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Abstract

®

CrossMark

Squeezed vacuum states were generated using a subthreshold optical parametric oscillator
(OPO) and a home-made, continuous-wave, single-frequency 532nm and 1064 nm dual-
wavelength laser. The OPO was pumped by the 532 nm output of the laser. The 1064 nm
output of the laser was used to generate an auxiliary beam by optical serrodyne sideband
modulation and a coherent control field (CCF). When the subthreshold OPO was locked using
the auxiliary beam and the squeezing angle controlled using the CCF, 6.1 &+ 0.3 dB phase-
squeezed vacuum states at audio frequencies from 5 to 100kHz were stably generated with a

compact configuration.
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1. Introduction

Squeezed vacuum states are an important tool for improving
the sensitivity of laser interferometers, such as with gravi-
tational wave (GW) detection [1-3]. They are also impor-
tant resources for quantum information, quantum imaging
and quantum enhanced high-precision measurements [4—7].
For practical applications of squeezed vacuum states, it is
essential to obtain stable, squeezed vacuum states with high
squeezing degrees and compact configurations. Squeezed
vacuum states are commonly produced via a subthreshold
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optical parametric oscillator (OPO) in continuous variables
systems [8—12]. So far, 15 dB squeezed vacuum states at
Fourier frequencies from 3 to 8 MHz have been measured
using a semi-monolithic OPO cavity [13]. However, it is dif-
ficult to obtain stable, squeezed vacuum states if the sub-
threshold OPO cavity is uncontrolled due to mechanical
disturbances to the OPO cavity. Consequently, the length
of the subthreshold OPO cavity needs to be locked to the
main laser at the frequency of wy [14]. Injection locking
schemes rely on an injection of a weak, phase-modulated
light into the subthreshold OPO at the frequency wy [15].
The injected light has the same mode and polarization as
the generated squeezed vacuum states, thereby turning the
OPO into an optical parametric amplifier (OPA), and bright
squeezed states are generated instead of squeezed vacuum

© 2019 Astro Ltd Printed in the UK


publisher-id
doi
mailto:kuanshou@sxu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1612-202X/ab0a60&domain=pdf&date_stamp=2019-04-09
http://creativecommons.org/licenses/by/3.0
https://doi.org/10.1088/1612-202X/ab0a60

Laser Phys. Lett. 16 (2019) 055202

Y Gao et al

states. It has been shown that even the lowest carrier pow-
ers of injected light can introduce large amounts of excess
noise at audio frequencies and that the squeezing degree of
squeezed vacuum states will be reduced or even not achieved
[16]. To obtain stable, squeezed vacuum states and avoid any
contamination of the squeezed light by laser noise in the
audio band, an auxiliary beam polarised orthogonally to the
squeezed vacuum field needs to be used to lock the length
of the subthreshold OPO cavity and spatially separated from
the squeezed vacuum states with a polarised beam splitter
(PBS) behind the OPO. The p-polarised auxiliary beam must
be frequency shifted by employing a tunable laser to realise
simultaneous resonance with the s-polarised squeezed vac-
uum field [17, 18]. Stable, squeezed vacuum states in the
GW detection band were achieved in 2006 [17]. In their
experiment, an auxiliary laser source with p-polarization
and which was frequency shifted by about 1.4 GHz was used
to lock the length of subthreshold OPO cavity. In 2011, the
squeezed-light enhancement of GEO600 was demonstrated
by employing squeezed vacuum states, and stable, squeezed
vacuum states were achieved by using two auxiliary laser
sources that frequency shifted several MHz to lock the cav-
ity length of the squeezing resonator and control the phase
of squeezed field, separately [18]. However, in this scheme,
the auxiliary laser can provide a large frequency shift but
it has to be phase locked to the main laser, and the level of
squeezing measured will be reduced because of the relative
frequency noise between the main and auxiliary lasers. It is
well known that the electro-optical phase modulator (EOPM)
can be used to transfer carrier power into sidebands and that
the propagation direction of light at sideband frequency is
the same as that of the carrier light. In particular, the fibre-
based, waveguide-type EOPM has a typical bandwidth of up
to dozens of GHz, and optical serrodyne sideband modula-
tion allows one to achieve a wideband frequency shift of high
efficiency [19, 20]. It is possible that the subthreshold OPO
cavity length can be controlled with an auxiliary beam that
is generated directly by transferring the main laser’s power
to the sidebands based on serrodyne sideband modulation
technique via a fibre-based, waveguide-type EOPM; stable,
squeezed vacuum states with compact configurations can be
realised without an auxiliary laser source.

