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ABSTRACT
We report on a compensation characteristic of the phase shifts, originating from the cavity detuning and phase mismatching, in the process
of squeezed state generation. In the experiment, the maximum level of squeezing was not generated under coresonance in a doubly resonant
optical parametric oscillator (OPO), which was theoretically explained based on the motion equation of the OPO. Furthermore, the power
dependence of the squeezing and antisqueezing was also measured at the coresonance and the optimum noise reduction status. The results
revalidated the compensation mechanism. Finally, the amplitude quadrature (or vacuum) noise reduction was raised to 11.7 dB (or 12.3 dB)
at 8 MHz by ﬁnely tuning the crystal temperature away from coresonance.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5115795

Squeezed states can be prepared during the second or third order
nonlinear interaction in a nonlinear medium,1–3 in which the quantum noise of the quadrature components of vacuum or coherent light
is improved beyond the quantum noise limit (QNL). Pervasive signiﬁcant applications were carried out with squeezing technology, for
example, continuous wave cluster state generation for quantum computing and networks,4–9 small spatial displacement measurements,10,11
gravitational wave detection,12,13 and quantum radar.14,15 All of these
applications address the requirement of high squeezing strength with
as little laser power consumption as possible,16–18 and every little bit of
additional quantum noise reduction could be critical for quantum
sensing and computing applications. Squeezing strength is mainly limited by the optical losses (mixing vacuum noise into the squeezed ﬁeld)
and phase ﬂuctuations (projecting the noise of antisqueezed quadrature onto the squeezed one) in the processes for squeezing production,
transfer, and detection.19,20
The optical parametric oscillator (OPO) is a common approach
for generating a strong squeezing,16,17 which contains a resonator to
enhance the nonlinear interaction. Squeezing occurs on a certain
quadrature component, at the expense of increasing noise power in its
orthogonal one. The squeezed quadrature is mainly dependent on the
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relative phase hB between the signal and pump beams. For hB ¼ 0, the
phase quadrature is squeezed. For hB ¼ p, the amplitude quadrature
noise is reduced below the QNL. However, the squeezing angle may be
shifted from the amplitude or phase component owing to cavity
detuning or phase mismatching.20–22 A singly resonant OPO is easy to
meet the resonance for the signal beam at the phase matching temperature, but it consumes more pump power than the doubly resonant
one.23
The dual resonator is beneﬁt for lowering the threshold power of
the OPO, but it is a challenge to simultaneously achieve double resonance as well as the optimum phase matching conditions. Usually, the
double resonance is maintained by locking the cavity to the pump
beam and precisely controlling the nonlinear crystal temperature and
ensuring the temperature close to the phase matching one as much as
possible. In Ref. 18, double resonance and close to optimum quasiphase matching were simultaneously achieved by coarse trial and error
adjustment of the Gouy phase via the cavity length, together with ﬁne
tuning of the crystal temperature. The authors claimed that compensation between differential phase shifts in mirror coatings of the high
reﬂectors of the OPO and the Gouy phase during the nonlinear interaction was possible, either by adjusting the Gouy phase via cavity
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length or by designing proper dielectric mirror coatings with the theoretical models in Ref. 24. After these optimizations, the total phase
made sure that the nonlinear interaction reaches a maximum value. In
practice, the doubly resonant temperature is inevitable to have a small
difference with the phase matching one. Therefore, we only assure that
one status meets the optimum value for each measurement and
slightly sacriﬁces the other. Nevertheless, small variation in the cavity
length (breaking the resonant condition) or phase matching will draw
into a phase shift to rotate the squeezing angle,20–22 which makes the
measured quadrature component deviate from the maximum squeezing one. However, the phase ﬂuctuation dependence of the squeezing
becomes acute with the increase in the squeezing strength, which
should be thoroughly quantiﬁed and reduced as far as possible.23,25
In this Letter, in terms of the physical condition of coresonance, a
doubly resonant cavity was designed by considering both the crystal
length and the cavity air gap distance. Meanwhile, we demonstrated a
compensation characteristic of the phase shifts, originating from the
cavity detuning and the phase mismatching, during the squeezed state
generation. Based on the motion equation of the OPO, the compensation mechanism was theoretically explained. By measuring repeatedly
the power dependence of the squeezing and the antisqueezing under
the coresonance and the optimal noise reduction status, we conﬁrmed
the analysis results again. Finally, at the coresonant temperature, an
optimal quantum amplitude (vacuum) noise reduction of 11.3 dB (12
dB) at 8 MHz was obtained. The squeezed level was raised to 11.7 dB
(12.3 dB) at 8 MHz by carefully optimizing the crystal temperature
away from coresonance.
The experimental scheme is shown in Fig. 1. The ﬁber laser, with
1 W output power at 1550 nm, is divided into two beams. One is
injected into a mode cleaner (MC1) to improve the fundamental
spatial-temporal mode and reduce the intensity noise at the radio frequency (RF) region. Its output is prepared for the local oscillator (LO)
of the balanced homodyne detection (BHD), as well as the auxiliary
(or seed) beam of aligning the OPO. The remaining part (210 mW) is
injected into the second harmonic generator (SHG) to produce an
upconversion lasing of 100 mW as a pump source of the OPO. The
OPO is constituted by a concave mirror and a periodically poled
titanyl phosphate crystal (PPKTP, Raicol Crystals Ltd:). The PPKTP is
10 mm long (Lc) with a curvature radius of 12 mm and high reﬂectivity

