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ABSTRACT

Providing a cloud service for optical quantum computing requires stabilizing the optical system for extended periods. It is advantageous to
construct a fiber-based system, which does not require spatial alignment. However, fiber-based systems are instead subject to fiber-specific
instabilities. For instance, there are phase drifts due to ambient temperature changes and external disturbances and polarization fluctuations
due to the finite polarization extinction ratio of fiber components. Here, we report the success of measuring squeezed light with a fiber
system for 24 h. To do this, we introduce stabilization mechanics to suppress fluctuations in the fiber system and an integrated controller to
automatically align the entire system. The squeezed light at a wavelength of 1545.3 nm is measured every 2 min, where automated alignments
are inserted every 30 min. The squeezing levels with an average of —4.42 dB are recorded with an extremely small standard deviation of
0.08 dB over 24 h. With the technologies developed here, we can build complicated optical setups with the fiber-based system and operate
them automatically for extended periods, which is promising for cloud service of quantum computation.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0203988

I. INTRODUCTION frequent alignments are removed. Thus, the fiber system is advanta-
geous when constructing a quantum computer operating for a long
To accelerate research and development of quantum com- time.

putation, it is desired to open prototypes and allow researchers In particular, we are aiming to build a fiber-based opti-
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to access them. Google and IONQ have developed high-fidelity
11-qubit ion-trap quantum computing accessible via Google Cloud.!
IBM has released a superconducting 127-qubit quantum proces-
sor, “Eagle,” in 2021 on the IBM Cloud.” Xanadu has conceived
and built “Borealis,” a free-space-based quantum processor that can
perform Gaussian boson sampling,” and made it available on their
cloud platform. Since the “Borealis” is a free-space system except
for some parts of the system, pointing of the optical beam drifts,
which is recovered by frequent manual alignments. If the system is
constructed with a fiber system instead of a free-space system, the

cal quantum computer that operates on continuous variables of
light. Quantum computation based on continuous variables is
gaining attention. Recently, large-scale entanglements using time-
domain multiplexing and frequency-domain multiplexing have been
demonstrated.” ' In time-domain multiplexing, large entanglement
is generated by sending squeezed light to interferometers with
asymmetric lengths of arms.

However, if the optical system is constructed with fiber, fiber-
specific problems arise. Phase drifts and polarization fluctuations are
caused by ambient temperature changes.””'” For phase drifts, an
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optical delay of 10 m in free-space systems causes typically a few
wavelengths of phase drift in 1 min, while that in the fiber system,
if no measures are taken, induces several hundred wavelengths of
phase drift in 1 min. For polarization drifts, even if polarization-
maintaining fibers are used, the polarization extinction ratio (PER)
of fiber components is finite, and thus, concatenating these devices
leads to polarization instability. Typically, polarization drift is sev-
eral degrees on the Poincaré sphere over 1 h. Furthermore, power
fluctuations are induced by the polarization fluctuations when com-
bined with polarization-dependent components. In addition, the
coupling ratio of the fiber beam splitter is slightly dependent on the
polarization and temperature. Since the squeezed light is degraded
by optical loss, all fiber components through which the squeezed
light passes should have low optical loss.

Here, we solve the above issues by introducing stabilization
devices and successfully measure squeezed light stably for 24 h.
For phase drifts, we cover the entire system with a windshield to
passively suppress large phase drifts and then introduce the fiber
stretchers to actively suppress the phase drifts with feed-back con-
trols. For polarization fluctuations, various technologies for polar-
ization optimization are discussed in papers.'*”® In this experiment,
active polarization controllers are introduced together with polariz-
ers. In order to generate the error signal for the polarization control,
a polarization modulation method is employed. For power fluctu-
ations, a power stabilization mechanism is introduced. For a fiber
beam splitter whose coupling ratio variation is critical, we control
the temperature of the beam splitter and stabilize the coupling ratio
without introducing significant optical loss. Automated alignment of
the entire system is achieved by connecting the various stabilization
mechanisms via a network and integrating their control program.
Using the above system, we measure the squeezed light in 1545.3 nm
generated by the optical parametric amplifier (OPA) with a periodi-
cally poled lithium niobate (PPLN) waveguidez’—‘l‘\' at 2-min intervals
with automated alignment every 30 min. Squeezing levels with an
average of —4.42 dB and the standard deviation of 0.08 dB are suc-
cessfully measured over 24 h. In this demonstration, the optical loss
of squeezed light is avoided by placing the controllers in the paths
where the squeezed light does not pass, except for the coupling ratio
stabilization. On the other hand, in the case of a more complex inter-
ferometer built for optical quantum computers, there are situations
where the polarization and the phase of squeezed light need to be
controlled with low optical loss. In that case, the method proposed
in Ref. 29 can be available.

There are previous studies that demonstrate quantum optics
experiments with fibers. In Ref. 30, with a fiber packaged OPA,
squeezed light is measured in fiber-based systems. In Ref. 12,
squeezed light from a free-space optical parametric oscillator is
injected into fiber interferometers to generate two-dimensional clus-
ter states. However, in the above two demonstrations, the polar-
ization of light and the coupling ratio of fiber beam splitters are
controlled manually or uncontrolled. To realize long-time stabil-
ity, alignment needs to be automated. In Refs. 31 and 32, long-time
squeezed light measurements have been reported for free-space sys-
tems. These previous experiments are working well because the
configurations of the optical setup are relatively simple. For more
complex systems realizing optical quantum computers, fiber sys-
tems are advantageous, as explained above, and thus, our techniques
introduced in this work can be applicable to such complex systems.

ARTICLE pubs.aip.org/aip/rsi

This paper is structured as follows: We explain squeezed light
in Sec. II. We discuss why various stabilizations are needed in the
experimental setup in Sec. I11. We illustrate an overview of the exper-
imental system in Sec. I'V. We explain the stabilization of optical
power in Sec. V, phase lock in Sec. VI, polarization optimization
in Sec. VII, and the coupling ratio stabilization of the fiber beam
splitter in Sec. VIII. We show the results of the 24-h squeezed light
measurement in Sec. IX. Section X is the conclusion.