In addition, for practical applications such as nonclassi-
cal improvement of an interferometer’s signal-to-noise ratio
(SNR), the squeezing angle of squeezed vacuum states needs
to be controlled for and locked to the modulation signal of
interest. Controlling the squeezing angle of squeezed vacuum
states is more challenging. The coherent control technique has
emerged as the preferred means for solving this problem [17,
21, 22]. In this technique, a coherent locking field (CLF) has
been used to control the squeezing angle, and the frequency of
CLF is shifted out of the squeezing band to prevent any con-
tamination of the squeezed field in the frequencies of interest.
Since the CLF is coherent with the squeezed mode, its phase
can be used as the reference for the squeezing angle. The CLF
can be generated by passing a beam at the fundamental fre-
quency through a single acousto-optic modulator (AOM) [17]
or by using an auxiliary laser source [21]. In 2016, a CLF

auxiliary beam produced by shifting the frequency of main
laser using two AOMs was used to lock the squeezing angle of
squeezed vacuum states [22]. In their experiment, a subthresh-
old triply resonant OPO was utilised and the cavity length was
locked using a pump beam. The scheme using two AOMs has
the advantage that an arbitrary frequency-detuned CLF can
be obtained without contamination by a noticeable amount of
light at the carrier frequency.

In this paper, stable, squeezed vacuum states at audio
frequency were generated from a subthreshold doubly reso-
nant OPO pumped by a home-made, continuous-wave (cw),
single-frequency, dual-wavelength Nd:YVO4</LBO laser.
The subthreshold OPO cavity was locked using an auxiliary
beam that was generated by shifting the frequency of the fun-
damental laser utilising optical serrodyne sideband modula-
tion method via a fibre-based, waveguide-type EOPM and a
nonlinear transmission line (NLTL). Furthermore, the squeez-
ing angle of squeezed vacuum states was controlled with the
coherent control technique using the fundamental laser whose
frequency is shifted by two AOMs, and the noise distribution
of the squeezed vacuum states in phase space was analysed
theoretically and experimentally.

2. Theoretical description

2.1. Auxiliary beam frequency shifted by optical serrodyne
sideband modulation

To lock a subthreshold OPO cavity, an auxiliary beam is
needed. The auxiliary beam can be generated by transferring
the fundamental laser power to the sidebands based on the
optical serrodyne sideband modulation technique via a fibre-
coupled EOPM. The electric field of the laser modulated by
the EOPM that is driven by a periodic phase-modulated signal
is given by

E(t) = Ey exp {iwot + p(wnt)}, (1)

where (w,,f) is phase modulating function and w,, is the
angular frequency of the periodic phase-modulated signal. Ey
and wy are the amplitude and angular frequency of the input
laser field, respectively. When the laser is modulated by the
EOPM driven by a sawtooth modulation function, the electric
field can be written as [23]

E(t) = Ey exp(iwot) - Z by, exp(inwpyt), 2)

where n = 0, +1, 42, - - - represents n-order sideband and b, is
the Fourier coefficient of sawtooth phase-modulated function
that is given by

1 [" .
b, = e [W expi(p(x) — nx)dx. 3)

When the sawtooth modulation function is described
as o(wy,t) with a peak phase deviation of d¢ and a width of
the fly-back period of 2(w — «) as shown in Figure 1(a), the
Fourier coefficients of equation (3) can be written as

asin(dp —na) (7 — a)sin(dp — na)

bn = 7(8p — na) + 76 +n(r —a)) @)
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Figure 1. (a) Sawtooth phase modulation function with a peak
phase deviation 6 and a width 2(7m — «) of the fly-back. (b)
Suppression of the carrier frequency dependent on the peak phase
deviation 6¢ with o = 0.77, « = 0.9, a = 7.

