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Abstract: A 2.8-dB polarization squeezing of the Stokes operator §2 for the rubidium D, line

(795 nm) is achieved, with the lowest squeezing band at an audio frequency of 2.6 kHz. It is
synthetized by a bright coherent beam and a squeezed vacuum, which are orthogonally
polarized and share same frequency. Two methods are applied to support the optical parametric
oscillator: an orthogonally-polarized locking beam that precludes residual unwanted
interference and quantum noise locking method that locks the squeezing phase. Besides, the
usage of low noise balanced detector, mode cleaner and the optical isolator helped to improve
the audio frequency detection. The squeezing level is limited by absorption-induced losses at
short wavelengths, which is 397.5 nm. The generated polarization squeezed light can be used in
a quantum enhanced magnetometer to increase the measurement sensitivity.
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OCIS codes: (270.6570) Squeezed states; (190.4970) Parametric oscillators and amplifiers; (190.4975) Parametric
processes.
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1.

Introduction

Squeezed states are prevalent in the field of quantum physics, since their first generation in
1985 [1]. With their advanced quantum features, squeezed states have been demonstrated in
several applications such as, quantum information networks [2], quantum memory [3,4], and in
quantum metrology and precise measurements [5—10], which are of interest to us. Early
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experiments produced squeezing at megahertz frequencies, benefiting from the quiet noise
background of the laser sources. However, in certain situations, kilohertz squeezing bands are
required; for example, in gravitational wave detection (10 Hz—10 kHz) [11,12]and interaction
with the atomic media [8—10]. Squeezed states at the kilohertz frequencies are required for
coherent delay and storage in an electromagnetically induced transparency model, owing to the
narrow transparent windows. Practical applications in bio-magnetism demand magnetic field
measurements at kilohertz and below, such as in magneto-cardiography and
magneto-encephalography, from a human heart or brain [13], respectively. In the developed
precise measurement field, shot noise limit (SNL) of light has become the final limitation for
probing. Noise reduction with sub-SNL polarization squeezed light and signal enhancement
with interferometers [14] are both the possible ways to increase measurement sensitivity. In
fact, squeezed-light-enhanced magnetometers have already been built in recent years. The
polarization squeezed lights are obtained through squeezed vacuums that are generated from an
optical parametric oscillator (OPO) [8] and an atomic ensemble via polarization self-rotation
(PSR) [9] respectively. An intensity-difference squeezing is obtained by four-wave mixing
(FWM) with an atomic ensemble [10]. These squeezing sources helped to increase the
sensitivity in magnetic field measurements. The achieve measurement sensitivities are

32nT /~NHz , 1 pT /N Hz and 19.3 pT /~ Hz respectively.

In the audio frequency regime, squeezing is easily submerged in roll-up noises and the
measured squeezing level is limited. Two factors limit the obtained squeezing: the technical
noise induced in the detection [15,16] and squeezing degradation by the noise coupling of the
control beams [17,18]. Several previous researches have revealed that parasitic interference,
beam jitter, noise coupling from the local oscillator, and the imbalance in the electronic circuits
are the main noise sources in squeezing measurements. In addition, the optical noises in the
pump, probe, and lock beams may be induced or transmitted to the squeezed light, causing
degradation. Several experimental methods have successfully pushed the squeezing band to
audio frequencies. Bowen et al. [19] and Schnabel et al. [20] placed optical parametric
amplifiers (OPA) in a Mach-Zehnder interferometer; such noise cancellation configurations
enabled the generation of squeezed vacuums, down to 220 kHz and 80 kHz, respectively.
Laurat et al. [21] designed a single type-II, self-phase-locked, frequency degenerate OPO and
the generated two-mode squeezed state reached 50 kHz. McKenzie ef al. [17] developed a noise
dither locking technique to obtain a squeezed vacuum from 280 Hz. In their system, the OPO
cavity length was not actively stabilized; hence, long-term running was impossible. The lowest
squeezing achieved till date is 1 Hz [18], with two frequency-shifted control lights utilized to
sense the cavity length and pump phase, respectively. This scheme eliminated parasitic
interference successfully, but two separate lasers had to be used and the system was complex.

The results listed above were presented at a gravitational-wave-detection wavelength of
1064 nm; in order to interact with the atomic media, wavelengths resonant with the atomic
transition lines need to be selected. For the rubidium D, line, as the wavelength of 795 nm is
considerably shorter than 1064 nm, problems of absorption and heating arise. The reason is that
the 397.5 nm pump beam is close to the lower limit of the transparent window (350-4400 nm)
of the PPKTP crystal. The absorption at 795 nm is around 1%/cm, while it is 18.6%/cm [22] at
397.5 nm. This will induce additional losses, leading to the degradation of squeezing level.
Heating causes instability of the cavity locking, this limits the squeezing band towards low
frequencies. Several experimental attempts were made for generating polarization squeezing at
795 nm. Wolfgramm et al. [8] obtained a polarization squeezing of 3.6 dB at 1 MHz with the
squeezing band ranging from 0.08 to 2 MHz; Wu et al. [23] achieved a polarization squeezing
of 4 dB at an analytical frequency of 3 MHz; whereas, Hétet et al. [24] obtained a squeezing of
5.2 dB, covering a frequency range, 150—500 kHz. Our group achieved a-5.6 dB squeezing at 2
MHz, with a frequency band ranging from 0.2 to 10 MHz [25]. However, these results are all in
the high frequency range, far away from the audio frequencies, where additional noise coupling
needs to be considered. The audio-frequency squeezing at atomic wavelength is only presented
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in atomic squeezers through PSR and FWM. Squeezed vacuum with squeezing band down to
100 Hz is achieved using the PSR with *Rb [9]; an intensity difference squeezing at 1.5 kHz is
obtained via FWM, and with the modification of pump power, a broadband squeezing of
5.5-16.5 MHz can be achieved [26].