Il. SQUEEZED LIGHT AND MEASUREMENT

The quadrature phase amplitudes £ and p of the single-mode
quantized field of light have uncertainty A(X)A(p) > h/2, where h
is the reduced Planck constant. The vacuum state is a minimum
uncertainty state with A(%) = A(p) = \/ﬁ A squeezed state has
a quadrature phase amplitude where the fluctuation is smaller
than that for a vacuum state.”> For example, an x-squeezed state

is squeezed as A(X) <+/h/2 and instead anti-squeezed as A(p)

>\/h/2 to satisfy the uncertainty principle. Fault tolerant quan-
tum computation can be achieved by using high-level squeezed
states.”" " An arbitrary quadrature phase amplitude £ cos
0+ psin 0 can be measured by setting the phase of the local
oscillator (LO) light to 0 in an optical homodyne detection. A
vacuum state has a quadrature distribution insensitive to 6, while
a squeezed state has that sensitive to 6. Figure 1 (right) shows a
typical quadrature distribution of an x-squeezed state, where the
quadrature has the minimum variance at 6 = 0, 77, and the maximum
variance at 6 = /2, 37/2.

Figure 1 shows a simplified experimental setup for generating
and measuring squeezed light. Here, the angular frequency of funda-
mental light is w. By injecting pump light with the angular frequency
of 2w to a second-order nonlinear material, squeezed light is gen-
erated by parametric downconversion. In our demonstration here,
squeezed light is generated by a PPLN waveguide OPA. The probe
light with an angular frequency w is fed to the OPA as a reference for
the phase lock. In our experiment, the angular frequency is shifted
from w to form the beat signal. In homodyne detection, squeezed
light is combined with LO light at a 50:50 beam splitter and then
is detected with two photodiodes in a homodyne detector, where
the difference of the photocurrents shows the quadrature values.
The squeezing and antisqueezing levels are obtained by comparing
the variances with those of the vacuum state. The quadrature phase
amplitude of the vacuum state is obtained by blocking the squeezed
light and feeding only the LO light into the homodyne detector.
Since the energy of a single photon corresponds to about 12 000 K in
the telecommunication wavelength, thermal excitation in the single-
mode quantized field of light is negligible at room temperature, and
the vacuum state can be measured with this method.

It is necessary to lock the phase of the LO light depending on
the measurement phase. For phase lock, coherent light of the funda-
mental wave is input to the OPA, and this light is referred to as the
probe light. Since the probe light undergoes phase-sensitive ampli-
fication, which is in phase with the generated squeezed light, the
relative phase between the probe light and the squeezed light can be
locked. In homodyne detection, the interference signal between the
probe light and the LO light is locked, by which the relative phase
between the squeezed light and the LO light is locked.
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FIG. 1. Fundamental setup for squeezed light measurement. Squeezed light is generated by OPA. The squeezed light is detected by homodyne detection, which measures
an arbitrary light quadrature depending on the measurement basis 6. BS: beam splitter, OPA: optical parametric amplifier, HD-BS: beam splitter for homodyne detection,

green line: PM fiber, and dotted line: electric wire.

I1l. NECESSITY FOR STABILIZATION MECHANICS

Although we build the experimental setup for the squeezed light
measurement, the stabilization mechanics that are implemented in
this system are easily extended to the more complicated system.

In optical quantum computation, interference of squeezed light
generates complicated entanglement structures. The polarizations
must be matched, and the relative phases must be locked to a spe-
cific direction at the interference points. If polarization and phase are
not in the proper state, the quality of the entanglement is degraded.
Even if the fiber components are made of polarization-maintaining
fibers, connections between multiple fiber components shift the
polarization state of the light from the polarization-maintaining axis.
Birefringence variation caused by external disturbances fluctuates
the polarization of light, which is shifted from the polarization-
maintaining axis. The polarization fluctuations also cause power
fluctuations as the light passes through the polarization-dependent
element. For example, fluctuations in LO power cause changes in
the shot noise level in homodyne detections, which undermines the
reliability of the experiment. Furthermore, changes in ambient tem-
perature cause the fiber to expand and contract, which changes the
optical path length, resulting in phase drift.”” In addition, a fiber
beam splitter can be realized with a directional coupler, but its
coupling ratio must be stable at an appropriate value.

In the squeezed light measurement experiments of this study
shown in Fig. 1, the issues of polarization fluctuation, power fluctu-
ation, phase drift, and coupling ratio fluctuation of the beam splitter
appear as follows: and stabilization mechanics are installed. Regard-
ing polarization, if the polarizations of the squeezed light and the LO
light are misaligned, the squeezing level is degraded. Squeezed light
is generated by OPA, but the polarization of the squeezed light is par-
allel to the crystal axis of the PPLN waveguide. For the polarization
alignment, the probe light is input to the path of the squeezed light.
The polarization of the probe light is adjusted to match the polariza-
tion of the squeezed light, and then the polarization of the LO light
is adjusted to match the polarization of the probe light. Polarization
controls are implemented with devices that change polarization by
applying pressure to the fiber and causing birefringence. In the case
of the LO light, power fluctuations change the shot noise level of
the homodyne detection. In the case of the probe light, they change
the amplitude of the error signals of the various locks, resulting in
a misalignment of the locking points. Therefore, it is necessary to
stabilize the power of the LO and probe light, and fiber pigtailed

variable attenuators are used. As for the phase, if the phase lock is
not able to cancel the phase drift, an anti-squeeze component will be
mixed when measuring the squeezing level, resulting in the reduc-
tion of squeezing level. In these experiments, fiber stretchers are
inserted for the phase lock between the pump light and the probe
light and for that between the probe light and the LO light. The cou-
pling ratio of the fiber beam splitter used in this study for homodyne
detection has severe hysteresis when the knob is rotated, making it
difficult to adjust it manually. Furthermore, the polarization of the
input light also changes the coupling ratio. Therefore, the coupling
ratio is controlled by temperature.

IV. OUTLINE OF THE EXPERIMENTAL SYSTEM

In this study, squeezed light is measured over 24 h with the
experimental system shown in Fig. 2. In order to ensure stable mea-
surements, light power stabilization, phase lock, polarization opti-
mization, and coupling ratio lock of the beam splitter are performed,
which are described in the following sections. In this section, we
describe the entire setup of the experimental system.

The laser source consists of multiple devices. The seed laser
is Koheras ADJUSTIK X15 (NKT Photonics), whose wavelength
and power are 1545.3 nm and 15 mW, respectively. The pream-
plifier, which reduces relative power noise by feedback, is Koheras
BOOSTIK Linecard (NKT Photonics), whose output power of 80
mW is then attenuated to 20 mW. The main amplifier is Koheras
BOOSTIK (NKT Photonics), whose output power is 8 W. The sec-
ond harmonic generator (SHG) is Koheras HARMONIK (NKT
Photonics), which converts some part of 1545.3 nm light to 772.7 nm
light. After the SHG, the 1545.3 nm light and the 772.7 nm
light are emitted to free space, which are then coupled to fibers.
The 1545.3 nm light is used as the probe and LO light and the
772.7 nm light as the pump light. Before the fiber coupling, motor-
driven optical shutters are inserted for all light paths to block the
light, which is utilized in the sequence of control explained later.
Shutters are composed of the motor MS18 (Miuzei) and black
aluminum foil.