If only considering sidebands on the orders of 0 and +1
and ignoring the contributions of higher-order terms, the elec-
tric field of the laser can be simplified as

E(t) = Ey exp(iwot)[bo + by exp(iwnt) + b_ exp(—iwpt)].
5

If the first-order sidebands of the p-polarised auxiliagr)3
beam frequency shifted by the optical serrodyne sideband
modulation can be simultaneously resonant with the gener-
ated s-polarised squeezed state in the OPO cavity, it can be
used to lock the length of the OPO cavity, and s-polarised
squeezed vacuum states can be generated from a subthresh-
old OPO stably. When the carrier suppression is defined as
(1b1]/bo| )* or (|b_1|/|bo| )*, it should be as large as possi-
ble to get a high SNR from the locking system. Therefore,
the power transfer efficiency from the carrier frequency to the
first-order sideband frequency that can be calculated using
equation (4) is expected to be as high as possible. Whether
to choose the upper or lower sideband as the p-polarised
auxiliary beam depends on which frequency is closer to the
resonant frequency of s-polarised beam in the OPO cavity.
Figure 1(b) depicts the carrier suppression for the upper first-
order sideband frequency depends on the peak phase devia-
tion 6 with different sawtooth phase modulation («) of 0.7,
0.97 and 7, respectively. It was observed that the calculated
maximum carrier suppression is 324 dB with a power transfer
efficiency of 43% for 6 = m with a = 0.7, the calculated

maximum carrier suppression is 327 dB with a power trans-
fer efficiency of 80% for 6 = 7 with @ = 0.97 and the cal-
culated maximum carrier suppression is co dB with a power
transfer efficiency of 100% for 6 = 7 with o = 7. Because
an ideal sawtooth waveform with o = 7 cannot be generated
in the experiment, the best choice is o to be 0.97 to obtain
higher power transfer efficiency. Compared with the sinusoi-
dal phase modulation in which the power transfer efficiency of
the first-order sideband is about 34%, optical serrodyne side-
band modulation can provide higher power transfer efficiency
with a wideband frequency shift.

2.2. Control of the squeezing angle and analysis of the noise
distribution of squeezed vacuum states

When a coherent control field (CCF) frequency shifted by
a frequency of {2 with respect to the fundamental laser fre-
quency (wp) is injected into the subthreshold OPO cavity and
the relative phase between the pump field and CCF is locked,
the control of squeezing angle of squeezed vacuum states can
be realised. Note that €2 should be out of the squeezing band
in the frequencies of interest but within the bandwidth of the
OPO cavity. The outgoing CCF from the subthreshold OPO
can be written as [24]

ECCF(1) = % i cos(wo + Q)t
_|_f/;21g i cos((wo — Q)1 — 26), (6)

where 37 represents real valued amplitude of CCF prior to
any nonlinear interaction. g = e%, r refers to squeezing factor,
and 0 refers to squeezing angle.

The photocurrent from the photodetector is given by

2 2
CCF _ [ &+l pin &—1 pin
I = <¢2§6+) - (\/z’g )
s+l gin ) ( 8=L gin
+2 (ﬂﬁ+) <@ﬂ+) cos(2Q +26). (7)
After the photocurrent is finally mixed with an electrical
demodulation signal Bgemoq1c0s(2€2f + x1), a demodulation
frequency of 2(2, an amplitude of Bgemoar and demodulation
phase of x, the alternating currents (AC) part of photocurrent

with the higher-order terms ignored that can be used as the
error signal to lock the squeezing angle is expressed as
g -1
2g

It can be seen that the error signal depends on the squeezing
angle and demodulation phase ;. The zero point of € can be
changed by changing ¥, and thus the signal ¢ can be directly
used to control and lock the squeezing angle 6.

It is challenging to analyse the noise distribution of the
squeezed vacuum states in phase space. Since the coherent
amplitude of vacuum squeezed states is zero, the squeezing
angle cannot be detected directly by balanced homodyne
detectors (BHDs). If a CCF is injected into the subthresh-
old OPO cavity, thereby the OPO is turned into an OPA and
bright squeezed states are generated at a Fourier frequency of

€= (BT)zﬁdemodl cos(26 — x1). (8)
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Q). The generated bright squeezed states, copropagating with
the squeezed vacuum states, are detected by the BHD with the
local oscillator (LO) field. Consequently, the squeezing angle
of squeezed vacuum states can be determined by controlling
that of the bright squeezed states at a Fourier frequency of €.
Furthermore, the noise distribution of the generated squeezed
states in phase space can be analysed by scanning the relative
phase between the CCF and LO when the squeezing angle is
locked. The photocurrent subtraction of the BHD can be writ-
ten as [25]

I_(t)= foﬂwﬁ"' cos(Q2 + ¢(1))
+2 \/>5L05+ cos(Q — ¢(1) + 26), 9)

where (3¢ is the amplitude of the LO, and ¢(¢) is the relative
phase between the CCF and LO.

