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A polarization squeezed optical beam can directly interact with the atomic medium, and its measurement is local-
oscillator free. Here we have deterministically generated polarization squeezed light at 795 nm. First, a laser at
398 nm is produced from second-harmonic generation with an enhancement cavity. Then a pair of quadrature
amplitude squeezed optical fields is prepared with two degenerate optical parameter amplifiers that are pumped
by the resulting laser at 398 nm. Finally, the polarization squeezed state of light is generated by combining

the above two quadrature amplitude squeezed optical beams on a polarizing beam splitter, and the quantum
fluctuations of three Stokes operators simultaneously are reduced 4.0 dB below the quantum noise limit. The

polarization squeezing has potential applications in future quantum information networks.
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1. INTRODUCTION

Squeezing is the central concept of quantum mechanics, and
the building block for application of quantum information
and quantum measurement [1,2]. In both discrete-variable
(DV) and continuous-variable (CV) quantum information,
squeezed light and single photons are the important resources
for constructing quantum entanglement [3,4], and have been
applied in various kinds of quantum information protocols,
such as quantum teleportation, quantum computation, quan-
tum secret sharing, and so on [5-10]. Meanwhile, quantum
information networks involving both light and matter are
the key step toward practical applications of quantum informa-
tion, where light can be utilized for transmitting the quantum
information, and matter is able to be used as a quantum node to
store and process quantum information [11]. Atoms are one of
the suitable candidates of quantum nodes due to good atomic
coherence [12-18]. In the past decade, the atom-based quan-
tum memory of the nonclassical state of optical fields has
been experimentally demonstrated [19-21]. The rubidium
atom is a well-understood medium, and quadrature squeezed
state of light resonant with the rubidium atomic absorption
line has been experimentally generated by means of optical
parametric downconversion [22-24].
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In 2002, Korolkova er al proposed the concept of CV
polarization squeezed state of light. The atomic spin state is de-
scribed by Stokes operators on a Bloch sphere, and comparatively
the polarization of light is represented by the Stokes operators on
a Poincaré sphere [25]. The polarization of light can directly in-
teract with the spin wave of an atomic ensemble, which can be
used as a quantum interface between atoms and light, and its
measurement is independent of a local oscillator. As such, the
polarization of light is a key resource for long-distance quantum
communication or quantum memory [21,26]. In balanced
homodyne detection, the phase fluctuation of interference lock-
ing of signal and local oscillator is large after the signal passes the
long-distance fiber or memory medium. Fortunately, the local
oscillator-free measurement of polarization squeezed light can
overcome this problem. Additionally, atomic spin squeezing for
quantum metrology can be obtained by mapping squeezing from
light into atoms [2]. For long-distance quantum communication,
the polarization squeezing at the optical fiber transmission
window was generated by G. Leuchs’s group with an asymmetric
fiber-optic Sagnac interferometer and applied in the distribution
of polarization squeezed states through an atmospheric channel
[26]. A quantum node needs the polarization squeezing resonant
with an atomic absorption line, and polarization squeezing at
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852 nm was also produced by E. Giacobino’s group based on a
cloud of cold cesium atoms in a high-finesse optical cavity [27].
An alternative approach for generating polarization squeezing is
based on the degenerate optical parametric amplifiers (DOPAs)
below the threshold and polarizing beam splitter (PBS). The
polarization squeezed state of light at 1064 nm is produced
by combining two quadrature squeezed states on a PBS [28]. The
tripartite polarization entangled states of bright optical beams
have been theoretically investigated and experimentally generated
by transforming the quadrature entanglement into polarization
entanglement [29,30]. Polarization squeezing at the rubidium
absorption line is demanded in the quantum Internet, because
the polarization of light can directly interact with atomic spin.
Additionally, the measurement of polarization of light does
not need a local oscillator, and it has advantages in the quantum
memory. The purpose of this experiment is to produce polariza-
tion squeezing at the rubidium absorption line by employing the
optical parametric amplifier (OPA) and PBS. The polarization
squeezing resonant with the rubidium absorption line is also
required for constructing different kinds of quantum-entangled
states of optical fields, and thus polarization squeezing is the
building block for quantum information networks.