Fiber components for the probe, the LO, and the pump light
are as follows: For the probe path, two acousto-optic modulators
(AOMs) SGTF200-1550-1P (Chongqing Smart Science and Tech-
nology Development) are inserted. Then, for the probe and the LO
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FIG. 2. Experimental system of this study. Blue objects are for light power stabilization, pink objects are for polarization optimization, and brown objects are for phase lock.
AOM: acousto optic modulator, VOA: variable optical attenuator, FST: fiber stretcher, and BS: beam splitter, HD-BS: beam splitter for homodyne detection, OPA: optical
parametric amplifier, FPGA: field programmable gate array, PD: photo detector, HD: homodyne detector, green line: PM fiber, and dotted line: electric wire.

light paths, a fiber-based variable optical attenuator for power sta-
bilization, a fiber stretcher for phase control, and a polarization
controller are connected. In the pump light path, the light power is
stabilized by a motorized waveplate and polarizing beam splitter in
free space. The probe light and the pump light are input to the OPA,
which is a PPLN waveguide and packaged with fiber input and out-
put. The PPLN waveguide inside the OPA is quasi-phase-matched
with type 0.”** Only the component parallel to the crystal axis of
the input pump light contributes to the generation of squeezed light
at the PPLN waveguide. This means that polarization fluctuations of
the pump light do not cause polarization fluctuations of the squeezed
light. Therefore, for the pump light, only the power stabilization is
sufficient, which is performed by a free-space motorized waveplate
and a polarizing beam splitter. In the demonstration in Sec. IX, the
power of the pump light is set to be 300 mW.

In homodyne detection, the probe light interferes with the
LO light at a fiber beam splitter with a coupling ratio of 50:50 and
is sent to the homodyne detector. Since the utilized photodiodes are
for the free-space light, the light is output to free space by a colli-
mator and focused on the photodiode by a concave mirror with a
100 mm radius of curvature to minimize optical losses. For all-fiber
implementation, the photodiodes can be fiber pigtailed in the future.
The photodiodes of the homodyne detector are high quantum effi-
ciency InGaAs-PD at 1550 nm (Laser Components) with a quantum
efficiency of 96%, which is measured by us. The difference of pho-
tocurrents is converted to a voltage signal by a transimpedance
amplifier, which is composed of OPA847 (Texas Instruments) and
3 kQ resistance. The signal from the homodyne detector is used for

two purposes. The first is to generate an error signal for the phase
lock, the polarization optimization, and the coupling ratio lock of
the 50:50 beam splitter. The second is to measure the squeezing level.
The signal for the squeezing level measurement is high-pass filtered
with a cutoff frequency of 15 MHz, which is selected to cut the beat
signal with a frequency of 200 kHz. Then it is amplified by a factor
of 15.

Because squeezed light is degraded by optical loss, optical com-
ponents through which the squeezed light passes should have low
optical loss. The fiber beam splitters BS2 and BS-HD are 954P
(evanescent optics), which have a loss of less than 0.1 dB. The fiber
components are made of polarization maintaining fibers except for
the polarization controller.

The power stabilization, the phase lock, the polarization opti-
mization, and the coupling ratio stabilization of the beam splitter
need signal processing circuits for feedback control. To implement
these, a number of field-programmable gate arrays (FPGAs), STEM-
lab 125-14 RedPitaya, are utilized. The clock rate is 125 MHz, and the
resolution of the inputs and outputs is 14 bits. Infinite response fil-
ters and PID feedback are implemented to generate feedback signals
for controls.

To realize the automated alignment of the entire system, we
need to monitor the status of each experimental instrument and
adjust control parameters. Every control device is connected to the
single computer by Ethernet cables, or USB cables and we estab-
lish the socket communication. Each RedPitaya has server programs,
and the computer has client programs. The RedPitaya has an oscil-
loscope and returns the obtained waveforms to the computer. We
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optimize parameters, for example, the cutoff frequency of filters and
PID parameters for the feedback control, and send them to each
device.

Multiple modulation and demodulation signals are required for
phase lock and polarization optimization, which are synchronously
generated by a direct digital synthesizer (AD9959, Analog Devices).

V. LIGHT POWER STABILIZATION

In Fig. 2, components that serve for power stabilization are
colored blue. To monitor the power fluctuation, some part of the
light is picked up and fed back to the variable optical attenua-
tor (NEW MMVOA-1-1550-P-8/125-SCSC-1-0.5, OZ Optics). To
pick the light up, beam splitters BS1-a and BS1-c¢ (PMFC-1x2-1550-
10/90-B-900-5-1-SC-P25, Opneti) with a coupling ratio of 90:10 are
used. To realize automated alignment, the light power needs to be
stabilized at different orders of magnitude during alignment and
measurement sequence. The target powers of the probe light are
1 uW for the OPA alignment, 100 4W for homodyne alignment, and
100 nW for squeezed light measurement. The target powers of the
LO light are 100 4W for alignment and 16 mW for measurement. For
the low power, it is necessary to largely amplify weak light, and for
the high power, it is necessary to reduce the amount of light to avoid
the saturation of the PD. Therefore, the picked-up light is further
divided by a 90:10 beam splitter BS1-b, BS1-d, whose model number
is the same as that of BS1-a and BS1-c. Then, the divided light goes
to the two photo detectors (PDs), one for the high power and one
for the low power. PD1, PD2, PD3, and PD4 contain a photodiode
G8195-11 (Hamamatsu Photonics) and a transimpedance amplifier,
where the transimpedance is 1 M(Q, 10, 100, and 10 kQ), respectively.
Before PD4, a 10 dB attenuator is inserted. Because the finite PER
of the fiber components can cause polarization change, the PER of
BS1-a, b, ¢, and d is ordered to be better than 25 dB. For the PID lock
by FPGA, the integration term is activated. Without the power stabi-
lization, the optical power drift was 15% at most, but with the power
stabilization on, the standard deviation of the power fluctuation was
0.1%.