Through linearizing annihilation and creation operators of
quantum modes, the fluctuation of the photocurrent subtrac-
tion of the BHD can be written as

) > (10

where §X°“ () and § Y (€2) are the amplitude quadrature and
phase quadrature fluctuations of output field from the OPO at
frequency of wy + €2, respectively, and they can be given by

6X(Q) = (cosh(r) + sinh(r) cos(26))X™ (1)
+ sinh(r) sin(26)6Y"(Q),

SXOU(2) cos(Q + ¢(1))
oI (t) = Bro ( +8Y7 () sin(Q + ¢(1))

(1)

SY?u(Q) = sinh(r) sin(260)6X™ ()
+(cosh(r) — sinh(r) cos(20))6Y™(Q), (12)

where 6X™(€2) and §Y”(Q) are the amplitude quadrature and
phase quadrature fluctuations of the input CCF, respectively.

The noise distribution of the squeezed states in phase space
can be analysed by phase synchronous detection with a mixer
demodulator. The mixer is gated by a demodulation signal
Baemod2€08(2f + x2), where Sgemoa> and x, are the ampl-
itude and phase of the demodulation signal, respectively. The
amplitude of the noise current for a fixed squeezing angle 6 at
a Fourier frequency of €2 can be written as

1_ ([)‘Q = &l BLOﬁJrﬁdemodZ COS(¢( ) - XZ)
_|_g lBLOBJ,-ﬁdemOdZ 608(20 ¢( )

Note that the higher-order terms in equation (13) are ignored.
The signal I_(#)ln can be used to control and lock the relative
phase between the generated squeezed fields and LO.
The fluctuation of noise current for a fixed squeezing angle
0 at a Fourier frequency of {2 can be given by
- X2) )
-x2) )

5X7 (Q) cos(o(1)
(14)

+86Y°4(Q) sin(o(z)
Equation (14) gives the noise distribution of squeezed states
at a Fourier frequency of €. Generally, to simplify the analy-
sis of the noise distribution, the phase of the demodulation

X2)- (13)

ol_ (l)|Q = BLoBdemod2 (

signal is set to cos(x2) = 1. When the CCF at frequency of
wo + §2 is injected into subthreshold OPO as the signal and
the pump field is blocked, the output field will be in a coher-
ent state. The amplitude is proportional to ﬂfﬁ and the fluctua-
tion corresponds to the vacuum fluctuation. When the pump
field is injected, and the relative phase of the pump and the
CCF is fixed to /2, the subthreshold OPO will be operated
in the state of anti-amplification, and the amplitude squeezed
vacuum states can be obtained. In this case, a bright ampl-
itude squeezed state at a Fourier frequency of €) is gener-
ated simultaneously, and the amplitude of the squeezed state
is proportional to e"ﬂ "(r > 0), which is smaller than B

When ¢ = +nw (n =0, 1, 2, ...), the noise amplitude of the
squeezed state is proportional to 6X°“(Q) = ™", which is
smaller than 1; i.e. it is smaller than that of the coherent state.
When ¢ = tnm + /2 (n =0, 1, 2, ...), the noise amplitude
of the squeezed state is proportional to §¥*/(Q) = ¢ that is

r

larger than 1; i.e. it is larger than that of the coherent state.
When the relative phase of the pump and the CCF is fixed to
0, the subthreshold OPO is operated in the state of amplifica-
tion and the phase-squeezed vacuum states can be obtained.
In this case, a bright phase-squeezed state at a Fourier fre-
quency of € is generated simultaneously, and the amplitude
of the squeezed state is proportional to e’ﬁﬁr” (r > 0), which
is larger than 8%. When ¢ = +nm+ 7/2 (n=0, 1, 2, ...),
the noise amplitude of the squeezed state is proportional to
8Y°“(Q) = e, which is smaller than 1; i.e. it is smaller than
that of the coherent state. When ¢ = tnm n =0, 1, 2, ...),
the noise amplitude of the squeezed state is proportional to
sxout (Q2) = €”, which is larger than 1; i.e. it is larger than that
of the coherent state. Furthermore, the noise distribution of
squeezed states in an arbitrary quadrature can be performed

in phase space by controlling the relative phase of the pump
and the CCF.

