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Abstract: We report on a sequential control scheme to realize a steady, quasi-continuous output of
squeezed vacuum states, which eliminates the influence of the seed beam on the squeezing strength.
The scheme, originating from time-division multiplexing, separates the generation process from
the locking process. We confirm that the sequential control scheme does not reduce the squeezing
strength and that the setup operates stably for a 3-h running test, with a duty ratio of 80% and cycle
time of 5 s. Therefore, the sequential control scheme opens up a new path of manipulating squeezed
vacuum states.
Keywords: squeezed vacuum states; subthreshold optical parametric oscillator; sequential
control scheme

1. Introduction
Squeezed states are one of the most principal non-classical states of light in the continuous-variable
regime, which were first considered to exist in the 1920s by Schrödinger, Kennard, and Darwin [1–3].
In 1981, Caves proposed that squeezed states can be used to surpass the quantum limit in an
interferometric gravitational wave detector by injecting squeezed states into the dark port of the
interferometer [4]. In addition, the squeezed state can be also used to realize quantum imaging [5,6]
beyond the diffraction limit [7], spectroscopic measurement [8], velocimetry [9], and LIDAR [10]
and generate a Schrödinger cat state and an Einstein–Podolsky–Rosen state for continuous-variable
quantum information [11–15]. All these applications require squeezed states with a high-level and
stable squeezing strength.
Squeezed states can be generated by using an optical parametric oscillator (OPO) based on
second-order nonlinearity [16], four-wave mixing based on third-order nonlinearity [17], and other
schemes [18]. Using an OPO is one of the most successful methods of squeezed state generation,
which also holds the record of the squeezing level [19]. The first experimental demonstration of
a squeezed state based on the OPO was performed in 1986 [16]. In ideal conditions, an infinite
squeezing factor can be generated and detected at the threshold. However, the non-ideal components
introduce an inevitable loss during the generation, propagation, and detection of the squeezed states,
and the actual servo-loops have inherent noise and drift that result in phase fluctuation during the
cavity- and phase-locking [19–30]. A monolithic cavity with the least number of optical surfaces can
effectively reduce the intracavity losses [31–34]. The primary advantage of a doubly-resonant OPO
cavity over a single-resonant OPO cavity is the simplicity of obtaining a cavity error signal by using
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the pump field. That means the pump field amplitude is resonantly enhanced and allows increasing
the transmission of the output coupler for increasing the escape efficiency. The doubly-resonant
OPO cavity has other advantages including lower pump power, perfect mode matching, and so on.
However, the doubly-resonant OPO cavity needs more stringent temperature stability requirements
for simultaneously realizing co-resonance and best phase matching. The photothermal effect
associated with absorption of the pump field in a doubly-resonant OPO cavity may be more serious
than a single-resonant OPO cavity. A semi-monolithic OPO cavity has an external piezo-driven
coupling mirror that can be used to impose the feedback control signal. This is a more popular
scheme [19,24,25,35,36], and it has been applied to squeezed states’ generation with a high-level
squeezing factor [19]. The error signal for OPO locking can be extracted from the pump field in the case
of a double-resonant cavity [36]. A single-resonant cavity has a single- or double-pass configuration
for the pump field, which makes it unsuitable for the locking scheme to extract the error signal from
the pump field. During the generation of bright squeezed light, the seed beam injected into the OPO
makes the control of the cavity length and relative phase simple [25]. In this case, a seed beam injected
into the optical parametric amplifier (OPA) dramatically degenerates the squeezing factor due to noise
coupling between the pump and seed fields, even if both the pump and seed fields have no classical
noise [37]. As the analysis frequency decreases, the limit factor becomes significant due to the increase
of laser intensity noise, until squeezing can no longer be achieved [30].
The generation of squeezed vacuum states eliminates noise coupling between the pump and
seed beam, which enables the production of a high-level squeezing factor that is immune to laser
noise. However, there is no coherent seed beam injected into the OPO, which serves as a locking beam.
Thus, there is no direct way to extract the error signals of locking the single-resonant cavity length and
relative phase. Therefore, squeezed vacuum states are usually generated by manually scanning the bias
voltage imposed on the piezo-driven coupling mirror over the OPO cavity resonance. Its drawback is
the lack of stability, and hence, it cannot meet the requirement for practical applications. By employing
a quantum noise locking scheme [38] or using two additional coherent, but frequency-shifted auxiliary
beams to control the cavity length and relative phase, long-term stable squeezed vacuum states can be
achieved [39]. The scheme is derived from frequency-division multiplexing ideas.
In this paper, we realize a steady quasi-continuous output of squeezed vacuum states by utilizing
a sequential control scheme that was derived from time-division multiplexing ideas [40,41], which
operate an independent signal at different time periods. The control algorithm was managed by
a self-designed program compiled on a field programmable gate array (FPGA) hardware platform.
The operation process was divided into ready mode and carry mode. In ready mode, the locking
beam (seed beam) has a coherent amplitude that can be used to extract the error signal for cavityand phase-locking, generating a bright squeezed state. In carry mode, the voltage hold circuit starts
working, and the locking beam is blocked, generating squeezed vacuum states. The presence of a
locking beam reduces the squeezing strength due to classical noise coupling between the pump and
locking beams, and it worsens below the MHz range. The sequential control scheme, originating from
time-division multiplexing, can realize the stable generation of squeezed vacuum states within a certain
period of time without the locking beam, which eliminates the influence of noise coupling between the
pump and locking beams on the squeezing strength in carry mode. The measured non-classical noise
reduction of squeezed vacuum states was 11.6 dB and 10.4 dB at the analysis frequencies of 2 MHz
and 500 kHz, respectively. The setup operated stably for a 3-h running test, with an 80% duty ratio
and 5-s cycle time. The stable quasi-continuous generation of high-level squeezed vacuum states has
great significance in practical quantum systems.
2. Experimental Setup
The schematic of our experimental setup is shown in Figure 1. We used a home-made
single-frequency Nd:YVO4 laser at 1064 nm as the laser source. A Faraday isolator (FI) was inserted
between the laser and OPO to reduce the backscatter disturbance. Three mode cleaners (MC) were
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used not only to provide spatial-temporal filtering and polarization purifying for the downstream
experiment, but also as an auxiliary cavity for high-efficiency mode-matching. The majority of the
laser power was frequency doubled in a second harmonic generator (SHG) to produce a pump beam of
up to 600 mW for the parametric downconversion processes. We actually used a 90:10 beamsplitter to
split a fraction of the laser to use as the local beam. A half wave plate and a polarization beamsplitter
(not shown in the figure) were also used to adjust the power of the local beam.
Our OPO was a semi-monolithic cavity consisting of a piezo-actuated concave mirror and a
periodically poled potassium titanyle phosphate (PPKTP) crystal with dimensions of 1 mm × 2 mm
× 10 mm. The crystal end face with a curvature radius of 12 mm was coated for high-reflection
(HR) for the fundamental beam and high-transmission (HT) for the pump beam, thus serving as
one of the cavity mirrors. The plane front face of the crystal was coated for antireflection (AR) for
both wavelengths. An air gap of 26 mm existed between the AR-coated side of the crystal and the
coupling mirror. The concave mirror with a radius of curvature of 30 mm had a transmissivity of
12% for 1064 nm and HR for 532 nm, and it was used as the output coupler. The squeezed vacuum
states interfered with an local oscillator (LO) on a 50:50 beamsplitter. The output beam from the
50:50 beamsplitter was directed towards a balanced homodyne detector (BHD) to detect the noise
level. In our setup, the optical path was as short as possible, aiming to minimize the phase drift over
the experiment, and the distance between OPO (1064MC2) and the 50:50 beamsplitter was about
10 (16) cm.
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Figure 1. Schematic of the experimental setup. The seed beam was switched on/off by two AOMs
manipulated by an FPGA. Laser:single-frequency Nd:YVO4 laser; EOM, electro-optic modulator; AOM,
acousto-optic modulator; FI, Faraday isolator; MC, mode cleaner; SHG, second harmonic generator;
OPO, optical parametric oscillator; OPA, optical parametric amplifier; DBS, dichroic beamsplitter; BS,
beamsplitter; PBS, polarization beamsplitter; PZT1-2, piezoelectric transducer; PD1-3, photodetector;
BHD, balanced homodyne detector.