FIG. 1. The schematic of the squeezed state generator. FI, Faraday isolator; EOM,
electro-optical modulator; PBS, polarization beam splitter; SHG, second harmonic
generator; MC, mode cleaner; OPO, optical parametric oscillator; DBS, dichroic
beam splitter; PD, photodetector; and BHD, balanced homodyne detection.

Appl. Phys. Lett. 115, 171103 (2019); doi: 10.1063/1.5115795
Published under license by AIP Publishing

ARTICLE

scitation.org/journal/apl

(HR) both at 1550 nm and 775 nm, and the plane surface is antireﬂection (AR) coated. The concave mirror acts as an output coupler with a
curvature radius of 25 mm, and its reﬂectivities for 1550 nm and
775 nm are 84.3% and 97.8%, respectively. The ﬁneness (linewidth) of
the fundamental and harmonic waves is 34.7 (110.4 MHz) and 200
(19 MHz), respectively. The escape efﬁciency of the OPO is about
98% 6 0:47%, corresponding to a threshold pump power of 16.7 mW.
The visibility of the local and signal beam in BHD is better than
99.5%, and the two photodiodes have a quantum efﬁciency of more
than 99% (Laser Components).
PPKTP has a wide temperature full width at half maximum
(TFWHM) of about 14  C with a poled period of 24.7 lm for the
wavelength conversion of 1550 nm and 775 nm, which imposes less
strict conditions on the temperature stabilization. Therefore, it is easier
to achieve the doubly resonant status. The dispersion compensation
was achieved by ﬁnely tuning the crystal temperature with a high precision (0.001  C) temperature controller (Thorlabs, TED4015). The
OPO cavity length was locked to the pump beam by the PoundDrever-Hall (PDH) technique. The temperature dependence of the
conversion efﬁciency was measured by scanning the temperature of
the crystal with a fundamental wave injected, and the measurement
results were ﬁtted with a sinc function, shown in the red dots and a
black line of Fig. 2(b). The slope of the blue line in Fig. 2(b) represents
the coresonant status for different air gaps when heating the crystal at
different temperatures. The phase matching temperature Tp equals
43.77  C.
The coresonant status is analyzed by simultaneously considering
the phase matching temperature and the cavity length L. The physical
condition for coresonance is that the round trip phase delay for the
circular beam in the resonator must be an integer of 2p, i.e., hxð2xÞ
¼ kxð2xÞ  2L þ h0xð02xÞ ¼ 2ph1ð2Þ [h1ð2Þ is an integer, kxð2xÞ is the
wavenumber of the fundamental beam (pump beam), and h0xð02xÞ is
an initial phase of the fundamental beam (pump beam)].26 The cavity
length L is expressed as nx;2x  Lc þ Lag . nx and n2x are the refractive
index of the fundamental and harmonic waves.27 Then, the crystal