VI. PHASE LOCK

In Fig. 2, components that serve for phase locks are colored
brown. There are two phase lock points: the parametric amplifica-
tion of the OPA (the phase between the probe light and the pump
light) and the homodyne detection (the phase between the probe
light and the LO light). The probe light is frequency-shifted by the
AOMs before the OPA. The frequency is up-shifted by 200.0 MHz
at the first AOM and then down-shifted by 199.8 MHz at the sec-
ond AOM, resulting in a total frequency shift of 200 kHz. At the
OPA, the probe light is parametrically amplified depending on the
phase between the probe light and the pump light. The parametric
amplification generates —200 kHz detuned light from the 200 kHz
detuned probe light, thus resulting in a 400 kHz beat signal. The
probe light is picked up by a fiber beam splitter BS2 with a cou-
pling ratio of 99.5:0.5, and the 400 kHz beat signal for the phase
lock of the OPA is acquired with a PD5 using an avalanche photo
diode (KPDEA007-T, Kyoto Semiconductor) followed by an ampli-
fication of M = 10. At the homodyne detector, since the LO light is
not frequency-shifted, a beat signal of 200 kHz is observed, which
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is used for the phase lock of the homodyne detection. The beat
signals obtained by the PD5 and the homodyne detector are demod-
ulated as follows: To generate an error signal, the beat signal is mixed
with the demodulation signal, and a second order low-pass filter is
applied to it. To generate a feedback signal, the integration and pro-
portional terms of PID feedback are activated. The feedback signals
are fed back to the fiber stretchers (FSTs). The fiber stretchers have
the following structure: A cube-shaped piezoelectric actuator PC4FL
(Thorlabs) is sandwiched by two 25 mm-diameter semicircle met-
als, and a polarization-maintaining fiber is wound 10 times around
it. The dynamic range of the fiber stretcher is about 3 wavelengths
when the applied voltage range is set to 70 V. If the input polar-
ization state deviates from the polarization-maintaining axis of the
polarization-maintaining fiber, the polarization changes depending
on the pressure on the fiber. Therefore, the fiber stretcher is placed
immediately after the linear polarizer. The entire experimental sys-
tem is covered by an airtight windshield made of aluminum frames,
aluminum plates, and polycarbonate plates to suppress severe phase
drifts due to temperature changes. The phase lock precision of the
OPA was about 2°, and that of the homodyne detection was about
0.3°. The difference in the order of the phase lock accuracies is due
to the difference in the amplitude of the signal between OPA and
homodyne detection. Because the power of the LO light is much
larger than that of the probe light, the signal-to-noise ratio of the
homodyne detection is larger, and we can get a better measurement
accuracy.

VIl. POLARIZATION OPTIMIZATION

In Fig. 2, components that serve for the polarization optimiza-
tions are colored pink. First, the polarizations of the probe light
before the OPA and the LO light are stabilized by linear polariz-
ers (ILP-1550-900-1-0.5-SA-P30, Opneti) with the PER >30 dB. The
polarizations of the probe light and the LO light after the linear
polarizers are slightly changed unintentionally by the followed FST
and BS1, which is critical in the squeezed light measurement. There-
fore, we actively optimize the polarization using the fiber polariza-
tion controller PCD-M02 (LUNA), which can control polarization
with three degrees of freedom.

The polarization optimization by feedback control is not a triv-
ial problem. In the case of the LO, for instance, the feedback signal
that goes to the polarization controller can be adjusted so that the
amplitude of the interference signal is maximized. To investigate
whether the current polarization state is optimized, the polarization
state needs to be shifted slightly, and we need to check the decrease
in the amplitude. Previous research implements polarization opti-
mization by a random walk.”® However, this random walk method is
vulnerable to light power fluctuations, which cause amplitude fluc-
tuations of the interference signal. Even if the polarization state is
already in the optimal state, the control system may judge that the
polarization is not optimal due to the power fluctuations and move
from the current polarization state.

To solve this problem, we employed a polarization modulation
method. By applying a modulation to the polarization and obtaining
the error signal from the demodulation, it becomes possible to lock
the polarization at the zero crosspoint of the error signal. Although
the idea of applying the dither to the polarization is found in Ref. 21,
the polarization stabilization is for classical light, which is insensitive
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to optical losses. Thus, the light is picked up and sent to the polar-
izer to monitor the polarization. In the case of quantum light, which
is sensitive to optical loss, we must limit the power picked up in
order to minimize losses. Since we need to monitor the phase of the
light as well as the polarization, it is better to share the light for the
monitoring. Therefore, we do not insert the polarizer. In this experi-
ment, we monitor the polarization of the light by the beat signal. For
the phase-sensitive amplification in OPA, the polarization modula-
tion is applied to the probe light. For the interference at BS-HD for
homodyne detection, it is applied to the LO light.

A. Polarization modulation method

In this subsection, the polarization modulation method for
the homodyne detection is mathematically described, and that for
the OPA is described in Appendix A. The polarization modula-
tion is turned on only during polarization alignment and off during
squeezed light measurement. The on/off sequence of polarization
control is described in Appendix B.

We are aiming to match the polarizations of the probe light and
the LO light at BS-HD by the polarization modulation. Although the
polarization of the probe light can change during the experiment,
a polarization controller with a large loss should not be inserted
in the path of the probe light through which the squeezed light is
passing. Therefore, we put the polarization controller in the path of
the LO light and aligned the polarization of the LO light to match
that of the probe light. Note that we can instead insert a polariza-
tion controller with low optical loss to control the polarization of
the squeezed light.”’

The polarization is represented by a Poincaré sphere, where the
radius of the Poincaré sphere is normalized by 1. Here, for simplicity,
the polarization of the probe light and the LO light lie on a great cir-
cle that passes through the polarization V and the polarization R on
the Poincaré sphere, as shown in Fig. 3. The polarization of the probe
light is at the position rotated by 26, from the polarization V, and
that of the LO light by 26,. We assume the polarization controller
can change the polarizations along this circle.”” General situations
of the polarizations are discussed later. The polarization modulation
is applied by the polarization controller in the path of the LO light.
The polarization modulation is expressed by 2A sin(wmt), where
wy, is the angular frequency of the polarization modulation and ¢ is
the time. The angular frequency of the LO light is wo, and the angu-
lar frequency of the probe light is shifted by Aw from the LO light
(Aw corresponds to 200 kHz, which is mentioned in Sec. VI). Let the
light travel along the z axis, and the polarization V of the Poincaré
sphere corresponds to the x axis. Let ex and e, be unit vectors in the
x and y axes, respectively. Assuming that the electric field amplitude
is E; for the probe light and E, for the LO light. After they interfere
with a polarization independent beam splitter with a coupling ratio
of 50:50, the complex electric fields of two output beams Ejjp (¢) and
Eqp(t) are

1
V2

1
+ —ZEz{cos [0, + A sin (wmt) ]ex

%

—isin[6; + A sin (wmt)]e, } exp (—iwot + i¢h2), (1)

Efip(t) = —=E1(cos Ole, — i sin Ore,) exp [~i(wo + Aw)t + iy ]

