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Abstract: The use of optical sensing for in vivo applications is compelling, since it offers the ad-
vantages of non-invasiveness, non-ionizing radiation, and real-time monitoring. However, the
signal-to-noise ratio (SNR) of the optical signal deteriorates dramatically as the biological tissue
increases. Although increasing laser power can improve the SNR, intense lasers can severely disturb
biological processes and viability. Quantum sensing with bright squeezed light can make the mea-
surement sensitivity break through the quantum noise limit under weak laser conditions. A bright
squeezed light source is demonstrated to avoid the deterioration of SNR and biological damage,
which integrates an external cavity frequency-doubled laser, a semi-monolithic standing cavity with
periodically poled titanyl phosphate (PPKTP), and a balanced homodyne detector (BHD) assembled
on a dedicated breadboard. With the rational design of the mechanical elements, the optical layout,
and the feedback control equipment, a maximum non-classical noise reduction of —10.7 £ 0.2 dB is
observed. The average squeeze of —10 % 0.2 dB in continuous operation for 60 min is demonstrated.
Finally, the intracavity loss of degenerate optical parametric amplifier (DOPA) and the initial bright
squeezed light can be calculated to be 0.0021 and —15.5 & 0.2 dB, respectively. Through the above
experimental and theoretical analysis, the direction of improving bright squeeze level is pointed out.
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1. Introduction

Bright squeezed light is the redistribution of the amplitude and phase of a coherent
state of light, which exhibits reduced uncertainty below the shot noise limit (SNL) for ampli-
tude or phase, or any linear combination thereof, and increased uncertainty in the conjugate
observable. It has been 40 years since it has been confirmed that squeezed light can im-
prove measurement sensitivity beyond classical limits [1]. Squeezed light is envisioned to
have many practical applications, including optical sensing [2,3], quantum networks [4,5],
quantum communication [6,7], quantum computation [8], and gravitational wave (GW)
detection [9,10]. In particular, quantum sensing with squeezed light promises the ability to
exceed classical performance limits [11]. The purported application domain for quantum
enhanced sensors is vast: range-velocity and target-detection radars, squeezing—enhanced
RF—photonic antennas, ultraprecise surface measurements with a non-classical probe,
quantum enhanced gyroscopes, and entanglement-enhanced long—baseline telescopes just
to name a few. In addition, there is an urgent need to improve the sensitivity of sensors
in the biochemical and toxic gas detection fields [12-15]. All these applications require
the long-term stability of the squeezed light source. Hence, a simple and reliable bright
squeezed light source outside of the laboratory is needed. In this manuscript, we demon-
strate a promising non-classical illumination source—the bright squeezed light source for
quantum imaging and quantum sensing [16,17].
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In order to develop a flexible and valuable squeezed light source, a variety of tech-
nologies were developed. From the early observation of squeezed state via four—wave
mixing in atomic vapors [18] and parametric deamplification of quantum noise in optical
fiber [19] to parametric down-conversion in the nonlinear crystal [20] and recent demon-
strations of ponderomotive squeezing through optomechanical interactions [21-23], we
can conclude that the most successful scheme for generating squeezed light is the para-
metric down-conversion. Indeed, the strongest vacuum squeezed light observed so far is
—15 dB at the wavelength of 1064 nm [24]. The most advanced employment of a vacuum
squeezed light source in GW observatories has achieved about 9 dB of squeezing up to
20 h, which uses a DOPA with a type—I PPKTP crystal. The non—classical light source is
assembled on a 1.5 m2 breadboard, which includes a full coherent control system and a
diagnostic BHD [25]. However, the most simple and stable experiment device for a bright
squeezed—light generation at 1064 nm was achieved by K. Schneider et al. [20].

Although tremendous progress in the experimental preparation of continuous-wave
squeezed light has been achieved, the bright squeezed light source has not been used as
a separate product for now. In order to achieve this goal, there are still some difficulties
to overcome. For instance, long-term stability is a central issue, especially when the
squeezed light is used as a useful tool for flexible applications. Therefore, it is necessary to
develop a simple and reliable bright squeezed light source. In 2015, the group at Shanxi
University experimentally demonstrated a compact entangled light source for practical
applications in quantum information technology [26]. However, due to technical limitations,
the long—term stability of the entangled light source is not good enough.

In this manuscript, a simple and long-term stable bright squeezed light source is devel-
oped as a real commercial product. To increase simplicity, a homemade single—frequency
Nd: YVO,/LBO laser with dual wavelength outputs is used [27]. Then, the second har-
monic generation (SHG) and DOPA are constructed in a semi—monolithic standing cavity
configuration. Meanwhile, the Pound-Drever-Hall (PDH) technique is adopted to lock
both the cavity length at the resonance point of DOPA and the relative phase of 7t between
the pump beam and the seed beam [28]. Then, the DOPA emits bright amplitude squeezed
light, which can be detected with a BHD when the flip mirror is removed. A maximum
non-classical noise reduction of —10.7 £ 0.2 dB is observed directly. The stable non-classical
noise suppression of about —10 & 0.2 dB is obtained over an hour. The practical advantages
of simplicity and long-term stability make the developed bright squeezed light source
suitable as a real commercial product for sub-shot-noise quantum sensing.

