of one quadrature. The trace in
Fig. 10 was a typical recorded noise power spectrum by
scanning the LO phase of second homodyne detection and
electronically adding the photocurrents of two sets of homo-
dyne detectors. The noise power spectrum was normalized to
shot noise level, which was obtained by blocking the
squeezed vacua inputs. In such a measurement, the noise
power of X+ (sin ¢X,+cos ¢Y},) was recorded and the noise
reduction of about 2.3+0.2 dB below the shot noise level for
two beams was observed when the second homodyne detec-
tor measure the same quadrature as the first homodyne de-
tector, i.e., @=m/2. The correlation of another component
between two entangled beams can be measured by fixing the
LO phase of first homodyne detector to ensure measurement
of Y quadrature and electronically subtracting, instead of
adding, the photocurrents of two sets of homodyne detectors.
In this measurement, the noise power spectrum of Y,
—(sin @X,+cos ¢Y,) is given and the noise reduction of
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1.6+£0.2 dB below shot noise level was obtained when the
second LO phase was chosen as ¢=0.

We translate the aforementioned noise reduction into cor-
relation variance and obtain (A%(X,+X,))=0.59+0.02 and
(AX(Y,~Y,))=0.69+0.02. The measured values for the cor-

relation variance are plugged into Eq. (10)
(A(X,+ X))+ (AX(Y,-Y,))=128+0.03<2, (12)

a clear violation of the inequality (10). This result attests for
the quantum entanglement of the pulsed state generated by
combing two squeezed vacua on a beam splitter. The asym-
metry between the correlation measurements between two
components mainly due to the phase fluctuation on the beam
splitter for the entanglement generation. As discussed in Egs.
(6) and (7), one of components (¥,—Y,) is sensitive to the
relative phase 6 since the drift from 7r/2 will introduce the
antisqueezing noise to the system.

V. CONCLUSION

In conclusion, we have observed pulsed squeezing and
parametric amplification in a PPLN waveguide by use of a
cw ML laser. The dependence of the parametric gain on the
pump power can be explained by imperfect matching be-
tween the pump and the probe beams. Noise reduction below
the SNL was clearly observed over a detection bandwidth
from near dc to 200 MHz. Direct detection of more than
3.4 dB of squeezing has been achieved in a simple system.
The measured squeezing agrees the prediction from paramet-
ric gain very well. By combining two squeezed vacua on a
beam splitter, the pulsed entanglement state was obtained.
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