3. Experimental setup

The schematic diagram of the experimental setup for genera-
tion of stable, squeezed vacuum states is shown in Figure 2.
The laser source was a home-made, low-noise, cw, single-
frequency, dual-wavelength 532nm and 1064 nm laser with
an output power of 7 W at 532nm and 3 W at 1064nm. The
infrared laser was sent through a ring mode cleaner (MC1)
cavity with a finesse of 300 and linewidth of 1.0 MHz for
preliminary filtering of the spatial mode and extra intensity
noise of the laser.

The power of the green laser, acting as the OPO’s pump,
was stabilised using a Mach—Zehnder interferometer (MZI).
The MZI was composed of two high-reflectivity (HR) mirrors
(Rs32 nm > 99.8%) and two beam splitters (Rs3y nm = 90%).
The green laser output from the MZI was sent to MC2 with
a finesse of 270 and linewidth of 1.1 MHz in order to filter
the laser’s spatial mode and extra intensity noise. The two
MCs’ cavities were locked using the Pound-Drever—Hall
(PDH) technique. The power transmittances of the two MCs
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Figure 2. Schematic of the experimental setup for generation of stable, squeezed vacuum states. MC1: mode cleaner of 1064 nm; MC2:

mode cleaner of 532nm; NLTL: nonlinear transmission line; FC: fibre coupler; EOPM: electro-optical phase modulator; AOM: acousto-
optic modulator; OPO: optical parametric oscillator; DBS: dichroic beam splitter; PD: photodiode; PBS: polarization beam splitter; PZT:
piezo-electric transducer; ©: negative power combiner; ®: mixer; LPF: low pass filter; SA: spectrum analyser; OSC: oscilloscope.

were 78%. A portion of the output from MC1 was used as
the LO beam of the BHD. The rest of the output from MC1
was used to generate the auxiliary beam and the CCF beam.
The auxiliary beam was used to lock the subthreshold OPO
cavity. The CCF beam was used to lock the relative phase
between the pump field and CCF, as well as the relative phase
between the LO field and CCF. The OPO was a semi-mono-
lithic cavity composed of a PPKTP crystal with dimensions
of Imm X 2mm X 10mm and a concave mirror with a radius
of 25mm. The concave face of the concave mirror acted as
input and output couplers, and was partial transmission coated
at 1064nm and 532nm (71964 nm = 13% & T537 nm = 80.0%).
The flat face of the concave mirror was antireflection (AR)
coated at 1064nm and 532nm (Rjpe4 & 532 nm < 0.2%). One
end of the PPKTP crystal was a convex surface with a radius
of 12mm, and was HR coated at 1064 nm and 532nm (R;oe4
& 532 nm > 99.9%). The other end of the PPKTP crystal was
flat, and was AR coated at 1064nm and 532nm (Rjps4 & 532
am < 0.2%). The OPO was doubly resonant, and the pump was
double passed through the cavity. The advantages of the dou-
bly resonant OPO are that it is easier to operate than the triply
resonant OPO and the absorption of PPKTP for 532 nm pump
light is relatively smaller, which can decrease the vibration of
the cavity length due to the change of the crystal temperature.
The concave mirror was mounted on a piezo-electric trans-
ducer (PZT1) to control the length of the OPO cavity. The
PPKTP crystal was housed in a copper oven and was temper-
ature controlled by a home-made temperature controller with
an accuracy of 0.01 °C. The temperature of PPKTP was kept

at 40.0 °C in order to achieve optimum phase matching. The
length of the OPO cavity was 37 mm, which led to a linewidth
of 102 MHz and a free spectral range of 4.6 GHz. When the
pump power was below the threshold of the OPO, squeezed
vacuum states were generated. The s-polarised squeezed vac-
uum states from the subthreshold OPO were separated from
the residual pump field by a dichroic beam splitter (DBS).

