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Abstract: Phase quadrature squeezed states at 1550 nm generated from degenerate optical
parametric amplifiers (DOPAS) using periodically poled KTiOPO4 (PPKTP) and periodically
poled lithium niobate (PPLN) are compared. A squeezing of 6.8 dB was produced from the
DOPA using PPKTP with the phase matching temperature of 34.5 °C. By contrast, a
measured squeezing of 4.9 dB was generated using PPLN with the phase matching
temperature of 135.2 °C. The degradation of squeezing using a nonlinear crystal with a high
phase matching temperature is explained by a theoretical model of DOPAs including the extra
phase noise caused by the guided acoustic wave Brillouin scattering within the nonlinear
crystal.
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1. Introduction

Squeezed states are important resources for quantum information processing with continuous
variables [1,2]. For example, squeezed states are used to realize quantum teleportation [3],
quantum computing [4], quantum error correction coding [5], and phase estimation [6].
Meanwhile, squeezed states have great potential in high-precision quantum measurements
such as gravitational waves detector [7,8], optical-phase tracking [9] and quantum imaging
[10]. Generation of squeezed states at telecommunication wavelength of 1550 nm have been
recently a very interesting issue due to the lowest optical power attenuation of light at this
wavelength in standard telecommunication fibers [11-13]. The squeezed states at wavelength
of 1550 nm in combination with existing fiber telecommunication networks offers the
possibility to implement long-distance quantum communication [14,15].

Optical parametric oscillator (OPO) and amplifier (OPA) have been often used to generate
squeezed states [16—18]. Using bulk nonlinear crystals, such as MgO:LiNbO; [16], KTiOPO,4
(KTP) [17] and KNbOs [18], the achievable squeezing degree leveled around 6 dB. Then
periodically poled nonlinear crystals have been used in OPO and OPA, because their long
interaction lengths and the largest nonlinear coefficients can be utilized. Thereby 7.2 dB and 9
dB squeezing have been achieved in 2006 and 2007 with a periodically poled KTP (PPKTP)
crystal, respectively [19,20]. A polarization squeezing at 1064 nm was first generated and a
quantum error correcting scheme was performed using PPKTP crystal [21,22]. So far, a
maximum squeezing degree of 15 dB at 1064 nm using a semi-monolithic OPO cavity with a
PPKTP crystal was reported [23]. At the telecommunication wavelength around 1550 nm, 2.4
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dB squeezing vacuum was observed firstly utilizing a subthreshold OPO with a periodically
poled lithium niobate (PPLN) crystal [11], 12.3 dB squeezing vacuum was obtained using a
PPKTP crystal [13], and 1.83 dB single-mode squeezing was generated utilizing PPLN ridge
waveguide [24]. Although a higher frequency conversion efficiency can be achieved using
PPLN owing to its larger effective nonlinearity (det ~19 pm/V), the largest squeezing degree
of squeezed state was realized using PPKTP in spite that PPKTP offers moderate effective
nonlinear coefficient (dett ~10 pm/V). It is well known that the phase matching temperature of
PPLN is usually more than 100 °C in order to avoid photorefractive effects and optical
damage, so the squeezing degree of squeezed state using PPLN is relative low can be
attributed to there is extra phase noise in OPO or OPA. J. César et al. considered the source of
extra phase noise observed in OPOs was the scattered light by thermal phonons inside a
second-order nonlinear crystal [25], and D. Elser et al. explained the excess phase noise for
light transmitting through the optical fiber by a guided acoustic wave Brillouin scattering
(GAWBS) model [26].

In this paper, bright phase quadrature squeezed states at 1550 nm are generated from
degenerate OPAs (DOPAs) using PPLN and PPKTP, respectively. The classical and quantum
characteristics of DOPAs are observed experimentally and analysed theoretically. A
theoretical model of DOPAs including the extra phase noise caused by the effect of GAWBS
within the nonlinear crystal is used to explain the degradation of squeezing degree of
generated squeezed state.

2. Theoretical description
2.1 Model

The DOPA device, which is pumped by harmonic wave (2w) and injected by subharmonic
wave (w), is shown in Fig. 1. A type-1 phase matched periodically poled crystal (PPXX, such
as PPLN and PPKTP) is employed. @ is the second-order nonlinear coefficient of the PPXX
crystal. The subharmonic wave resonates in the DOPA cavity and the harmonic wave double-
passes through the crystal. apin (as,in) is the input mode operator of harmonic (subharmonic)
wave, ao (@) is the harmonic (subharmonic) mode operator in the cavity, apout (0s0ut) 1S the
output mode operator of harmonic (subharmonic) wave.