In this paper, we have deterministically generated a CV polari-
zation squeezed state of light resonant with the rubidium D1
absorption line. We first realize the cavity-enhanced second-
harmonic generation (SHG) of 795 nm laser when the influence
of the thermal effect caused by PPKTP’s (periodically poled
potassium titanyl phosphate) absorption at short wavelength is
taken into account. Then a pair of quadrature amplitude
squeezed states of light is generated based on two DOPAs.
Finally, the polarization squeezed state of light is obtained by
combining the two quadrature squeezed beams on a PBS,
and quantum noises of three Stokes operators are all -4.0 dB.
The resulting polarization squeezing source is a fundamental re-
source for a quantum interface between light and atom. There are
three key features of the polarization squeezing source in our
work. First, the polarization squeezed optical fields can directly
associate with the atomic ensemble. Second, the wavelength of
the polarization squeezed optical fields can be easily tuned to real-
ize the resonance with the rubidium atom, due to the Ti:sapphire
laser’s well-known tunable advance. Third, the local oscillator-
free measurement of polarization squeezing can overcome the
problem of the phase-locking fluctuation of balanced homodyne
detection in quantum communication and quantum memory.

In the following, we will briefly describe the schematic of
generation of CV polarization squeezed state in Section 2.
First, the cavity-enhanced SHG of 795 nm is theoretically
analyzed and experimentally obtained in Section 2.A. In the
following, a pair of 795 nm quadrature squeezing is generated
based on two DOPAs in Section 2.B. In Section 2.C, the quad-
rature squeezing is transformed into the polarization squeezing.
Finally, we will give a brief conclusion in Section 3.

2. SCHEMATIC OF GENERATING BRIGHT
POLARIZATION SQUEEZED LIGHT FOR A
RUBIDIUM ATOM

In the quantum world, vacuum is not absolutely quiet, and its
noise is considered as quantum noise limit (QNL). However, a
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Fig. 1. Schematic of generation system of polarization squeezing.
Nd:YVO4, Nd:YVO4 green laser; Ti:Sa, titanium sapphire laser;
M1-12, mirrors; PZT1-3, piezoelectric transducers; PBS1-2, polariz-
ing beam splitters; HWP1-2, half-wave plates; QWP, quarter-wave
plate; +, power positive/negative combinators; D1-2, photodetectors;
SA, spectrum analyzer.

squeezed state can reduce quantum noise of one physical quan-
tity below QNL, while that of the other conjugate physical
quantity is increased above QNL to satisfy the Heisenberg
uncertainty relation. The polarization squeezed state of light
resonant with a rubidium D1 absorption line is unconditionally
generated by combining a pair of quadrature squeezed optical
fields from two DOPAs on a PBS; the generation system, in-
cluding four parts, is shown in Fig. 1. The first part is the light
source to produce the seed fields and pump fields for DOPAs.
The Ti:sapphire laser is suitable for the interaction of light
and atom as a result of its good frequency-tunable character
and low noise. An external cavity-enhanced frequency doubler
from 795 nm to 398 nm is first realized, and the resulting
398 nm laser is used as the pump fields of DOPAs together
with the Ti:sapphire laser as the seed fields of the DOPAs.
The second part, composed of two sets of DOPAs, is employed
to generate a pair of quadrature amplitude squeezed optical
fields. The third part is the transformation system of quadrature
squeezing into polarization squeezing by combining two beams
of quadrature amplitude squeezed beams with the same power
and zero phase difference on a PBS. The fourth part is the
measurement system of Stokes operators of light.

A. Production of Laser at 398 nm Based on SHG
with Enhancement Cavity

The laser at 398 nm is usually generated by a cavity-enhanced
frequency doubler of near-infrared laser. The quasi-phase-
matched nonlinear crystal PPKTP has the advantage of high
nonlinear coefficient and no walk-off effect. However, the SHG
process is limited by the absorption of PPKTP at short wave-
length and associated thermal effect, and cavity-enhanced
SHG employs a bow tie-type ring configuration instead of the
standing wave cavity in order to reduce the influence of the
thermal effect of the PPKTP crystal [31].