A portion of 1064nm laser from MCI passed through a
fibre-based, waveguide-type EOPM (PM-0KS5-10-PFA-1064,
EOSPACE), and an auxiliary beam was generated by trans-
ferring 1064 nm laser power to the first-order sidebands. The
EOPM was driven by a sawtooth signal, and high transfer
efficiency with wideband frequency shift can be achieved.
The sawtooth signal was generated by an NLTL (model 7103,
Metelics). The NLTL was driven by a sinusoidal signal that
was amplified using an amplifier (ZFL-2500VH + , Mini-
circuits). The NLTL is essentially a ladder of inductors and
semiconductor diodes which function as voltage-variable
capacitors [26]. When a sinusoidal wave propagates through
an NLTL, the higher-voltage parts of the signal propagate
faster than the lower-voltage parts. This dispersion distorts the
sinusoidal waveform, and an approximate sawtooth waveform
can be obtained. A variable attenuator was used to adjust the
amplitude of the sawtooth waveform. The efficiency of optical
serrodyne sideband modulation can be optimised by adjust-
ing the phase deviation and the width of the fly-back period
of the sawtooth waveform. The p-polarised auxiliary beam
was injected into the subthreshold OPO cavity. By adjusting
the frequency of the sinusoidal signal, the auxiliary beam can
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Figure 3. Transmitted intensity of lasers when the cavity was scanned. Without (a) and with (b) optical serrodyne sideband modulation.
Curve (i): transmitted intensity of the s-polarised laser. Curve (ii): transmitted intensity of the p-polarised laser.

be simultaneously resonant with the generated s-polarised
squeezed field in the cavity. The transmission of the auxil-
iary beam from the OPO was spatially separated with the
squeezed vacuum field by a PBS and was detected by a photo-
diode (PD1). The subthreshold OPO cavity was locked using
the PDH technique with a radio frequency of 45 MHz via the
p-polarised auxiliary beam.

Another portion of the 1064nm laser from MCI1 passed
through two AOMs. The first one was used to shift the fre-
quency of the 1064 nm laser beam at 200 MHz. The second
one was used to shift the frequency of the beam at —175
MHz. The CCF beam was generated by frequency shifting the
1064 nm laser to a frequency of {2 = 25 MHz. When the CCF
at the frequency of wp + €2 was injected into the subthreshold
OPO that was pumped by 532nm laser, a second sideband
at wy — € was produced via difference frequency generation.
The outgoing CCF from the subthreshold OPO was detected
by PD2. After the photocurrent from PD2 was demodulated
by a sinusoidal signal with a frequency of 50 MHz, the AC
part of photocurrent was used as the error signal and fed back
to PZT2 to lock the relative phase between the pump field
and CCF, i.e. to lock the squeezing angle of the generated
squeezed states.

The noise power of the down-conversion fields from the
subthreshold OPO was measured by the BHD system. The
down-conversion fields and LO were combined at a 50/50
beam splitter and detected by a pair of InGaAs photodiodes
(PD3 and PD4). The photocurrents from PD3 and PD4 were
combined by the negative power combiner. The AC part of
photocurrent subtraction was recorded by a spectrum ana-
lyser (SA; N9030A, Agilent). The noise power of the down-
conversion fields was analysed in frequency domain. To
analyse the noise distribution of the down-conversion fields
in time domain, the AC part of photocurrent subtraction was
demodulated by a radio frequency signal with frequency of
25 MHz, filtered by a low-pass filter (LPF) with bandwidth of
1.9 MHz, and recorded by an oscilloscope (OSC; DPO 4054,

Tektronix). This demodulated and filtered current was also
used as the error signal and fed back to PZT3 to lock the rela-
tive phase between the CCF and LO, i.e. to lock the relative
phase between the LO beam and squeezed vacuum states. The
generated squeezed vacuum states can be measured continu-
ously for a long time.

4. Results and discussion

When a p-polarised 1064 nm laser and an s-polarised 1064 nm
laser were injected into the subthreshold OPO with a PPKTP
crystal in the cavity, they were unable to resonate simultane-
ously in the cavity. The transmission of the 1064nm lasers
when the cavity length was scanned are shown in Figure 3(a);
the measured frequency-shifting value between the p-polar-
ised and s-polarised 1064 nm lasers was 0.68 GHz. When the
NLTL was driven by a sinusoidal signal with a frequency of
0.68 GHz, and choosing the sawtooth phase modulation of
a = 0.97 and peak phase deviation of §¢ = m, respectively,
the power of the p-polarised 1064 nm laser was transferred to
the upper first-order sideband based on the optical serrodyne
sideband modulation technique via a fibre-based, waveguide-
type EOPM with a transfer efficiency of 66.4%. The transmis-
sions of the s-polarised 1064nm laser, p-polarised 1064 nm
laser and first-order sidebands are shown in Figure 3(b). It can
be seen that most of the power of the p-polarised 1064 nm
laser was transferred to the upper first-order sideband and that
the transmission of the upper first-order sideband overlapped
with that of the s-polarised 1064 nm laser. The length of the
subthreshold OPO cavity was locked by the frequency-shifted
auxiliary beam using the PDH technique, and squeezed vac-
uum states can be generated stably.