Cp,out
B E—

200 —»
Oy in

A J

2]

22]

Y

1

Fig. 1. Schematic of the degenerate optical parametric amplifier.

Assuming zero detuning of the cavity, the quantum Langevin equations of motion for the
intracavity modes are as follows [27]

do ==Yy -%az + 2701ap,in + 27/OcC0,in

, 1)

d = _j/a + Ka0a+ + mas,in + 2}/c Cl,in
where y = y1 + y¢ + 72 is the total cavity photon loss rate of the subharmonic wave, yo = yo1 +
yoc + 02 1S the total cavity photon loss rate of the harmonic wave. y1 (yo1), yc (yoo), 72 (yo2) are
the photon loss rates due to the input coupler transmission, the internal cavity losses and the
output coupler transmission of the subharmonic (harmonic) wave, respectively. The internal
cavity losses include crystal absorption, surface scattering, and imperfections of mirrors,
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which are taken into account by introducing a coupling to the vacuum mode Ciin (Coin) Of
zero mean for the subharmonic (harmonic) wave. « is the nonlinear coupling coefficient.
The input-output relation of the subharmonic wave is given by

O o =~/27, 0. 2
The steady state solution of Eq. (1) can be written as
—ua3 + [Zﬁap'm - ;/Ja +4/27, a5, =0, ?3)

where y is the two photon damping rate. The threshold of OPO is ¢, = ;//1/2;4 with vacuum
subharmonic input (esin = 0). « can be expressed as [28]:
ha)( 2 jz B”Zdesz
#7202 am n’n,A%,C

ne!(E0) 4

where L and de are the length and effective nonlinear coefficient of the PPXX crystal,
respectively; n; and n are the indices of refraction of the PPXX crystal at optical frequency w
and 2w, respectively; 4 is the wavelength of subharmonic wave; ¢ is the permittivity of free
space and c is the speed of light. Ak is the wavevector mismatch between the subharmonic
and harmonic waves in the PPXX crystal. m is the order of the phase matching of crystal. z is
the cavity round-trip time.

2.2 Quantum fluctuation

The quantum properties of the DOPA device can be derived using well-established
techniques. We linearize the equations of motion (1) for small fluctuations de; around the
mean field value &; , where a; represents & a,and ¢ . The amplitude and phase

p,in'a

s,in?

quadratures can be defined by X" =a, +3a and X; = —i(ai—ai*) . The fluctuation equations
of motion for the subharmonic field in the cavity can be obtained as

OX* =(y+2ua”)5X* + (J2ud,;, - u@®)oX*+2[u@dX ;1 + 27,6 X 50+ 27, X i,
®)
where §X¢,, are the vacuum fluctuations.

The extra phase noise existed within the second-order nonlinear crystal will reduce the
phase quadrature squeezing from the DOPA device. The extra phase noise can be attributed to
the effect of GAWBS within the nonlinear crystal [29]. The acoustic elastic modes (AEMs) of
the crystal are excited by the thermal energy of the crystal, and the standing pressure waves
caused by AEMs modulate the phase of light throughout the crystal. So the fluctuation
equation of motion for the phase quadrature can be rewritten as

SX™ =~(y +2ua®)5X " —(2ud, , — pa®)SX +2ua@s X, + 215X 1 27 X iy + Qs
(6)
where 6Q, is the fluctuation of the extra phase noise induced by GAWBS.

Taking the Fourier transform of Eq. (6), the spectrum of the phase quadrature noise can be
gotten as

SX(Q) =

2GS X 51 Q)27 5 X 1 (42715 X 1, (Q) + 0Q. (Q) 0
v+ ua’ +2ua. 2720 ’

p.in
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where Q is the analysis frequency in the unit of hertz.
Using input-output relation of Eq. (2), the phase quadrature fluctuation of the output
subharmonic field can be deduced as

2 @S X (27,5 X 1 (Q) 4272 X & 1 (Q) +5Q, (Q
() = 77, DTN OB e O 20X ()1 00:(6)
p,in-

Assuming that the fluctuations of pump and noise induced by extra losses are uncorrelated
and with the variance of 1, the spectrum of the output variance can be obtained using Eg. (8),

— - (8)
Y+ uo +\2ua

G—/J&Z/y—VQG

Var(o6X_.)=1-4 )
( out) 5774’ (1+ﬂ€72/7+o-)2+952

©9)

where & = m is escape efficiency.  is the quantum efficiency of the photodiode and {is
the homodyne efficiency, which should be considered during an actual detection. Q. = Q/y is
the normalized analysis frequency. The normalized pump power is defined aso = Ppump/Pm .
The variance of the extra phase noise induced by GAWBS can be written as [30]

Vo, =\2775 @, (10)

where 7, =(¢)/2)2 is the Brillouin scattering efficiency, and ¢=27T7LAn is the phase shift

caused by the change of the refractive index of nonlinear crystal (An). An is induced by AEM
that is related to the nonlinear crystal temperature and the modulation frequency. GAWBS,
even though occurring at modulation frequencies higher than 20 MHz, can constitute a
significant thermal noise source to the generation of squeezed states at low-frequencies [31].