ARTICLE pubs.aip.org/aip/rsi

FIG. 3. Polarization of the probe light and the LO light on the Poincaré sphere in
homodyne detection. The polarization modulation is applied only to the LO light.
On the Poincaré sphere, R, L, V, H, +45, and —45 signs represent right-handed
circular polarization, left-handed circular polarization, vertical linear polarization,
horizontal linear polarization, linear polarization tilted by 45°, and linear polar-
ization tilted by —45°, respectively. The right-handed and left-handed circular
polarization are defined from the point of view of the receiver.

where ¢, and ¢, are the phases of the probe and LO light,
respectively, which may drift during the experiments due to exter-
nal disturbances. The signals that are obtained by the following
photodiodes are

1 1
|Efn (1) = EE% + EE% + E1E; cos[61 — 6, — A sin (wmt)]
x cos (~Awt + Ag), (2)

where A¢ = ¢, — ¢,. With the homodyne detector, we measure the
difference between the signals obtained from two photodiodes,

|Eiin ()| = |Exp (£)” = 2E1E; cos[6; — 6, — A sin (wmt)]
x cos (—Awt + Ag), (3)

where the constant term is removed. Here, we assume A < 1 and
use the following approximation:

cos [0 — A sin (wmt)] = cos 0+ A sin (20) sin (wmt).  (4)
By applying the above approximation, Eq. (3) becomes

|E;1D(t)‘2 - |EIjID(t)|2 = 2E1E2[COS (91 - 92) + A sin (91 - 92)
x sin (wmt)] cos (Awt — A@). (5)

From the above equation, the beat signal with the frequency Aw
is modulated at the frequency w,, with a coefficient A sin(6;, — 6).
Here, Aw is chosen to be much higher than w, in order to remove
the beat signal at the frequency of Aw.

There are two ways to remove the beat signal cos(Awt — A¢).
The first way is to multiply the cos(Awt — A¢"), which is externally
generated,
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cos (Awt — Ap) cos (Awt — Ad') = %[cos (2Awt - Ap — Ag")
+cos (—Ag + A¢) ]. (6)

The term angular frequency 2Aw is removed by the low-pass filter.
However, the phase between A¢ and A¢’ needs to be synchronized
to make this term constant. The other way is square-law detection,
which is multiplying itself,

cos> (Awt - A) = %[1 + cos (2(Awt - A))]. @)

In this way, we do not have to prepare a demodulation signal and
synchronize the phase. Hence, in this experiment, we used a square-
law detection.

Then w,, is demodulated, and finally the error signal propor-
tional to sin(6; — 6,) is obtained. This error signal is fed back to
stabilize the polarization at 8; = 0,. Note that Eq. (5) and Eq. (A5)
in Appendix A are expressed in the same formula,

Vo(1 + B cos (Qt)) cos (wct + Ag). (8)

Here, 8 indicates how much the polarization deviates from the opti-
mal polarization state ( = 0). The angular frequencies Q and w.
represent the angular frequency of the polarization modulation and
the angular frequency of the beat signal, respectively. By extracting
B, both polarizations at the OPA and the homodyne detection can be
optimized in a similar manner.

So far we considered optimization in one degree of freedom,
but the surface on the Poincaré sphere has two degrees of freedom.
It is widely known that rotations around three axes are able to real-
ize an arbitrary change in polarization. For example, the polarization
controllers we used in this experiment have three piezo actuators in
line: piezo 1, piezo 2, and piezo 3. Those piezo actuators apply pres-
sure to a single-mode fiber (not a polarization maintaining fiber) and
add retardation, which corresponds to the rotation around a certain
axis on the Poincaré sphere. Piezo 2 is tilted by 45° relative to the
others. This tilted piezo actuator introduces an additional axis of
rotation on the Poincaré sphere, and this configuration enables an

=== Process1 )---

Extract
carrier frequency

Demodulate

N\

==== ===+ Process3 )j----

intensity modulation
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arbitrary polarization change.”” The polarization modulation must
be applied by the same piezo actuator used for the feedback control,
and thus, polarization modulation is also switched in turn.

B. Implementation

Here, we describe the details of the demodulation circuit,
including the parameters for the filters, and an algorithm to converge
the polarization by three piezo actuators.

Since the polarization controllers used in this demonstration
have a bandwidth of 2 kHz, the frequency of the polarization mod-
ulation is set to 300 Hz. This frequency is too low to demodulate by
analog electric circuits. Therefore, we use an FPGA, which can eas-
ily implement many filters for low frequency signals. Furthermore,
the parameters for the filters can be changed on site. Figure 4 shows
the circuit configuration inside the FPGA to control the polarization
of the LO light at the homodyne detection. Since the frequency of
the probe light is shifted by 200 kHz, the interference between the
probe light and the LO light generates a 200 kHz beat signal. In pro-
cess 1, the 200 kHz signal is extracted by a bandpass filter to improve
the signal-to-noise ratio of the beat signal. In process 2, square-law
detection is applied to extract the power modulation component.
After the signal is squared, the 400 kHz component is removed by
a low-pass filter with a cutoff frequency of 30 kHz, and a high-pass
filter with a cutoff frequency of 10 Hz is followed to remove the DC
component. In process 3, the signal is demodulated at a polariza-
tion modulation frequency of 300 Hz to extract 8 in Eq. (8). The
300 Hz signal for the demodulation goes through a high-pass filter
with a cutoff frequency of 10 Hz to remove the DC component, and
then an all-pass filter to change the phase. Then the power modula-
tion signal, which is obtained by process 2, is mixed with the 300-Hz
demodulation signal. The DC component corresponds to f3, while
the second harmonic signal at 600 Hz is also generated. The 600 Hz
signal is removed by a band-rejection filter, and the DC component
is extracted by a low-pass filter with a cutoff frequency of 10 Hz. The
sampling frequencies of the 200 kHz bandpass filter and the 30 kHz
low-pass filter are 125 MHz, and those of other filters are downsam-
pled to 1/16. The filter types are infinite response filters with second
order.

Extract amplitude of
intensity modulation

200 kHz 30kHz 10Hz o siemal
_ rror signa
signal [ | [~ H—\H — |_r 600Hz 10Hz | 7
from detector ! _____1 |:_| I 1 _____________________ O
ron ey Lo RV H
odulation signa H -
— / AB
300 Hz ! Demodulation signal
1
L

FIG. 4. Signal process inside the FPGA generates the error signal from the power modulation signal. Symbol | means integral of the error signal. The switch cut the modulation
signal. After the optimization, the voltage applied to the piezo actuator is held (track and hold), and the modulation signal is cut.
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FIG. 5. Transition from the initial polarization state to the target polarization state
using the polarization modulation method. Apply small polarization modulation to
piezo 1, piezo 2, and piezo 3 in turn and adjust the offset applied to them so that
the error signal approaches 0.