FIG. 2. The theoretical results of coresonant temperatures in the temperature bandwidth of the PPKTP crystal for different (a) crystal lengths Lc and (b) air gap lengths
Lap of the cavity.
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length and the air gap distance were theoretically designed by simultaneously considering the phase matching temperature, which are
shown in Fig. 2. First, for a certain air gap, e.g., Lap ¼ 20:6 mm, the
coresonant condition was calculated as a function of Lc and shown as
the solid line in Fig. 2(a), which exhibits a periodical variation with Lc.
At the optimal phase matching temperature, the OPO can operate on
double resonance for some discrete Lc [red dot in Fig. 2(a)].
Subsequently, for a given crystal length Lc ¼ 9:96 mm, then the coresonant status can be ﬁgured up near the optimal phase matching temperature by continuously changing Lap [shown as the blue linear line
in Fig. 2(b)]. Only at the black cross point of the blue line in Fig. 2(b),
coresonance will overlap with the perfect phase matching condition.
Finally, we can ensure that the OPO operates on coresonance at
Tp ¼ 43:77  C with Lc ¼ 9:96 mm and Lap ¼ 20:6 mm.
In the actual situation, limited by mismachining tolerance, operational error of the cavity length and crystal parameters, and differential
phase shifts (difﬁcult to control and evaluate),24 the experimental
results for coresonant status might inevitably deviate from the ideal
one. Therefore, when the OPO operates on coresonance, the nonlinear
crystal temperature might separate from Tp and introduce a phase
mismatching factor Dk. As a result, thenonlinear
coupling parameter