Figure 2 gives the calculated Brillouin scattering efficiency and relative extra phase noise
induced by GAWBS as functions of temperature of PPXX crystal [Fig. 2(a)] and normalized
pump power [Fig. 2(b)], respectively. The relative phase noise means the extra phase noise
power induced by GAWBS within the nonlinear crystal relative to that when the temperature
of nonlinear crystal is 0 °C. The solid curves (i) and (ii) in Fig. 2 correspond to the Brillouin
scattering efficiencies of PPKTP and PPLN, respectively. The dashed curves (iii) and (iv) in
Fig. 2 correspond to the relative extra phase noise induced by GAWBS inside PPKTP and
PPLN, respectively. In our calculation, the length of the PPXX crystal is set as 10 mm. In Fig.
2(a), the normalized pump power o = 0.7 that is optimal to obtain maximum squeezing in our
experiments. It can be seen, the Brillouin scattering efficiency increases with increasing
PPXX temperature, and the Brillouin scattering efficiency of PPLN is obviously larger and
increases faster than that of PPKTP. The results also indicate that the extra phase noise inside
PPXX can be reduced by lowering the temperature of nonlinear crystals. In Fig. 2(b), the
work temperatures of PPKTP and PPLN are set as 35 °C and 136 °C, respectively, which are
optimal phase matching temperatures for DOPASs in our experiments. Clearly, the Brillouin
scattering efficiency and the extra phase noise within PPLN are larger and increase faster than
that of PPKTP. Consequently, the influence of extra phase noise induced by the effect of
GAWABS on the squeezing generated using PPKTP is smaller than that using PPLN.
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Fig. 2. Calculated Brillouin scattering efficiency and relative extra phase noise induced by the
effect of GAWBS as functions of temperature of PPXX crystal (a) and normalized pump
power (b). Solid curves (i) and (ii) correspond to the Brillouin scattering efficiency of PPKTP
and PPLN, respectively. Dashed curves (iii) and (iv) correspond to the relative extra phase
noise induced by the effect of GAWBS inside PPKTP and PPLN, respectively.

3. Experimental setup

The schematic of the experimental setup used to generate squeezing states is shown in Fig. 3.
A commercial fiber laser (NP Photonic Inc.) provided an output power of 2.0 W with
continuous-wave (CW) single-frequency operation at 1550 nm. An optical isolator (Ol) was
used to eliminate the back-reflection light. The laser beam was sent through a mode clear
(MC1) with a finesse of 500 and linewidth of 600 kHz for preliminary filtering of the laser
spatial mode and extra intensity noise. An electro-optical modulator (EOM) with a radio
frequency of 65 MHz was employed to lock the MC1 cavity using the Pound-Drever-Hall
(PDH) technique. The output from MC1 was split into two parts. The main portion was
injected into an external enhanced second harmonic generation (SHG) cavity to obtain a high-
power, low-noise CW laser with a wavelength of 775 nm that acted as the pump of the
DOPA. The residual portion was used as the injected signal of the DOPA and the local
oscillator (LO) of the detection system. The external enhanced SHG cavity was composed of
a linear cavity and a PPLN crystal. A 1 W single-frequency laser at 775 nm was obtained with
the frequency doubling efficiency of 85%. MC2, with a linewidth of 700 kHz, was used to
reduce the excess intensity noises of the pump of the DOPA. MC2 was also locked using the
PDH technique with a radio frequency of 82 MHz. The power transmittances of the two MCs
were approximately 80%. Using the MCs, the intensity noises of the pump and injected signal
of the DOPA reached the shot noise level (SNL) for analysis frequencies higher than 4 MHz.
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Fig. 3. Schematic of the experimental setup used to generate squeezed states from the DOPA
using PPXX crystal. Ol: optical isolator; EOM: electro-optic modulator; SHG: second
harmonic generator; MC1: mode cleaner of 1550 nm; HWP: half-wave plate; PBS: polarizing
beam splitter; MC2: mode cleaner of 775 nm; DBS: dichroic beam splitter; PZT1-2: piezo-
electric transducer; DOPA: degenerate optical parametric amplifier; BS: 50/50 beam splitter;
PD: photo detector; O : negative power combiner; SA: spectrum analyser.