The squeezed light emitting from the concave mirror was separated from the pump light by a
dichroic beamsplitter and directed towards a BHD to detect the noise level. The BHD, with a common
mode rejection ratio of 75 dB [42–44], was built from a pair of p–i–n semiconductor structure (PIN)
photodiodes (Laser Components, Germany) with a quantum efficiency of more than 99%.
The phase modulation signal, having a frequency of 35.6 MHz, was imprinted on the locking
beam to generate error signals for all three control loops [45,46]: the error signal for stabilizing the
OPA cavity length on resonance was demodulated from the output of the photodetector PD3; the error
signal of locking the relative phase between the pump and the signal beams was obtained from the
photodetector PD2 placed at the reflected end of the OPA, and the relative phase between the LO beam
and signal beam was locked by demodulating the output signal of the homodyne detector and feeding
back to the piezoelectric transducer PZT2 on the optical path of the LO beam. When the lock power
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was less than 15 mW, the amplitude of the error signal was insufficient to obtain a stable locking for
the OPA cavity and relative phase.
It is worth mentioning that two acousto-optic modulators (AOMs), which were driven at the
same frequency, were inserted before the OPO in our experimental setup to switch on/off the locking
beam. The first-order diffracted light of AOM1 was the incident beam of AOM2, and the −1-order
diffracted light of AOM2 served as the locking beam. We used two AOMs, not only to reduce the
undesired scattered light, but also to make the locking beam have the same mode as the squeezed
vacuum state. The two AOMs were manipulated by a self-designed control sequence compiled on an
FPGA hardware platform. In ready mode, the presence of a locking beam allowed direct photocurrent
detection to extract the error signal of the cavity and phase locking. Before switching to the carry mode,
a hold circuit was activated to maintain the voltage for driving the piezoelectric transducer (PZT),
leaving the system in the expected state. Subsequently, the locking beam was switched off under FPGA
control, and stable squeezed vacuum states were obtained. After a period of operation, the system
was switched to ready mode. The locking beam was blocked using two AOMs; the hold circuit was
discharged, and the system looked for a new operation state.
3. FPGA Implementation of Sequential Control Scheme
To realize steady squeezed states, at least three servo-control loops are necessary: OPO cavity
length, relative phase between the pump and seed beams, and relative phase between the LO and
seed beam. The seed beam, namely the locking beam in our setup, served as a mediator for phase
stabilization between the pump beam and LO. The block diagram of the sequential control scheme is
shown in Figure 2. During initialization, the operation process was similar to that of bright squeezed
state generation [25]. The locking beam (seed beam) had a coherent amplitude that could be used to
extract the error signals for cavity- and phase-locking. With the initialization complete, the system
was switched to carry mode. In carry mode, the voltage hold circuits started working, and the locking
beam was blocked. Owing to the design of the quasi-monolithic OPO and short optical path, the setup
was stable at the timescale of several seconds without the servo-control loop. Thus, the OPO cavity
and two relative phases maintained the same working status as the ready mode within a certain period
of time. In the meantime, squeezed vacuum states were stably generated. After the period of work,
the locking beam was switched on, the voltage hold circuit stopped working, and the system was
switched to ready mode. In ready mode, the system was again recovered to the optimal status with
the aid of the locking beam, which was better prepared for the next carry mode.
Ready mode