DkLc
2

should be modiﬁed to e ¼ e0 ei

sin c

DkLc
2

, where e0 is the nonlin-

ear coupling parameter for optimal phase matching temperature. e
decays exponentially with the phase mismatching factor Dk, which has
an adverse impact on the squeezing quadrature by introducing a phase
20,21,28
c
shift Dhk ¼ DkL
DT is a temperature off2 ¼ tðT  Tp Þ ¼ tDT.
set away from Tp. t is a constant, corresponding to the temperature
coefﬁcient of the optical path variation.20 In order to realize the coresonant condition at Tp, a wedge component was usually adopted to
compensate the dispersion induced by the differential path length for
the two resonant modes,29,30 but it is not feasible for a half-monolithic
OPO with one crystal surface to be used as a spherical cavity mirror.
Additionally, a temperature deviation dT of the PPKTP will
break the coresonant status and introduce a cavity detuning for the
seed beam, DL ¼ xdL=L (x is the laser frequency). The effect of the
detuning is equivalent to a phase shift DhL of the seed beam, which
rotates the squeezing angle and degrades the measured squeezing. In
this case, the total phase shift DhB is the combination of the effect
from cavity detuning and phase mismatching. Subsequently, we expect
to verify and demonstrate a mutual compensation characteristic of the
two phase shifts.
The composite effect on the squeezing for the two phase shifts
can be quantiﬁed by the motion equation of the OPO in matrix
form,21,22,28
v_ c ¼ ctot
(1)
a Mc vc þ Min vin þ Mout vout þ M1 v1 ;
pﬃﬃﬃﬃﬃﬃ
where the matrices Mi ¼ 2ci I (i ¼ in, out, and l) are the effect of
the input mirror coupling rate cin , output mirror coupling
rate cout , and round trip loss coupling rate cl on the squeezing
production,
and I is a 2  2 identity matrix. 1
The matrix
0
DL
x sin cðDhk ÞeiðhB Dhk Þ C
1 þ i tot
B
ca
C
B
Mc ¼ B
C includes
DL
A
@
iðhB Dhk Þ
x sin cðDhk Þe
1  i tot
ca
three quantities (DL , x, and Dhk ) in connection with the squeezing
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strength. x is the normalized nonlinear interaction strength,
ihB
x ¼ jejjbj=ctot
a (b ¼ jbje ), where b is the amplitude of the pump
tot
ﬁeld. The parameter ca is the total resonator decay rate for the fundamental ﬁeld. vc ; vin ; vout , and vl are the column matrices for the annihilation and creation operators. The matrix elements in Mc can be
divided into two parts. The ﬁrst two diagonal elements are the detuning part, which introduce a phase shift to the signal beam, and the
other two diagonal elements are the phase mismatching part, which
shift the phase of the pump beam and reduce the nonlinear interaction
strength. Consequently, they codetermine the noise reduction of the
OPO output by rotating the squeezing angle. With Eq. (1), the phase
shifts originating from the two effects can be calculated, respectively.
The analysis results showed that the phase shifts DhL and Dhk can be
operated to have an opposite sign with the change of crystal temperature.20 Originally, the crystal temperature was controlled to meet the
coresonant status but might not equal the optimal phase matching
temperature Tp. If we optimize the squeezing strength by tuning the
temperature toward to Tp, the phase shift induced by the cavity detuning will compensate that induced by the phase mismatching to some
extent. Thus, the squeezing strength may be optimized to a higher level
by only tuning the nonlinear crystal temperature.
Experimentally, the OPO length was designed for a certain Lc
(9.96 mm) and Lap (20.6 mm) on the basis of the theoretical result.
First, the output mirror of the OPO was ﬁxed to the main architecture
of the cavity, and the PPKTP was carefully placed into the copper of
the crystal to achieve the designed cavity length for coresonant status.
Subsequently, the coresonant status was realized, by ﬁnely tuning the
temperature of the PPKTP after locking the OPO to resonate with the
pump ﬁeld and monitoring the maximum classical gain of the signal
beam with a seed beam being injected. The seed beam also acted as a
sensor of the relative phase during the squeezed state generation.
Comparing the coresonant temperature with Tp, if they have a large
difference, we should change the distance of Lap by moving the PPKTP
to a new position along the optical axis of the OPO. Finally, we iterated
several times the adjustment of the air gap around 20.6 mm and then
the dual resonance could be operated near phase matching temperature. After the optimization of the coresonant status, the relative phase
between the pump beam and the signal beam was locked to p and the
relative phase of the local beam and the signal beam in the BHD was
locked to 0 (or p=2). The amplitude quadrature squeezed state was
measured with a spectrum analyzer (SA) at the analysis frequency of
8 MHz, with a resolution bandwidth (RBW) of 300 kHz and a video
bandwidth (VBW) of 200 Hz. The maximum noise reduction of 11.3
dB was obtained at the pump power of 13.5 6 0.5 mW. By tuning the
crystal temperature, the temperature dependence of the squeezing
(antisqueezing) was experimentally observed, and shown as the dot
(triangular) symbols in Fig. 3. The solid lines in Fig. 3 were the ﬁtting
results according to the measured values and model in Eq. (1). When
the crystal temperature detuned 0.1 6 0.01  C from coresonance, the
maximum noise reduction of 11.7 dB was directly observed.
The experimental results can be explained by the former analysis.
If not considering the phase shift originating from nonlinear coupling
parameter e, the temperature deviation from coresonance will introduce a cavity detuning of the fundamental wave. It brings an additional phase shift into the fundamental ﬁeld and ﬁnally degrades the
squeezing strength, which conﬂicts with the experimental results in
Fig. 3. When considering the inﬂuence of the parameter e, there was
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FIG. 3. The quadrature noises as a function of temperature deviation from the coresonance of the OPO. The illustrations (a)–(e) present the relative phase evolutionary process due to the phase mismatching hk and cavity detuning hL with the
temperature change around the coresonance.