In this work, benefiting from a homemade low-noise balanced detector at audio frequencies
and the improvement in the technical noises, we present a 2.8-dB polarization squeezed light,
down to 2.6 kHz at the rubidium D line. This result is mainly relied on the vacuum injected
OPO. A polarization-perpendicular beam, which counter propagates in the cavity, is used to
lock the cavity length. The quantum noise locking method is used to stabilize the squeezing
phase. Besides, technical noises are carefully controlled by the low noise balanced detector,
mode cleaner, the optical isolator and the ultra-stable mirror mounts. The generated
polarization squeezed light can be subsequently used for precise measurements.

2. Polarization squeezing

Polarization states of lights are expressed by Stokes parameters, visualized on a Poincaré
sphere. For the nonclassical states, a quantum version could be used, with Stokes operators on a
quantum Poincaré sphere. The quantum Poincaré sphere is defined as:

S 482482 =82+28, (1)
Similar to its classical counterparts, each point on the Poincaré sphere represents one
polarization state. The position is the mean value of the polarization vector, and the volume

surrounding it represents its fluctuation [27-30].
The quantized Stokes operators are defined as:

S P P
y=daa. +aa,
S _pta s
S =aa,-aa,

C @)
W4, +a.a,

a" and a are the photon creation and annihilation operators, subscripts x and y represent two
orthogonally polarized modes.

S, commutes with all the other three operators, while the other three operators satisfy:
(505, ]~ 208058, ]~ 268, 5.8, ] = 28, 3)
Thus, simultaneously exact measurement of 3’1 , 3’2 and 3’3 are impossible. Their variances

are limited by the uncertainty relations:

=) |

s el

“

when ‘2>’ is replaced by ‘ =, the formula represents the minimum uncertainty states.

Light is said to be polarization squeezed when the variance of one or more Stokes operators
is smaller than the corresponding coherent light. Furthermore, for a tight definition, the
variance of one of the Stokes operators should lies below not only the coherent limit, but also
the respective minimum uncertainty state limit.

We used two orthogonally polarized fields to generate the polarization squeezing: a bright
coherent light and a squeezed vacuum. The squeezed vacuum occupies the vacuum port of the
coherent light. With a fixed relative phase, a sub-SNL polarization fluctuation at the orthogonal
port is obtained. The diagrammatic illustrations of the quantum Poincaré sphere and the
corresponding noise ball is shown in Fig. 1.
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(a) ()]

Fig. 1. (a) Illustration of the quantum Poincaré sphere. The red ball on it represents a certain
polarization state. Position is given by the mean value of the polarization vector and volumes are
determined by the fluctuations. (b) Diagrammatic illustration of the Stokes operators in our
experiment. The red ellipsoid is the squeezed noise ball and the three ellipses are the projections
at each plane. The dashed circle represents the noise of the coherent state and the solid one
shows the squeezing results. The §2 operator is squeezed, the 3'3 operator is anti-squeezed, and

that the §, operator is the same as the coherent classical state.

Consider the situation in our experiment where x-polarization mode is a coherent light,
y-polarization mode is squeezed vacuum, photon operator of the states are written as:

a,=a+déa,a,=aoa, (5)

The mean values of the four Stokes operators are:

($0)=(8)=e.(5:)=(8)=0 ©
Taking them into the uncertainty relations, we get:
VW, 2000, 2’ VY, 20 ™
The uncertainty relations of §1 , §2 and §] , §3 are bounded by zero, so both pairs commute

with each other and can be obtained simultaneously and exactly. Then the §2 , §3 are bounded by

a nonzero limit, so they are the conjugate variances. To form a polarization squeezing, they
need to satisfy:

v, <o’ <V, ®

This is the case in our scheme. Thus, a phase locked squeezed vacuum and coherent light
synthetized a polarization squeezing. There have been several experiments using the same
scheme [8, 31]. For similar methods, quadrature squeezed light with coherent light or two
quadrature squeezed lights could both generate the polarization squeezing [29, 30]. Besides,
using the nonlinear Kerr effect in glass fibers [27, 28] is also the possible way to generate
polarization squeezing.