Carry mode

Turn on the locking beam
Turn off the voltage holder
Turn on the voltage holder
Lock the OPO cavity
Change the
offset of HV

No

Is OPO cavity locked?

Turn off the locking beam

Yes
Lock the relative phase between
pump and locking beams
Lock / Scan the relative phase
between squeezing and LO beams

Generate squeezed vacuum state
Switch to the ćReady modeĈ

Switch to the ćCarry modeĈ

Figure 2. Block diagram of the FPGA-based algorithm. LO, local oscillator; HV, high voltage.

The time sequence of the locking scheme is shown in Figure 3. We used an FPGA-based hardware
platform to generate the time sequence and control the output signal. The on-off action of the locking
beam was actuated by two AOMs. The voltage holder confirmed that the driving voltage imposed on
the PZT remained unchanged during the time of no locking beam, until the next locking pulse arrived.
After the arrival of the next locking pulse, three servo-control loops were activated, whereas the
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voltage hold circuits were disabled. The spectrum analyzer operated in gate mode to synchronize the
measurement process. To perform the complete measurement process, the LO phase operated in three
modes: one was locked to zero with respect to the locking beam to measure quadrature amplitude
component; the second was locked to π/2 with respect to the locking beam to measure quadrature
phase component; the third was scanning mode.
The time sequence described above was realized by virtue of the self-designed operation control
program, which was compiled on an FPGA hardware platform. The sequential control scheme,
based on the FPGA platform, can be extended to the generation of multipartite entangled states,
and the number of its control loops presented a linear increase with the increase of the dimension of
the state [47,48].
Carry mode

Ready mode

On

Locking beam

Off
On

Ġ

Ġ

Voltage holder

Off
On

Ġ

Ġ

Lock OPO cavity Off

Ġ

Ġ

Lock Pump phase Off

Ġ

Ġ

Ġ

Ġ

Ġ

Ġ

Ġ

Ġ

On

On

Lock LO phase
Trigger to SA
Scan LO phase

Off
On
Off

Ĳ

Figure 3. Time sequence of the experimental cycle. SA, spectrum analyzer.