2. Experimental Setup

A schematic diagram of the setup for the squeezed light source is shown in Figure 1,
which comprises four modules: a homemade single-frequency laser, a homemade DOPA, a
homemade SHG, and a homemade control system. For clarity, some optical components
are omitted. We try our best to achieve the shortest optical path from the homemade
single—frequency laser to every optical resonator and with the least optical components
needed to realize the optimal mode-matching between the laser beam and every optical
resonator. After these steps are implemented, the configuration of the bright squeezed light
source is minimized, the influence of the external environment interference on the source is
weakened, and the system’s mechanical stability is improved. All the optical components
screw onto a custom cast aluminum base plate, which is strengthened by a rear grid frame.
The dimension of the bright squeezed light source is about 750 x 560 x 180 mm?.

The DOPA and SHG are set up as a standing—wave of semi-monolithic cavity, contain-
ing a PPKTP crystal and an output-coupling mirror. The front surface of the PPKTP crystal
is high-reflectivity coated at 1064 nm and anti—reflectivity coated at 532 nm for DOPA,
while high-reflectivity coated at 1064 nm and 532 nm for SHG. The rear surface of the crystal
is anti-reflection coated for both wavelengths in DOPA and SHG, respectively. The output-
coupling mirror of the semi-monolithic standing-wave cavity is a piezo—actuated external
mirror with high reflectivity at 532 nm and transmissivity of 12% at 1064 nm for DOPA,
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and anti-reflectivity at 532 nm and transmissivity of 12% at 1064 nm for SHG, respectively.
In addition, the front surfaces of PPKTP crystals are convex with a curvature of 12 mm, and
the rear surfaces of the PPKTP crystals are flat, with a size of about 1 x 2 x 10 mm?3. Since
the curvature radius is 30 mm, the output—coupling mirror is placed on the rear surface of
the PPKTP crystal at a distance of approximately 25 mm. Thus, the line width of DOPA
and SHG can be calculated as 70.7 MHz. The DOPA is singly resonant at 1064 nm with the
pump laser dual passing the PPKTP crystal. In addition, the temperature of the PPKTP
crystal is stabilized to the phase-matching of the fundamental seed beam and the second
harmonic pump beam. Figure 2 shows the internal structure of the quasi-monolithic DOPA,
which can accommodate the copper oven of nonlinear crystal, Peltier and piezo—actuated
output-coupling mirrors. The cavity is mechanically stabilized by concatenating mounts of
the mirrors and the copper oven with a massive invar base.
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Figure 1. Schematic of the complete optical setup of the squeezed light source (SHG, second harmonic
generation; EOM, electro-optic modulator; DBS, dichroic beam splitter; DOPA, degenerate optical
parametric amplifier; MCC, mode cleaner cavity; F-P cavity, Fabry-Pérot cavity; FI, Faraday isolators).

PPKTP Ring piezo
N TEET ~NIIE DIGZ0

Seed
Pump

Coupling mirror /'m

Figure 2. Internal structure of the quasi-monolithic DOPA.
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The DOPA is driven by a homemade low-noise intracavity single—frequency Nd:
YVO,/LBO laser with dual wavelength outputs. The power at 532 nm and 1064 nm is about
380 mW and 15 W, respectively. The volume of this laser is about 200 x 100 x 80 mm?, and
the M2 value of the output beam is about 1.2. The power stability of the output laser at
1064 nm is shown in Figure 3. As shown in the illustration, the peak—to—peak fluctuation is
better than +1.3% for 8 h. The 1064 nm laser is divided into four parts after passing through
a mode cleaner device to optimize the distribution of spatial mode and an electro-optical
phase modulator to modulate the phase of the light field. A tiny fraction is injected into
an F—P cavity to monitor the single frequency operation, as shown in Figure 4. The other
three parts are injected into DOPA, the SHG cavity, and the mode cleaner cavity (MCC),
which are used as the seed beam of DOPA, the fundamental frequency pump beam of the
SHG, and the local oscillator (LO) for homodyne detection, respectively. Then, the 532 nm
laser output from SHG is injected into DOPA from the front surface of the PPKTP crystal as
the pump beam.
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Figure 3. Power stability of the output laser at 1064 nm.
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Figure 4. Single frequency operation of the output laser at 1064 nm.