By the above process, the error signal 3, which reflects a devia-
tion from the optimum polarization state, is obtained. Then the error
signal is fed back so that the error signal goes to zero. The 10-Hz
cutoff frequency of the last low-pass filters is sufficient as a feedback
bandwidth for polarization control because the polarizations vary
slowly in the order of several tens of minutes caused by the ambient
temperature change.

The filter bandwidths are designed by choosing the parameters
for the infinite response filter. We verified the bandwidth by a net-
work analyzer, which sends a sinewave swept in the target frequency
range and records the response. The bandwidths of the implemented
filters agree well with the expected values.

The piezo actuators inside the polarization controllers, to which
the polarization modulation and the control signal are applied,
accept the voltage range from 0 to 140 V. If the digital input mode is
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selected, that voltage range corresponds to the integer range from
0 to 4095. The amplitude of the polarization modulation is set
to 32.

The three piezo actuators are controlled in turn, as shown in
Fig. 5. First, piezo 1 is vibrated to apply the polarization modulation,
and the obtained error signal 3, is integrated and then sent back to
piezo 1. When the error signal becomes close to zero, the feedback
and the vibration of piezo 1 are terminated. At this time, the polar-
ization changes from the initial state to state 1. Next, similarly, piezo
2 is driven, and the obtained error signal f3, is processed, resulting
in the polarization change from state 1 to state 2. Then, piezo 3 and
B, go in the same manner, resulting in the polarization change from
state 2 to state 3. This process is cyclically repeated from piezo 1 to
piezo 3 for several cycles to converge to the target state. Note that,
since the polarization state may converge to the state opposite to the
optimum depending on the initial state, the initial state should be
manually set near the optimum.

C. Comparison

We made an experiment to compare the polarization modu-
lation method with the random walk method. The initial state is
set to the optimum polarization state by hand, and the polariza-
tion optimization is performed with 1000 feedback steps at a rate
of 30 steps/s. Figure 6 shows the digital values sent to the three
piezo actuators (piezo 1, piezo 2, and piezo 3) for the random walk
method (red) and the polarization modulation method (blue). Since
the polarization state changes in the order of several tens of minutes,
the polarization is expected to be stable in this measurement time
scale (33 s). Even though the initial state is optimal, there are unde-
sirable changes of the digital values for the random walk method.
This is because, when the polarization is close to the optimum,
slight power fluctuations degrade the stability of the random walk
method, as already mentioned. On the other hand, the additional
polarization drifts are not induced by the polarization modulation
method.

Piezo 1 Piezo 2 Piezo 3
2300 1600
1640}
3 2280 8 1580 .‘ g
S g I s et Y S 1620
T 2260 T 1560f o= = =
) e =) 1600}
e) R © ©
- 2240 Jome e, - 1540 Lol
2 s S e O ki
= = = = 1580}
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1560}
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FIG. 6. Change in digital values sent to the three piezo actuators (piezo 1, piezo 2, and piezo 3) when polarization optimization is performed with the random walk method
(gray) and the polarization modulation method (red) for 1000 steps at 30 steps/s. In this figure, the traces for the polarization modulation method are the digital values, which
do not contain the modulation. The initial state is manually set to be the optimum polarization state. Since the polarization states fluctuate in the order of several tens of
minutes, the digital values should not move in this time scale. For the random walk method, digital values are constantly fluctuating. On the other hand, for the polarization

modulation method, they are stable.
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VIIl. BEAM SPLITTER COUPLING RATIO LOCK

Before explaining the beam splitter coupling ratio lock, we
refer to the structures of the beam splitter. The beam splitters are
directional couplers, and light is exchanged between two fibers by
evanescent coupling. Fiber beam splitters are basically classified into
two types: fused biconical tapered couplers*' and side polished
couplers.”*** For the fused biconical tapered coupler, two fibers are
twisted together and stretched on heating. In this method, the defor-
mation of the cores results in the high optical loss. On the other
hand, for the side-polished coupler, fibers are embedded in quartz
substrates. Next, some part of the cladding is polished until it is
removed to permit the evanescent coupling. Then the two pieces are
contacted. In this method, the cores are not deformed, resulting in
lower optical loss. To reduce the optical loss of squeezed light, we use
side-polished fiber beam splitters for the quantum light paths (BS2
and BS-HD in this demonstration).

In addition to the low-loss demand, the coupling ratio of the
beam splitter at the homodyne detection (BS-HD) must be exactly
50:50 for the following reason: In homodyne detection, the LO light
interferes with the squeezed light and is divided at BS-HD. Then the
difference between two photocurrents is electrically amplified, and
the residual fluctuation represents the quadrature phase amplitude.
Because the power of the LO light is very high, the unbalance of
the two photocurrents caused by a slight deviation of the coupling
ratio from 50:50 easily results in saturation of the homodyne detec-
tor. In addition, since the DC output of the homodyne detector is
used for generating various error signals as shown in Fig. 2, we do
not want to make the homodyne detector AC coupled to prevent
saturation.

The coupling ratio is required to be 50:50 with an accuracy
of less than 0.1% from the following experimental parameters. The
LO power is 16 mW and the probe power is 1 yW. The difference of
the two photocurrents is converted to a voltage by a transimpedance
amplifier with a feedback resistance of 3.03 kQ, and then further
amplified by 15 times. The output voltage of the detector should be
kept in the range from —1 to 1 V to avoid saturation of the op-amp.

We use a custom-made fiber beam splitter, 905P (Evanescent
Optics), whose coupling ratio can be changed by a micrometer.
However, some obstacles are found for the stabilization of the cou-
pling ratio. First, the response of the coupling ratio has a hysteresis
and a backlash for the micrometer displacement, as shown in Fig. 7.
Even if we do not have to consider the hysteresis of the coupling ratio

~
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FIG. 7. Hysteresis of the coupling ratio depending on the micrometer displacement.
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FIG. 8. Change in the coupling ratio of the fiber beam splitter measured over 24 h.
Red: results when the homodyne signal is fed back to the Peltier element. Blue:
results when the temperature measured by the thermistor is fed back to the Peltier
element. Green: lines at the level of +0.1%, where the homodyne detector does
not saturate in this study. The standard deviation of the coupling ratio is 0.01% for
the red trace.

depending on the micrometer, to control the coupling ratio to 50%
with the accuracy of 0.1%, the micrometer displacement should be
adjusted with the accuracy of 0.27 ym. It is hard to achieve this accu-
racy. Second, it takes about 6 min for the coupling ratio to be stable
after the user takes his or her hand off the knob. Third, for the beam
splitter used in this study, the coupling ratio has a dependency on
the temperature at a rate of 0.95%/°C around the coupling ratio of
50:50. Fourth, the coupling ratio changes by about 2.9% depending
on the polarization state of the input light. Therefore, it is hard to
maintain the coupling ratio with an accuracy of 0.1%. We note that
the above properties vary on each fiber beam splitter.