another phase shift, except for the cavity detuning. In the experiment,
the crystal temperature at coresonant status was not Tp, and hence, it is
involved in a phase shift to decrease the squeezing. Gradually changing
the temperature around coresonance, the original phase shift might be
partially or completely compensated by the cavity detuning (point d in
Fig. 3). Further tuning the temperature away from the compensated
point, the decreased e due to cavity detuning reduced the squeezing
strength quickly (point e in Fig. 3). Tuning the temperature to the opposite direction, the complex phase shift increased the phase difference,
which further lowered the squeezing strength. The evolution diagram of
the temperature-dependent phase differences is presented by the clocklike circular motion in Fig. 3. The antisqueezing was immune to the
phase difference, which followed the general evolution rule with the
crystal temperature. The experimental results of the squeezing and antisqueezing strength were perfectly in agreement with the theoretical analysis. The results provide guidance to optimize the squeezing strength as
far as possible. Although resonant status can be conveniently transformed by changing the cavity length and the crystal temperature within
the TFWHM on a large scale, our method was yet limited by the linewidth of the OPO resonator and only suited to a small temperature
range due to the 110 MHz linewidth for the squeezing beam. Therefore,
a wider bandwidth OPO is more beneﬁt to implement the phase compensation by tuning the crystal temperature. Our method provides an
effective approach for improving the squeezing strength in the doubly
resonant OPO under the nonperfect phase matching condition.
Figure 4 shows the dependence of the squeezing and antisqueezing on the pump power. A squeezed vacuum state, with the maximum
noise reduction of 12.3 dB (12.5 dB by considering the electronic
noise) and a pump power of 13.5 6 0.5 mW, was experimentally measured by optimizing the crystal temperature near the coresonant status. The solid rhombuses and triangle dots were the measured
squeezing and antisqueezing and were ﬁtted on the basis of the theoretical model of Eq. (1) (the solid line). There were a total optical loss
of 5%60:15% and a phase ﬂuctuation of 1.4 6 0.26 mrad. We
repeated the measurement at the coresonant point. The hollow rhombuses and triangle dots were the measured squeezing and antisqueezing corresponding to a noise reduction of 12 dB; the result was ﬁtted
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FIG. 4. Pump power dependence squeezing and antisqueezing quadrature noise
with experimental and theoretical results.

with a total optical loss of 5% 6 0:15% and a phase ﬂuctuation of
4 60:32 mrad. It further conﬁrmed that the analysis above was valid
(dotted line). The difference of the squeezing strength between the
bright squeezed state and squeezed vacuum state was attributed to the
noise coupling of the seed beam to the pump beam.31,32
In conclusion, we demonstrated a design of a doubly resonant
OPO, by considering both the crystal length and the air gap distance,
and proposed a phase shift compensation mechanism, originating
from the imperfect temperature overlap between the coresonance and
phase matching. Based on the motion equation of the OPO, we theoretically explained this mechanism in the quadrature squeezing production process.
For a doubly resonant OPO, the coresonant temperature was
practically impossible to completely overlap with Tp, which would
bring into a phase shift due to phase mismatching and reduce the
squeezing strength. In the experiment, we gradually adjusted the crystal temperature detuning from doubly resonant status, whereafter a
further quadrature noise reduction of 11.7 dB at 8 MHz was directly
measured, which conﬁrmed a phase shift compensation method based
on the theoretical model. We repeatedly measured the power dependence of the squeezing and antisqueezing at the coresonance and the
optimum noise reduction status. The ﬁtting results for the phase ﬂuctuation were in good agreement with the experimental and theoretical
results of the compensation mechanism. The results provide guidance
to optimize the squeezing strength as much as possible.
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