4. Experimental Process and Results
The threshold power of our OPO was 160 mW. First, we measured the squeezing strength of
squeezed vacuum states without the locking beam by manually applying offset voltage to the piezo,
which was attached to the output mirror of the OPO. The best squeezing factor, recorded by a spectrum
analyzer (FSW8 with 0.2 dB uncertainty, Rohde & Schwarz, Germany) was 11.6 dB at the analysis
frequency of 2 MHz. The total LO power before the beamsplitter was 5.5 mW, corresponding to the
dark noise clearance of 28 dB [49]. Subsequently, we repeated the above measurement with the locking
beam power of 50 mW, corresponding to the quantum noise reduction of 10 dB. While the above
data were collected, no experimental parameters other than the locking beam being injected were
varied. The squeezing factor degradation originated from the noise coupling between the pump and
locking beams.
Then, we performed the above measurements again with the sequential control scheme.
The measured results are shown in Figure 4; the discontinuity along the time axis corresponds to the
switchover point from carry mode to ready mode. Trace (a) corresponds to the shot-noise limit of
5.5 mW LO power. Trace (b) and trace (c) are, respectively, the squeezing and anti-squeezing factors
at the pump power of 125 mW. Trace (d) is the measured noise level with the LO phase scanned.
The generation of squeezed vacuum states corresponds to carry mode; the squeezing factor was 11.6 dB.
Moreover, a bright squeezed state was generated in ready mode with the squeezing factor of 10 dB.
These results are in good agreement with those without the sequential control scheme. The cycle time
and duty ratio of the time sequence were 2 s and 50%, respectively. Carry mode lasted for 1 s, and the
ready process also lasted for 1 s. The squeezing factor in carry mode was independent of the locking
beam and without the need for manual control. Therefore, the sequential control scheme opens up a
new path of manipulating squeezed vacuum states based on the idea of time-division multiplexing.
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Figure 4. Balance homodyne measurements of the quadrature noise variances with the sequential
control scheme. The measurement was recorded at a Fourier frequency of 2 MHz, with an resolution
bandwidth (RBW) of 300 kHz and a video bandwidth (VBW) of 200 Hz. The data represent direct
observations and contained electronic noise.

We repeated the above experimental process at a Fourier frequency of 500 kHz. First,
we independently measured the quadrature noise variances of the squeezed vacuum state and bright
squeezed state. The squeezing factor of the squeezed vacuum states was 10.4 dB, while the squeezing
strength disappeared for the bright squeezed state. Then, we continuously measured the quadrature
noise variances by utilizing the sequential control scheme, which is shown in Figure 5. Trace (a)
corresponds to the shot-noise limit of 5.5 mW LO power and was measured with the squeezed light
blocked. Trace (b) and trace (c) are the squeezing and anti-squeezing factors with the LO phase locked
at the pump power of 125 mW. Trace (d) is a noise level with the LO phase scanned. It is worth
noting that the squeezing factor reduced to 0 dB with the locking beam at the analysis frequency
of 500 kHz, which can be attributed to the increase of laser intensity noise with the decrease of
analysis frequency. The results further demonstrate the significance of the sequential control scheme,
especially for squeezed state generation below the MHz range.
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Figure 5. Balance homodyne measurements of the quadrature noise variances at a Fourier frequency
of 500 kHz, with an RBW of 10 kHz and a VBW of 20 Hz. The data contained electronic noise and
represent direct observations.
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To evaluate the long-term stability of the generated squeezed vacuum states, the quadrature noise
variances of the squeezed state at the pump power of 125 mW (2 MHz) were recorded continuously for
3 h by utilizing the sequential control scheme. The cycle time and duty ratio of the time sequence were
set to 5 s and 80%, respectively. Carry mode lasted for 4 s, and ready mode lasted for 1 s. The long-term
stability results are shown in Figure 6, which confirms that the control scheme can realize the steady,
quasi-continuous output of squeezed vacuum states.
-35

Noise Power (dBm)

-40
-45
-50
-55

....

-60
-65
-70
0

2

10796

10798

10800

Time (s)

Figure 6. Long-term stability of the squeezed vacuum states of light recorded continuously for 3 h,
with an RBW of 300 kHz, a VBW of 200 Hz, and a gate time of 3 h.

5. Conclusions
In conclusion, owing to the design of the quasi-monolithic OPO and short optical path, the setup
was stable at the timescale of several seconds without the servo-control loop. In combination
with a sequential control scheme compiled on an FPGA hardware platform, we realized a steady,
quasi-continuous output of squeezed vacuum states. In the case with the seed beam (locking beam),
the system operated in ready mode; the cavity length and relative phases were actively locked to the
desired state. In the case without the seed beam, it operated in carry mode; squeezed vacuum states
were stably generated during the follow-up period of blocking the seed beam. The setup operated
stably for a 3-h running test, with a duty ratio and cycle time of 80% and 5 s, respectively. Therefore,
the sequential control scheme opens up a new path of manipulating squeezed vacuum states, which has
great significance in practical quantum systems. The sequential control scheme, based on the FPGA
platform, can be extended to the generation of multipartite entangled states, which require more
serve-control loops.
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