To stabilize the coupling ratio of the beam splitter, we use the
temperature as a degree of freedom for control. We attach a Peltier
element to the bottom of the beam splitter and a thermistor to the
side of the beam splitter and place them on a heat sink. As a first
test, we controlled the temperature measured by the thermistor to
be kept constant. After 24 h, the coupling ratio varied by about 1%,
as shown in Fig. 8 (blue line), which was worse than the acceptable
coupling ratio deviation of 0.1%. Therefore, we employ a method to
stabilize the coupling ratio of the beam splitter by monitoring the
drift of the average of the homodyne detection signal and by feed-
ing it back to the Peltier element. As shown in Fig. 8 (red line),
the coupling ratio fluctuation is locked with a standard deviation of
0.01% for 24 h, which is sufficiently smaller than the target fluctu-
ation of 0.1%. When the coupling ratio is shifted for the first time,
it takes a couple of minutes to stabilize. Although this method uses
temperature dependence of the fiber beam splitter, some fiber beam
splitters have little temperature dependence. Therefore, it is neces-
sary to select those that have a sufficient temperature dependence
or to develop a fiber beam splitter with a structure that has enough
temperature dependence.

IX. 24-h SQUEEZED LIGHT MEASUREMENT

Squeezed light is measured for 24 h in the fiber system using
various stabilization mechanisms explained above. 24 h is enough.
As described in Appendix B, the alignments and the squeezed light
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measurements are repeated alternately in this experiment, with var-
ious controllers turned on and off in sequence. The spectra of the
squeezing and antisqueezing levels in the range from 10 to 200 MHz
are acquired with a resolution bandwidth of 1 MHz and a video
bandwidth of 10 Hz by a spectrum analyzer PXA Signal Analyzer
N9030B (Keysight).

Figure 9(a) shows time variations of squeezing level and anti-
squeezing level at 40 MHz as blue and red points, respectively. As
a reference, an example of the squeezing level and antisqueezing
level are shown as sky blue and pink points, respectively, for the
case where the polarization stabilizations and coupling ratio lock of
the beam splitter are deactivated. Note that the phase locks and the
power stabilizations are active for obtaining the sky blue and pink
points. The blue and red points are obtained every 2 min, and the
sky blue and pink points every 11 min. The blue points show an
average squeezing level of —4.42 dB with an extremely small stan-
dard deviation of +0.08 dB over 24 h. The red points show an average
antisqueezing level of 7.85 dB with a standard deviation of 0.13 dB.
In contrast, for the sky blue points, the squeezing level is not kept as
the time passes. These results demonstrate that stabilization controls
work properly to keep the system stable. Without the automated

B

10
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alignment, the squeezing level degrades in a couple of hours. There-
fore, to confirm the improvement with the automated alignment,
we believe 24 h (1 day) are sufficient. Note that squeezing and anti-
squeezing levels have some outliers because they are not measured
properly for the following reasons: When the phase drift exceeds the
dynamic range of the fiber stretcher, the voltage applied to the fiber
stretcher is reset and the phase is relocked. If squeezed light mea-
surements coincide with the reset process, inappropriate squeezing
or antisqueezing levels are obtained. This problem can be prevented
by programming the control system, but we did not implement it in
this measurement. When the average and the standard deviation of
the squeezing and antisqueezing levels are calculated, these outliers
are omitted.

We can estimate the effective loss of the system from the
squeezing level and antisqueezing level. In addition to the insertion
losses of optical components, the polarization mismatches become
effective losses for the squeezed light, which reduces the squeez-
ing level. If the change in the effective loss of the system is small,
we can verify that the polarization matching is stable during the
measurement. Figure 9(b) shows the effective loss of the entire sys-
tem estimated from the blue and red points in Fig. 9(a). From the
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FIG. 9. Results of 24-h squeezed light measurement. (a) Time variation of the squeezing and antisqueezing levels. Blue: squeezing level. Red: antisqueezing level. The sky
blue: squeezing and pink: antisqueezing levels are collected with the polarization stabilization and coupling ratio control deactivated, while the power stabilization and phase
locks remain active. (b) Time variation of the effective loss of the entire experimental system. Red: loss with full control. Blue: loss with the same control configuration used

for the sky blue and pink traces in (a).
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FIG. 10. Spectrogram from 10 to 200 MHz for 24-h squeezed measurements. (a) Squeezing level. (b) Antisqueezing level.

squeezing level sq and antisqueezing level asq expressed in dB,
we can evaluate the effective loss L of the whole system from the
following relations:

sq = IOloglo(L + (1 - L)e_zr), 9)

asq = 10log, (L + (1 - L)), (10)

where r > 0 is the squeezing parameter. In the ideal case where a loss
is absent, the squeezing and antisqueezing levels become symmetric
(sq = —asq). In actual cases where a loss exists, a vacuum fluctu-
ation is mixed to the squeezed or antisqueezed quadrature, from
which the above equations are derived. From the above equations,
L is expressed as

1-100*%

Lzﬁ'
2-100 —10™

(11)
The time variation of effective loss was calculated to be 27.0 + 1.0%,
as shown in Fig. 9(b). The fact that the loss fluctuation was only
+£1.0% over 24 h demonstrates that the control system is operating
stably for along period. The details of the 27% loss are as follows: The

loss of the OPA is from 8% to 12%. Two connectors are used, where
the loss of each connector is from 3% to 5%. The loss of BS2 is about
3%. The loss of BS-HD is about 0.5%. The loss of the homodyne
detection device is about 4%. As an option, the connectors can be
fused, by which the loss is reduced to 0.5% per one connection point.
In this experiment, fusion splicing is not done for the reusability of
the OPA.

Figure 10 shows a spectrogram of the squeezing and antisqueez-
inglevels. The dots in Fig. 10 are due to the same reason for the phase
re-locking as in Fig. 9. The line at 25 MHz is due to electric noise.