The DOPA was composed of two concave mirrors with radii of 30 mm and a type-1 phase
matched PPKTP or PPLN crystal. The input coupler of the DOPA provided partial
transmission (PT) at 775 nm (T775nm = 90.0%) and high reflection (HR) at 1550 nm (R1s50 nm >
99.8%). The output coupler provided PT at 1550 nm (T1ss50 nm = 13%) and HR at 775 nm (R77s
nm > 99.7%). Both end faces of PPKTP and PPLN were antireflection coated for wavelengths
of 1550 nm (Risso nm < 0.1%) and 775 nm (R77s nm < 0.25%). The PPKTP crystal, with
dimensions of 10 mm (length) x 2 mm (width) x 1 mm (thickness) and a poling period of
24.7 um, and the PPLN crystal, with dimensions of 10 mm (length) x 10 mm (width) x 1 mm
(thickness) and a poling period of 18.6 pm, were housed in a copper oven and temperature-
controlled by a homemade temperature controller with an accuracy of 0.01 °C, separately.
The temperature of PPKTP and PPLN were controlled at 34.5 °C and 135.2 °C to realize the
optimum phase matching, respectively. The injected signal was also used to align the cavity
and measure the classical gain of the DOPA.

When the relative phase between the pump and injected signal was locked to O using a
piezo-electric transducer (PZT1), the DOPA was operated in a state of amplification. A bright
phase quadrature squeezed state was produced from the DOPA. The squeezed field and LO
were combined at a 50/50 beam splitter and detected by a pair of InGaAs photodiodes with
the quantum efficiency of n = 92% (PD1 and PD2, HAMAMATSU Photonics K. K.,
G10899). The homodyne efficiency is defined by ¢ = 5pyv®. #p is the propagation efficiency
with a measured value of 98.5% and 7y is the homodyne visibility with a measured value of
99.7%. The photocurrents are amplified using two low-noise, high-gain amplifiers based on
the bootstrapped trans-impedance amplifier technology and the combination of L-C
(inductance and capacitance) [32]. A clearance of 16 dB between the shot noise and the
electronic noise can be achieved at 5 MHz when the amplifier is illuminated by 6 mW laser.
The common mode rejection ratio of two amplifiers is 35 dB. The relative phase between the
squeezed field and LO was locked to O by using PZT2. The output photo-currents from the
amplifiers were combined by the negative power combiner and recorded by a spectrum
analyser (SA). The parameters of SA were set as: resolution bandwidth of 30 kHz, and video
bandwidth of 300 Hz.

4. Discussion

To test the nonlinear performance of the PPXX crystal, a CW single-frequency laser at 1550
nm was single-passing the nonlinear crystal for frequency doubling. The SHG conversion
efficiency as a function of the crystal temperature is shown in Fig. 4. The dots and solid
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curves in Fig. 4 are experimental results and theoretical predictions according to the theory in
[28], respectively. The measured maximum SHG conversion efficiency of PPLN is 4.08%o at
the optimum phase-matching temperature of 136 °C, as shown in Fig. 4(a). As a comparison,
the measured maximum SHG conversion efficiency of PPKTP is 1.57%o at the optimum
phase-matching temperature of 35 °C, as shown in Fig. 4(b). It is apparent that the nonlinear
conversion efficiency of PPLN is 2.6 times higher than that of PPKTP, but the optimum
phase-matching temperature of PPKTP is low and close to the room temperature. Optical
losses is a very important parameter for the efficient generation of squeezing, especially intra-
cavity losses can devastate the squeezing level. To investigate the influence of the absorption
of PPKTP and PPLN on the squeezing level, the absorption coefficients of PPKTP and PPLN
at 1550 nm were measured using the thermal self-phase modulation technique [33], which is
1.35x 10 cm~tand 1.78 x 10~ cm~* for PPKTP and PPLN, respectively.

Theoretical prediction

(a)

£~
T

4 Experimental data

SHG conversion efficiency (%a)

125 130 135 140 145

Temperature ("C)
(b)
1.5 = Theoretical predictio

4+ FExperimental data

SHG conversion efficiency (%o)

1 L 1 i L
25 30 35 40 45
Temperature ("C)

Fig. 4. SHG conversion efficiency as a function of the crystal temperature when a 1550 nm
laser single-passes the PPLN crystal (a) and the PPKTP crystal (b). Dots are experimental data,
solid curves are the theoretical predictions.