We start by studying the dependence of the second-
harmonic wave output power P, through SHG cavity on the
fundamental wave input power P}, which can be written as [32]
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where 7" is the transmission coefficient of the input coupler
for the fundamental wave, and L is the total linear losses in
the cavity exclusive of 7 for the fundamental wave. T’
(I' = Enp + T'y) is the nonlinear depletion. The single-pass
nonlinear conversion efficiency Eyp of the PPKTP is measured
to be 1.28%/W with the same focusing condition in the actual
resonant cavity, and Iy, (Dype = Paps/P%) is the absorption
efficiency of the SHG process, where P, and P, are the
absorbed and circulating power in the SHG cavity.

Thus the optimized transmissivity of the input coupler for
the fundamental wave 7°P* can be obtained as

L L\?2
7°Pt = — — I'P,. 2
2+ <2> + 17 (2

When the fundamental wave power P; is 1 W, the optimal
transmissivity of the input coupler for the fundamental wave
should be 7°P* ~ 13%, which corresponds to an impedance-
matched cavity.

The light source part, composed of the Ti:sapphire laser and
the external cavity-enhanced frequency doubler, is illustrated in
part I of Fig. 1. The Ti:sapphire laser and SHG laser are used as
the seed fields and the pump fields for DOPA, respectively. The
Ti:sapphire laser (Coherent Inc. MBR110) pumped by 15 W
power of Nd:YVO4 green laser (Yuguang DPSS FG-VIIIB)
outputs 2.7 W laser at 795 nm. The external cavity enhanced
SHG has a four-mirror ring cavity configuration, consisting of
two flat mirrors (M1, M2), two spherical mirrors (M3, M4)
with 100 mm radius of curvature, and a 1 mm x 2 mm x
10 mm type-I phase-matching PPKTP crystal. The flat mirror
M1, with transmissivity of 13% at 795 nm, is used as the input
coupler of the SHG cavity, and the spherical mirror M4 with
high-reflection at 795 nm and antireflection at 398 nm is
used as the output coupler of the SHG cavity. The other
two mirrors (M2, 3) are high-reflection at 795 nm. The piezo-
electric transducer (PZT) mounted on M3 is used to realize
the input fundamental wave resonance in the cavity by the
Pound-Drever-Hall (PDH) technique.

In our experiment, 380 mW SHG light is produced when
the mode-matched input fundamental wave light power is 1 W.
As the fundamental wave power is reduced to 627 mW, stable
279 mW SHG light is obtained, with the maximum conversion
efficiency n = 44.5%.

The dependence of the second-harmonic wave output
power on the incident fundamental wave input power is shown
in Fig. 2. Trace (i) [(ii)] is the theoretical output curve of SHG
without (with) crystal’s absorption at 398 nm, and trace (iii) is
the measured SHG cavity output power [32]. We find that our
experimental data can be fitted with the theoretical value when
the injected fundamental wave power is less than 650 mW, but
after that point, a gap appears between the experimental result

and theoretical value due to the poor locking caused by the
bistable effect.

Research Article

0.6
i

~ 0.4 i,
z e
ol ~ iii

0.2

=
Z
0.0 : T T : ;
0.0 0.2 0.4 0.6 0.8 1.0

P.(W)

Fig. 2. Dependence of the second-harmonic wave output power on
the fundamental wave input power.