The preparation and purpose of the seed beam and pump beam should be discussed
in more detail. The seed beam through the Faraday rotation isolator (FI) and the half—wave
plate is mode-matched and injected into DOPA with vertical polarization. Subsequently,
the cavity length and 7 phase between the pump beam and the seed beam are stabilized
using the seed beam transmitted through the DOPA, which is detected on the photodi-
ode PDopa /7-phase- As a result, the error signal of DOPA’s cavity length and the relative
phase of the pump beam and the seed beam can be fed back onto the piezo—actuated
output—coupling mirror of DOPA and the piezo—actuated steering mirror in the pump
beam path, respectively. Both the DOPA’s cavity length and the relative phase between the
pump beam and the seed beam are locked, utilizing the PDH technique at an rf —modulation
frequency of 35.6 MHz. With a redesigned high—gain resonance—type photo—detector
to receive the transmitted light from DOPA, a seed beam with 5 mW is employed to im-
plement the stable cavity length and 7t phase between the pump beam and the seed beam
locking. In addition, the PDH technique is improved by adjusting the phase of another
35.6 MHz rf-signal, which is injected into the mixer to yield the error signal of 7t phase
between the pump beam and the seed beam locking. The improved PDH technique realizes
the theoretical control bandwidth of 71.2 MHz, which is conducive to achieving long—term
stability of the bright squeezed light source.

The generated squeezed light is combined with the LO by employing a 50/50 beam
splitter to generate an interference signal and detected by a homemade BHD with the
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maximum common mode rejection ratio (CMRR) and clearance of 75.2 dB and 37 dB, which
installed two arbitrary large—area InGaAs photodiodes (ETX500) of the same model [29].
The circuit noise level of the BHD at 3.7 MHz is nearly 25 dB below the shot noise level with
the LO power of 12 mW, with the output of the BHD measured at the Fourier frequency
of 3.7 MHz. In order to improve the homodyne efficiency, the LO is spatially filtered by
the MCC, which yields the ideal Gaussian beam in fundamental mode. Then, the LO is
transformed through a set of optical lenses to achieve the same spatial mode as the spatial
mode of bright squeezed light output from DOPA. The relative phase between bright
squeezed light and LO is locked by the improved PDH technique, which consists of a
newly developed resonant electro—optic modulator and resonant photodetector [30,31],
and the theoretical control bandwidth of the feedback loop reaches 71.2 MHz. As a result,
it is conducive to reduce the phase jitter caused by environmental interference.

3. Experimental Results

The non—classical noise level of the bright squeezed light of DOPA output obtained
by direct measurement is shown in Figure 5, which is observed when the pump power is
145 mW and the seed power is 5 mW. The —10.7 & 0.2 dB squeezing and +19.3 £+ 0.2 dB
anti-squeezing are successfully obtained by a spectrum analyzer (R&S FSW SIGNAL &
SPECTRUM ANALYZER, 2 Hz, 26 GHz) in zero-span mode. The resolution bandwidth
(RBW) and video bandwidth (VBW) are set to 300 kHz and 200 Hz, respectively. The
non-classical noise average reduction of —10 £ 0.2 dB is detected directly in continuous
operation over 60 min.
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Figure 5. Noise power of squeezed light. Fourier frequency = 3.7 MHz, RBW =300 kHz, VBW = 200 Hz.

4. Discussion

Theoretically, the non-classical noise power can be further squeezed significantly by
increasing the power of the pump beam. However, higher pump power will bring a lot
of problems. For example, the thermally —induced birefringence effect will lead to the
deterioration of the light spot, which is caused by the absorption of the pump laser inside
the PPKTP crystal. As a result, the locking stability and parameter down—conversion
efficiency of DOPA will deteriorate simultaneously. In addition, the increase in pump
power will lead to greater intracavity loss, which will lead to a decrease in the escape
efficiency of DOPA. The following is a theoretical analysis of various factors affecting the
non—classical noise level of the bright squeezed light.

The spectra of non-classical noise variances of the bright squeezed light output from
DOPA can be expressed as
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In the equation, Py, is the pump power, Py, is the threshold value of DOPA, f is the
Fourier frequency, « is the line width of DOPA, and I is the overall optical loss. The overall
efficiency 7 =1 — liot = NesclpropMnomo™lqe; Where, 1]esc is the escape efficiency of DOPA, which
is the ratio of the output coupling decay rate to the total cavity decay rate, 1 is the
propagation efficiency of the bright squeezed light, which is related to the coating quality
and absorption of the optical components, 1}, is the homodyne efficiency, which is the
fringe visibility squared between the bright squeezed light and the LO light, and 7 is the
quantum efficiency of the photo diodes.