Since the absorption coefficient of PPKTP is relatively
large for 532 nm pump light, any pump power fluctuation will
result in a change of crystal temperature and thus a change of
the optical cavity length. While the subthreshold OPO cav-
ity length was locked using the p-polarised auxiliary beam,
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Figure 4. Noise distribution of the generated squeezed states in the time domain at a Fourier frequency of 25 MHz when the relative phase
between the LO and CCF was swept from 0 to 47 in 200 ms. (a) Coherent state. (b) Amplitude-squeezed state. (c) Phase-squeezed state. (d)

Squeezed state with a squeezing angle of 7/3.

the change of crystal temperature led to slight detuning from
resonance for the s-polarised squeezed states in the OPO cav-
ity. The squeezing angle also experienced rotation by an angle
dependent on detuning due to pump power fluctuation. In
our experiment, the 532nm pump light was stabilised by an
MZI. The measured 532nm laser power fluctuation was less
than + 0.1% for a given 3 h.

The measured threshold of the doubly resonant OPO was
350 mW. When the 532nm pump power was 100 mW, the
OPO was operated below the threshold and was locked by the
frequency-shifted auxiliary beam using the PDH technique.
Meanwhile, the CCF with 100 yW of power was injected
into the subthreshold doubly resonant OPO. Because the fre-
quency shift of the CCF from the carrier frequency was 25
MHz, which was less than the bandwidth of the OPO, the CCF
could also resonate simultaneously in the OPO cavity. The
OPO was turned into an OPA and bright squeezed states were
generated at a Fourier frequency of 25 MHz. The reflected
field of CCF from the OPO was detected by PD2 and was used
to lock the relative phase between the pump field and CCF.

Thus, the amplitude squeezed state, phase-squeezed state and
squeezed states in an arbitrary quadrature were generated
when the demodulation phase y; was set to 7/2, 37/2 and an
arbitrary value, respectively. The generated squeezed states
were measured using the BHD system with an LO power
of 1.0 mW and fringe visibility between the LO and CCF of
99.4%. Figure 4 shows the noise distribution of the generated
squeezed states in the time domain recorded by an OSC when
the relative phase between the LO and CCF was swept from
0 to 47 in 200 ms.

Figure 4(a) shows a coherent state when the pump field of
the OPO was blocked. The amplitude was proportional to the
amplitude of injected CCF, and the fluctuation corresponded
to the vacuum fluctuation. Figure 4(b) shows an amplitude
squeezed state when the relative phase of the pump and the
CCF is fixed to 7/2. It can be seen that the coherent amplitude
of the amplitude squeezed state is smaller than that of the
coherent state (as shown in Figure 4(a)), that the noise ampl-
itude is smaller than that of the coherent state when ¢ = 0, T,
27, 3w, 47 and that the noise amplitude is larger than that of
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Figure 5. Measured noise power of the squeezed vacuum states at
Fourier frequencies of 5-100kHz. SA parameters: RBW of 50 Hz,
VBW of 110 Hz and sweep time of 1s. Curve (i): SNL. Curve (ii):
squeezing noise. Curve (iii): anti-squeezing noise.

the coherent state when ¢ = 7/2, 3n/2, 57/2, 77/2. Figure 4(c)
shows a phase-squeezed state when the relative phase of the
pump and CCF is fixed to 0. It can be seen that the coherent
amplitude of the phase-squeezed state is larger than that of the
coherent state, that the noise amplitude is smaller than that of
the coherent state when ¢ = 7/2, 3n/2, 57/2, 77/2 and that the
noise amplitude is larger than that of the coherent state when
¢ =0, m, 27, 37, 47. Figure 4(d) shows the noise distribution
of a squeezed state in an arbitrary quadrature when the rela-
tive phase of the pump and CCF is fixed to 7/3. Furthermore, a
bright squeezed state in an arbitrary quadrature can be gener-
ated by controlling the value of relative phase of the pump and
CCF from 0 to 7. When the CCF is injected into the subthresh-
old OPO cavity and the relative phase between the pump field
and CCF is locked, the squeezing angle of bright squeezed
states at a Fourier frequency of {2 can act as a surrogate for
that of the squeezed vacuum states. Consequently, squeezed
vacuum states in an arbitrary quadrature can be generated by
controlling the value of the relative phase of the pump and
CCF from O to .