B. Generating a Pair of Bright Quadrature Amplitude
Squeezed States by Utilizing DOPAs

In quantum optics, light is described by annihilation operator 3,
and its real and imaginary parts correspond to the amplitude
quadrature X and phase quadrature Y. The optical parametric
downconversion process is one of the efficient ways to generate
quadrature squeezed states of light. The experimental setup for
generation of bright quadrature squeezed light is depicted in
part II of Fig. 1. DOPAI and DOPA2 with the four-mirror
ring cavity configuration consist of two spherical mirrors
(M5 and M6 for DOPA1, M9 and M10 for DOPA2) with
100 mm radius of curvature, two flat mirrors (M7 and M8
for DOPA1, M11 and M12 for DOPA2) and 1% 2%
10 mm? type-I phase-matching PPKTP crystals. The spherical
mirrors (M5 and M9) are used as the input couplers of the
DOPAI and DOPA2, which are coated with antireflection
at 398 nm and high-reflection at 795 nm. The flat mirrors
(M8 and M12) coated with 7" = 5.0% for 795 nm are used
as the output couplers. All the other mirrors are coated with
high-reflection at 795 nm. The spherical mirrors M6 and
M10 are mounted on PZTs to lock the cavity length on res-
onance with injected seed signals by the PDH technique. The
squeezing can be maintained for several minutes with the
help of the locking technique and reducing the thermal effect
influence of SHG. Both DOPAs operate in the parametric
deamplification as the relative phase between the pump fields
and seed fields was locked to 7. The beam waists of the sub-
harmonic optical fields for DOPAI and DOPA2 are 39 pm.
The finesses of DOPA1 and DOPA2 for the subharmonic
mode are 111 and 110, respectively. When the PPKTP crystal
is temperature-controlled around 54.3°C, the threshold powers
are 90 mW and 91 mW. Two downconverted optical fields
of 0.5 mW are obtained with the pump beam powers of
40 mW and the seed beam powers of 15 mW. The coupling
efficiency of two quadrature squeezed optical beams is 98.6%.

In balanced homodyne detection, the measurements of am-
plitude and phase quadratures of optical fields are very sensitive
to the phase difference between local oscillator and signal
optical fields, and the amplitude and phase quadratures can
be measured by changing the interfered phase difference.
Figure 3 illustrates both the squeezing and antisqueezing quan-
tum noises of amplitude and phase quadratures measured by a
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Fig. 3. Quantum fluctuations of quadrature of bright quadrature
amplitude squeezed optical beams. (a) DOPA [; (b) DOPA II.

spectrum analyzer with RBW: 300 kHz, VBW: 300 Hz. Trace
(i) is the QNL, trace (ii) is the quantum noise power of quad-
ratures with phase scanning, and trace (iii) is the quantum noise
power of quadratures with zero phase difference. The electron-
ics noise level of a photodetector in balanced homodyne detec-
tion is about -77.0 £ 0.2 dBm, which is low enough for the
squeezing measurement. The quantum noises of quadrature
amplitude and quadrature phase of -53.0 £ 0.4 dBm and
-40.0 £ 0.4 dBm are directly measured by a spectrum ana-
lyzer, and the corresponding QNL of -49.0 £ 0.2 dBm can
be measured by blocking the input signal field in balanced
homodyne detection. Therefore, the actual squeezing degree
of quadrature amplitude is 4.0 dB at the analysis frequency
of 3.0 MHz, as shown in Figs. 3(a) and 3(b), respectively.

C. Transformation of Quadrature Squeezed Optical
Fields into Polarization Squeezed State

The polarization state of light is usually described by Stokes
operators (Sp> 81, 85, and 33) on a Poincaré sphere [25]. S,

corresponds to the intensity of optical fields and S, S, and
85 stand for the horizontal, diagonal, and right circular polar-
izations, respectively. Stokes operators are described by the
annihilation operator () and creation operator Ez;(v) for
the horizontal (vertical) polarization modes, and they are

So = abay + alay,

3 AT oA AT A
1 = ﬂHﬂH - élvtly,

S, = ahaye® + alaye ™,
85 = @}aye” - @yaye™) /i, (3)

where 0 is the relative phase between the horizontal and vertical
polarization modes. When their phase difference 6 is locked at
0 (z/2), quantum noises of three Stokes operators S, 8,1, and

3'2(3) will be squeezed by combining two quadrature amplitude
squeezed light on a PBS, and the Stokes operator §3(;) can be
squeezed with two quadrature phase squeezed light.

In our system, the layout of the transformation system of
quadrature squeezing into polarization squeezing is shown in
part III of Fig 1. Two mode-matched bright quadrature ampli-
tude squeezed optical beams with the same power (ay =
ay = a), orthogonal polarization, and zero phase difference
are combined on a PBS. The fluctuations of each Stokes
operator can be obtained as

VO Vl = Vz = az(AZXH + AZXV)
V, = a(A2F,, + A2T)). @)

X H(v) and g H(v) are the quadrature amplitude and phase
of the downconverted optical beams, respectively.