X. CONCLUSION

In this study, squeezed light with a squeezing level of —4.42 dB
has been successfully generated and measured in a fiber-based exper-
imental system with a very small standard deviation of +0.08 dB
for 24 h. Squeezed light is the most fundamental quantum state
of light in cluster quantum computations’ '* and loop quantum
computations.””"” In the case of the free space experimental setup, as
the system size gets larger, it becomes harder to keep it stable. On the
contrary, there are no limitations in the case of the fiber system if we
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employ the technology demonstrated in this paper. Therefore, gen-
erating a complicated cluster state is realistic with the fiber system.
Furthermore, the system, which can be automatically kept stable for
long periods of time, enables reliable operations of optical quantum
computers offered as a cloud service.
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APPENDIX A: POLARIZATION MODULATION
AT THE OPA

Here, we mathematically describe the polarization modulation
method at the OPA. We aim to match the polarization of the probe
light to the crystal axis where parametric downconversion happens.
The crystal axis is set to the x axis, which corresponds to the polar-
ization V in the Poincaré sphere. In a similar manner to Sec. VII,
for simplicity, let us consider the situation where the polarization of

ARTICLE pubs.aip.org/aip/rsi

the input probe light is shifted from the polarization V to the polar-
ization R by 26, as shown in Fig. 11. In this case, we aim to control
0 to be 0. The polarization of the probe light input to the OPA is
slightly modulated on the Poincaré sphere by 2A sin(wut), where
A is the amplitude of the polarization modulation (A < 1), wp is
the angular frequency of polarization modulation, and ¢ is the time.
The optical angular frequency of the degenerate parametric down-
conversion is denoted by wo, the frequency shift of the probe light
from the degenerate frequency Aw, the electric field amplitude Eo,
and the optical phase of probe light ¢. Then the complex electric
field of the probe light input to OPA Epeforeopa is

Epeforeopa = Eo{cos [0+ A sin (wmt)]ex — i sin [0+ A sin (wmt)]e,}

x exp [—i(wo + Aw)t + iprobe - (A1)
Only the polarization element of the probe light parallel to the crystal
axis of a nonlinear crystal undergoes phase-sensitive amplification,
while the perpendicular element remains unchanged. If the degrees

of the phase-sensitive amplification is exp(r) and the phase of the
pump light is gbpump, the electric field E,feropa Of the probe light

output from the OPA is*
Easteropa = Eo cos [0+ A sin (wmt)]
x {COSh (}’) exp [—i(wo + Aw)t + i¢pr0be]
+1i sinh (f') exp [_i(w() - Aw)t - i¢probe + i¢pump]}ex

—iEp sin [0+ A sin (wmt)] exp [—i(wo + Aw)t + idprope | €.
(A2)

The intensity of light I is proportional to the square of the electric
field,

I o< |Eysieropal” = Eé{cosz[e + A sin (wmt)] x [cosh (2r) + sinh (2r)
x sin (28wt — 2¢probe + ¢Pump)]
+sin’[0 + A sin (wmt)]}- (A3)

From A « 1, the following approximation is obtained:

cos’[0+ A sin (wpmt)] = cos’ 0 — A sin (20) sin (wmt).  (A4)

FIG. 11. Polarization on the Poincaré sphere of the probe light with polarization
modulation before the OPA.
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FIG. 12. Alignment sequence performed every 30 min.

By using the above expression, the element oscillating at angular
frequency 2Aw in Eq. (A3), which is extracted by BPF, is

Eg[cos” 6 — A sin (26) sin (wpt)] sinh (2r)
sin (2Awt — 2¢probe + Ppump)- (A5)

The signal with the angular frequency of 2Aw is intensity modulated
at an angular frequency of w,. Intensity modulation is extracted
by the square-law detection, where we can neglect the phase drift
=2 ,0be + Ppumy> a8 explained in Sec. VII. The intensity modulation
element is proportional to sin(26), which is exacted by a demodu-
lation at the frequency of w,,. By using sin(26), we can control the
polarization to 6 = 0 or 0 = 7/2, which depends on the polarity of
the feedback.

The angular frequency of the carrier signal is 2Aw for the OPA
as shown in Eq. (A5), while Aw for the homodyne detection as shown

in Eq. (5). Thus, for the cascade filter implemented by FPGA, the
center frequency of the BPF in Process 1 is 400 kHz for the OPA,
while 200 kHz for the homodyne detection.

APPENDIX B: SEQUENCE FOR ALIGNMENT
AND MEASUREMENT

In this demonstration, automatic alignment is performed once
every 30 min, and squeezed light measurement is performed once
every 2 min. Alignment is conducted by the sequence in Fig. 12.
First, to match the polarization of the probe light and the crystal
axis of the PPLN, only the probe and the pump light go through
the shutter, polarization modulation is applied to the probe light,
and polarization control is performed using a beat signal of 400 kHz.
Then, to match the polarization of the probe and the LO light, only

Phase lock Squeeze Anti-squeeze Shot noise
for probe measurement measurement measurement Waiting
Shutter for probe I Open 0 Open 0 Open Close Open |
. Time
Shutter for pump I Open ' Open H Open Close Open |
Time
Shutter for LO Close Open ! Open ! Open ! Open I
Time
' i ' '
VOA for probe 10nW ! 10 nW. ! 10 nW. ' No light +_10nW
L + Time
T T T
VOA for LO No light 18 mw ! 18 mW ! 18 mW 0 18 mwW I
T T Time
FST for probe Locked ' Locked E Locked Unlocked E Unlocked
T T Time
FST for LO Unlocked Sq-locked i Asg-locked Unlocked ! Unlocked Ti
n ime
SA measurement No Yes | Yes ' Yes No
f L Time
BS coupling ratio feedback OFF ON H ON i ON i ON Time
Os 10s 30s 50s 70s

FIG. 13. Squeezed light measurement sequence performed every 2 min.
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the probe and the LO light go through the shutter, polarization mod-
ulation is applied to the LO light only, and polarization control is
performed using a beat signal of 200 kHz. Since the coupling ratio
of the beam splitter for homodyne measurement slightly depends
on the polarization of the input light, control of the coupling ratio
is assigned after polarization control of the probe and the LO light.
During the above alignment, the fiber stretcher is fixed at a constant
voltage (unlocked).

Squeezed light measurements are performed in the sequences
shown in Fig. 13. First, the phase of the probe light is locked with
respect to the pump light. When the pump light is input, the tem-
perature of the PPLN inside the OPA increases, and the phase drift
occurs for a while. Therefore, we wait for 10 s so that it settles
down. Next, the phase of the LO light is locked with respect to the
probe light, and the squeezing and antisqueezing levels are mea-
sured. Finally, for the shot noise level measurement, all phase locks
are released and only the LO light is input. During measurement
time, control of the coupling ratio of the beam splitter is activated.

With this sequence, the squeezed light is periodically stopped
to align the system. However, for the continuous variable quantum
computation, continuously generated squeezed light is necessary.
Actually, the periodical alignment is inserted every couple of min-
utes. On the other hand, the clock period of quantum mode reported
so far is less than 1 ys.””'*"” Therefore, periodic alignment does not
limit the ability of quantum computation.
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