When the length of the subthreshold OPO cavity was
locked by the frequency-shifted auxiliary beam, the CCF
was injected into the subthreshold OPO cavity and the rela-
tive phase between the pump field and CCF was locked at
0, it was possible to obtain stable, phase-squeezed vacuum
states. When the relative phase between the squeezed vacuum
field and LO for the BHD was fixed at 7/2 by locking the
relative phase between the CCF and LO at 7/2, the generated
phase-squeezed vacuum states could be measured continu-
ously. Based on the fact that a home-made homodyne detector
worked at audio frequencies utilising a common-mode rejec-
tion ratio (CMRR) of more than 50 dB and that an MZI was
used to reduce the excess noise of the pump beam at audio-
band frequencies, phase-squeezed vacuum states were meas-
ured at audio frequencies of 5kHz to 100kHz. Figure 5 shows
the measured noise power of phase-squeezed vacuum states
at Fourier frequencies of 5-100kHz recorded by an SA with

Noise power (dBm)
%
(=]
1

Time (hour)

Figure 6. Measured noise power of the generated phase-squeezed
vacuum states at a Fourier frequency of 20kHz for a given 3h. SA
parameters: RBW: 50 Hz; VBW: 2 Hz. Curve (i): SNL. Curve (ii):
noise power of squeezed states.

an RBW of 50 Hz, a VBW of 110 Hz and a sweep time of 1s.
Curve (i) is the SNL. Curve (ii) is the squeezing noise. Curve
(iii) is the anti-squeezing noise. All noise traces were averaged
20 times. It can be seen that the measured squeezing degree
of phase-squeezed vacuum states from 5kHz to 100kHz was
approximately 6.1 & 0.3 dB.

Figure 6 shows the measured noise power of squeezed
vacuum states at a Fourier frequency of 20kHz recorded by
an SA with an RBW of 50 Hz and a VBW of 2 Hz. Curve
(1) is the SNL, and curve (ii) is the noise power of the gener-
ated squeezed vacuum states. It can be seen that the generated
phase-squeezed vacuum state at a frequency of 20kHz can be
measured and recorded continuously for a given 3 h.

5. Conclusion

Squeezed vacuum states were generated using a subthresh-
old doubly resonant OPO and a home-made, cw, single-
frequency 532nm and 1064nm dual-wavelength Nd:YVO4/
LBO laser. The subthreshold OPO was pumped by 532nm
output from the laser which was double passed through the
cavity. The measured threshold of the doubly resonant OPO
was 350 mW. A laser output of 1064nm was used to gener-
ate the auxiliary beam by optical serrodyne sideband modula-
tion via a fibre-based, waveguide-type EOPM and a nonlinear
transmission line (NLTL) in order to generate the CCF by
frequency shifting the 1064 nm laser using two AOMs to act
as the LO beam of the BHD. When the auxiliary beam was
used to lock the subthreshold OPO cavity, and the CCF beam
was used to control the squeezing angle of squeezed vacuum
states, as well as the relative phase between the LO field and
CCF, squeezed vacuum states in an arbitrary quadrature could
be stably generated with a compact configuration. When the
532nm pump power was 100 mW, the relative phase between
the pump field and CCF was locked at O and the relative phase
between the CCF and LO was locked at 7/2, the 6.1 &+ 0.3 dB
phase-squeezed vacuum states at audio frequencies of SkHz
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to 100kHz could be generated, and the generated phase-
squeezed vacuum state at a frequency of 20kHz was measured
continuously for 3h. With the help of the home-made, cw,
single-frequency, dual-wavelength laser and the developed
optical serrodyne sideband modulation locking method, only
one laser was used to act as the pump field and as the auxiliary
beam used to lock the subthreshold OPO, CCF, and LO in
order to generate stable, squeezed vacuum states at audio fre-
quency; the system was compact and low cost. Furthermore,
the reduction of measured squeezing due to the relative fre-
quency noise between the main and auxiliary lasers occurring
when an auxiliary laser is used to lock the subthreshold OPO
cavity can be avoided. The stable, squeezed vacuum states
generated at audio frequency with a deterministic squeezing
angle can be used in the field of quantum-enhanced, high-
precision measurement.
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