The generation of polarization squeezing requires two iden-
tical quadrature squeezed beams and PBS with a combination
ratio of 50/50. Two seed optical beams with the same power are
injected into two identical DOPAs to produce two quadrature
squeezed beams, and by adjusting half-wave plates before
PBS1 to realize the combination ratio of 50/50. These two
quadrature squeezed optical fields are combined on the PBS
to be transformed into polarization squeezing. The seed optical
beams and the corresponding downconverted optical beams
are also used to lock the cavity resonant with the signal optical
fields, and zero phase difference of interference, respectively.
The detection of all Stokes operators (polarization components)
is different from balanced homodyne detection, and only a
half-wave plate, quarter-wave plate, PBS, two photodiodes, and
power positive/negative combinator, which are shown in part
IV of Fig. 1, are needed. In particular, the strong local oscillator
is not required. In the measurement of Stokes operators of a
polarization squeezed optical beam, the horizontal and vertical
polarization modes are separated through a PBS; their sum
(difference) corresponds to S, (8)). 8§, will be measured by ro-
tating 45 deg polarization with a half-wave plate. By inserting
the quarter-wave plate before the PBS, the linear polarization
becomes the circular polarization, and S5 can be measured.

The quantum noises of S9» 81, 85, and 85 are measured by
the spectrum analyzer with RBW: 300 kHz, VBW: 300 Hz,
and depicted in Figs. 4(a)—4(d), respectively. Trace (i) is the
QNL and trace (ii) is the quantum noise of the Stokes operator.
The intracavity losses caused by the thermal effect of PPKTP’s
absorption at short wavelength is the main limitation to the
observed squeezing. The PPKTP’s absorption of 398 nm laser
influences not only the cavity-enhanced SHG process, but also
the downconversion in OPA. Besides, the other intracavity
losses of mirror coating and the fluctuation of phase locking
limit the squeezed degree. In the region of lower frequencies,
the extra noises in the pump laser is strong, and the quantum
noise of the laser is far higher than QNL. Meanwhile, quantum
entanglement quality degrades in higher-frequency ranges.
Thus quantum fluctuations of three Stokes operators Sy, S,
S,, and S5 are directly measured by the spectrum analyzer
at the analyzing frequency of 3 MHz. The corresponding
QNL, which is measured by injecting the coherent light with
the same power, is -61.0 & 0.2 dBm. The quantum noises of
three Stokes operators S0, 81, 8, are about -65.0 & 0.4 dBm,
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which are 4.0 dB below the QNL. The corresponding quantum
noise of Stokes operator S5 is -52.0 4 0.9 dBm, that is, 9.0 dB
above the QNL.

The Heisenberg uncertainty relation implies the minimum
uncertainty state. According to the Heisenberg uncertainty
relation, quantum fluctuations of Stokes operators (V; =

(87) - (8,)%) satisty the relations V,V, > [($35)%, V,V;5 >
|(§1)|2, ViVi 2 |(§2)|2- When V,V, = [($3)% VoV =
[(S1)2, V3V, = |(S,)|? are taken, it is the minimum uncer-
tainty state. The minimum uncertainty state corresponds to
ViV, =V,V3=0, V3V, =4a* In our system, the
squeezing of Stokes operators (81, ;) is 4.0 dB, and anti-
squeezing of the Stokes operator S5 is 9.0 dB; our results
correspond to V1V, = 0.61a%, V,V; = V3V, = 12.39a*,
as a result of finite squeezing degree limitation.

3. CONCLUSION

Quantum networks require polarization squeezing at the fre-
quency resonant with the D1 line of rubidium atoms, because
the polarization of light and the spin of atoms are described
by Stokes operators, and can directly interact with each other.
For the generation of CV polarization squeezed light at the
frequency resonant with the rubidium absorption line, the
laser at 398 nm is required to pump the DOPA. However,
the influence of the thermal effect caused by the PPKTP crystal
absorption at laser at 398 nm is obvious, so a ring cavity with
large optical beam waist and low fundamental wave power is
employed in our external cavity-enhanced SHG. Two quadra-
ture amplitude squeezed beams are produced by two DOPAs,
and then combined on a PBS with zero phase difference to
be transformed into polarization squeezing, whose quantum
noises of three Stokes parameters 8o, 81, 8,) are simultane-
ously reduced 4.0 dB below QNL. The measurement does
not need a local oscillator, and thus the polarization squeezing
can potentially be applied in future quantum information
networks.
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