The propagation efficiency can be obtained according to the factory parameters of the
optical component behind DOPA, which is about #7,r0p = 0.995. The homodyne efficiency is
the fringe visibility squared between the bright squeezed light and the LO light, which can
be expressed as

Mhomo = VIS? = (Iax — Lpin)*/ (Inax + Lin)* )

where the maximum and minimum intensities I, and I,,,;; are measured with a high—gain
DC detector in one of the output ports of 50/50 beam splitters by sweeping the relative
phase between the LO light and the signal light. The signal light is the seed beam transmit-
ted from DOPA and has the same power as the LO light. The experimentally —measured
fringe visibility is VIS = 0.998, and the corresponding homodyne efficiency is #}9y,,0 = 0.996.
The quantum efficiency can be obtained according to the factory parameter of a photo
diode, which is 774, = 95% (FD500 without AR—coated flat window cap). Thus, the product
of NpropNhomoge = 0.941. Through experimental measurement, the threshold of DOPA can be
obtained as Py, = 206 mW. Then, by substituting the relevant parameters into Equation (1),
the overall efficiency and the escape efficiency can be respectively obtained as follows:
1 = HescpropM homolge = 0.925, 77,5c = 0.983.

Then, the intracavity loss of DOPA and the non—classical noise reduction of the initial
bright squeezed light can be derived based on the escape efficiency. The DOPA’s escape
efficiency is the ratio of the output coupling decay rate to the total cavity decay rate, and its
expression is as follows

Hese = T/(T+L) 3)

In the equation, T is the power transmissivity of DOPA’s output—coupling mirror
and L is the intracavity loss of DOPA. According to the power transmissivity of the
output—coupling mirror given in the previous section, the intracavity loss can be de-
duced to be L = 0.0021. Among all optical losses, only the intracavity loss of DOPA affects
the non—classical noise reduction of the initial bright squeezed light output from DOPA,
so the non—classical noise reduction of the initial bright squeezed light can be derived
according to the escape efficiency, which is determined by the intracavity loss. Then, the
non—classical noise reduction of initial bright squeezed light can be calculated by substitut-
ing the escape efficiency 77,5 = 0.983 into Equation (1), which corresponds to —15.5 4= 0.2 dB
of initial bright squeezed light. Since the propagation loss, homodyne detection loss and
quantum loss of the photo diodes can be subtracted, and more than —15.5 & 0.2 dB bright
squeezed light will be directly injected into the quantum sensing system with squeezed
enhancements technique in vivo applications (sub—shot—noise measurement system).

In addition, the stable output of bright squeezed light from DOPA depends on the
stable pump power, the precision-controlled locking loop, the strong mechanical structure,
and so on. Especially, the pump power stability of 532 nm is very important. The DOPA’s
cavity length is locked using the s—polarized seed laser, while the pump power fluctua-
tions will change the thermal load, leading to the variation of crystal temperature. Thus,
degradation of the phase—matching condition in PPKTP leads to the deterioration of the
non—classical noise power of bright squeezed light. Meanwhile, the power dependence of
the parametrical down-conversion efficiency may result in an even greater non—classical
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noise power fluctuation of bright squeezed light, so the power stability of the pump beam
is an important premise for the bright squeezed light generation. Through a specially de-
signed low—noise external cavity, the frequency —doubled laser reaches the peak—to—peak
of power fluctuation less than + 1.3% for 8 h. With the optimization of the locking loop
and power stable system, continuous locking over 60 min is achieved. Based on the organic
combination of the above subsystems, the bright squeezed light source with continuous
output over an hour is realized.

5. Conclusions

A simple and long-term stable bright squeezed light source is demonstrated as a com-
mercial product, where the non-classical noise squeeze of —10.7 & 0.2 dB and anti—squeeze
of +19.3 £ 0.2 dB are directly observed and the non—classical noise average reduction of
—10 £ 0.2 dB is demonstrated over the entire 60 min. Therefore, the squeezed light source
has to be ready to implement quantum sensing for in vivo application (sub—shot—noise
measurement system). In addition, the escape efficiency of the DOPA cavity can be deduced
based on the relevant system parameters and experimental data. The relevant system pa-
rameters include propagation efficiency, homodyne efficiency, and quantum efficiency. The
relevant experimental data include the squeezed non-classical noise power, and the DOPA’s
pump power and threshold. Then, the intracavity loss of DOPA and the non—classical
noise reduction of the initial bright squeezed light output from DOPA can be deduced
by taking the escape efficiency into account. Finally, the intracavity loss of DOPA and
the non—classical noise reduction of the initial bright squeezed light can be calculated to
be 0.0021 and —15.5 £ 0.2 dB, respectively. Through detailed analysis and description of
the negative factors affecting the non—classical noise squeezed, it lays a foundation for
improving the squeeze level. Next, we plan to develop a better—performing electro—optic
modulator and a high—gain detector for cavity length locking and relative phase locking
of two optical fields, which will provide a more stable feedback control technique for the
further development of squeezed light source.
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