The measured threshold of the degenerate OPO (DOPO) using PPKTP and PPLN were
230 mW and 145 mW, respectively. The threshold of DOPO using PPLN is lower than using
PPKTP due to larger nonlinear conversion efficiency of PPLN. When DOPA was
subthreshold operated in the state of amplification, a bright phase quadrature squeezed state at
1550 nm was produced. The measured squeezing and anti-squeezing at analysis frequency of
5 MHz under different normalized pump power using PPKTP (blue circles) and PPLN (red
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diamonds) are shown in Fig. 5(a) and 5(b), respectively. The SNL corresponds to the noise
power of 6 mW LO power and a signal power that equal to the mean field power of the bright
squeezed state, which was achieved by adjusting the power of the injected signal of the
DOPA without the pump. A measured maximum squeezing of 6.8 dB of bright phase
quadrature squeezed state with a mean field power of 120 pW was produced from the DOPA
using PPKTP at a pump power of 160 mW and an injected signal power of 14 mW, and the
corresponding anti-squeezing was 11.8 dB. It should be noted that the actual injected signal
power in the DOPA cavity was about 20 pW because the injected signal was coupled into the
cavity through the input coupler. By contrast, a measured maximum squeezing of 4.9 dB with
a mean field output power of 45 uW was generated using PPLN at a pump power of 87 mW
and an injected signal power of 9 mW, and the corresponding anti-squeezing was 10.7 dB.
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Fig. 5. Noise powers of output from DOPAs v.s. normalized pump power at analysis frequency
of 5 MHz. (a) Squeezed noise. (b) Anti-squeezed noise. Blue circles and red diamonds are
experimental data using PPKTP and PPLN, respectively. Dashed curves are theoretical
predictions without considering GAWBS effect inside PPKTP (ii) and PPLN (i). Solid curves
are theoretical predictions with considering GAWBS effect inside PPKTP (iii) and PPLN (iv).

Curves in Fig. 5 are the calculated normalized noise powers of output from DOPAS using
Eq. (9) and the parameters of # = 0.92, = 0.98, &£ = 0.85, and Q = 5 MHz. Taking into
account that the absorption coefficients of PPKTP and PPLN are different, y is set as 0.500 x
108 s and 0.501 x 108 s~* for PPKTP and PPLN, respectively. Dashed curves represent the
theoretical predictions without considering the effect of GAWBS inside PPKTP (curve ii) and
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PPLN (curve i), respectively. It can be seen that a 7.4 dB squeezing can be obtained using
PPLN at a normalized pump power of 0.7 if the effect of GAWBS inside PPLN is not
considered, and the theoretical prediction has a large discrepancy with experimental results.
Solid curves give the theoretical predictions considering the effect of GAWBS inside PPKTP
(curve iii) and PPLN (curve iv), respectively. The theoretical prediction is in good agreement
with experimental results when PPKTP is used. It can be see that the theoretical prediction
has a discrepancy with experimental results when PPLN is used, the possible reason is that
there is still other extra noise induced by thermal effects at a high temperature of nonlinear
crystal and a high pump power. Clearly, the nonlinear conversion efficiency of PPKTP is
lower than that of PPLN and the threshold of the DOPO using PPKTP is larger than using
PPLN, but the large squeezing of phase quadrature squeezed state can be generated using
PPKTP owing to low phase matching temperature and weak influence of the GAWBS effect
in the crystal.

5. Conclusion

Bright phase quadrature squeezed states at 1550 nm were generated from DOPAs, which
were subthreshold operated in the state of amplification, using PPLN and PPKTP,
respectively. A measured squeezing of 6.8 dB with a mean field power of 120 uW was
produced from the DOPA using PPKTP at a pump power of 160 mW. By contrast, a
measured squeezing of 4.9 dB with a mean field output power of 45 uW was generated using
PPLN at a pump power of 87 mW. Although the single-passing nonlinear conversion
efficiency of PPLN is 2.6 times higher than that of PPKTP, and the measured threshold of the
DOPO using PPLN is lower than using PPKTP, the measured phase quadrature squeezing
using PPLN with the phase matching temperature of 135.2 °C is lower than that using PPKTP
with the phase matching temperature of 34.5 °C. The degradation of squeezing of generated
phase quadrature squeezed state using a nonlinear crystal with a high phase matching
temperature is explained by a theoretical model of DOPAs including the extra phase noise
caused by the effect of GAWBS within the nonlinear crystal. The PPKTP crystal is the best
choice to prepare non-classical states of light that can be widely used in the application fields
such as quantum information processing and high-precision quantum measurements.
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