3. Improvements for squeezing towards the audio frequencies

There are many obstacles limiting the squeezing to audio frequencies, for the noise coupling
leads to the roll-up of background noise levels. These technical noises have various origins,
such as the laser intensity noise, photodetector electronic noise, beam jitter, parasitic
interference and mechanical fluctuation. The most important source is from the laser itself.
Ti:Sapphire laser has high background noise at low frequencies. The intrinsic relaxation
oscillation peak of solid laser is at 1 MHz and below, this noise will be transferred to the



Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20743 |
NN Y

Optics EXPRESS

squeezed field. To avoid the noise coupling, we reduce the light injection in the cavity, for
example, the probe beam. Thus, we use an OPO configuration, where only a pump field exists.

The experimental setup is displayed in Fig. 2. A low-noise continuous wave Ti:Sapphire
laser works as the fundamental source. The wavelength of the laser is tuned to 794.975 nm,
resonating with the rubidium D, line. A 30-dB optical isolator is used to avoid optical feedback.
A 3.6-MHz modulation is applied to a phase-type electric optical modulator (EOM), which is
used in the Pound-Drever-Hall scheme [32] for locking cavities. Two bow-tie type cavities
accomplish the second harmonic generation (SHG) and the OPO successively and a third
cavity, the mode cleaner (MC), is built to optimize the spatial mode of the coherent field. With
the help of MC, the interference visibility is increased from 96% to 99.7% [25]. All the cavities
have lengths of approximately 600 mm and a distance of approximately 120 mm between the
two concave mirrors. The radii of curvature of the concave mirrors are 100 mm. A 10-mm-long
periodically poled KTiOPO, (PPKTP) crystal is placed at the center of the concave mirrors and
the resulting beam waist in it is approximately 40 um. The PPKTP crystals are placed in
copper-made ovens and have temperatures that are actively stabilized to approximately 53° C,
for optimization. For the OPO cavity, the transmissivity of the output coupler is 11.5% at 795
nm, whereas the other three mirrors are highly reflective for the fundamental wavelength of 795
nm; the concave mirrors are highly transmissive at 397.5 nm; hence, the pump beam has a
single pass through the nonlinear crystal, avoiding the extra loss owing to the absorption of
ultra-violet light. The intra-cavity loss is estimated to be 0.4%, resulting in an escape efficiency
of 96.6%. A homemade balanced detector is utilized, with a common-mode rejection ratio
(CMRR) greater than 45 dB. It is designed for usage at audio frequencies of typically, 10
Hz—400 kHz [33]. The electric dark noise is 16 dB below the shot noise limit and the quantum
efficiency of the photodiode (First Sensor, Model: PC20—7) is 95%.
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Fig. 2. Experimental setup for polarization squeezing.

To fulfill the operation of OPO, we use a ‘noiseless’ beam to lock the cavity length, a
counter-propagating and orthogonal-polarized light. Initially, the lock beam was in a diverse
direction only and worked well in the megahertz regime. However, in the audio frequency
band, the residual reflection at the crystal surface will couple into the squeezed field, degrading
the squeezing level. To overcome this problem, the polarization of the lock beam was changed
to a p-polarization, which does not sense the OPO process. For differences between the
refractive indices of the polarizations, the resonant frequency differs. In order to ensure the
operation of the OPO, the cavity should be locked at the OPO resonant wavelength; hence, we
use an acoustic-optical modulator to shift the frequency of the p-polarization beam to
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approximately 140 MHz. However, a major heating source arises due to the absorption of the
ultra-violet pump beam in the PPKTP crystal, which changes the cavity length; hence, the
frequency of the p-polarization beam should be shifted by another 20 MHz. In addition, owing
to the variation in the surrounding temperature, the frequency needs to be adjusted slightly to
match with the OPO condition.

The polarization squeezing needs a phase locking of the coherent field and the squeezed
vacuum. A common method relies on the interference signal of the two fields, for example, the
two bright quadrature squeezing. Considering the large difference in intensity of the coherent
field and the squeezed vacuum field, the interference visibility is poor. The traditional phase
locking method cannot be used; thus, we turn to the quantum noise locking [34]. The
configuration used is illustrated in Fig. 3. Quantum noise locking involves three steps:
bandpass filtering, envelope detection, and modulation-demodulation. The settings of the
resolution bandwidth (RBW) and the video bandwidth (VBW) on the spectrum analyzer (SA)
select the bandwidth and the envelope detection period amplifies the real signal within a certain
band. Then, the output signal is demodulated with a lock-in amplifier and the resultant error
signal is fed back to a piezo-electric transducer (PZT). The noise locking method depends on
the asymmetry of the phase-sensitive variances, and the stability depends on the level of
squeezing and anti-squeezing.

Lo > I -

LPF ED BPF 4 |°
SA1

Lock-in SA
Fig. 3. Noise locking schematic; the electric part is in the blue box.

With the two techniques above, the OPO condition could be maintained, reducing the noise
coupling from laser. Besides, improvements for increasing the detection efficiency and system
stability are utilized. The photodetector electronic noise is reduced by the usage of the
homemade balanced detector. Although commercial balanced detectors are available, for high
gain and reliable stability, our homemade one is more suitable for the low frequency detection.
Its quiet noise background at the measurement bands, high CMRR, and special design for the
use of photodiodes with high quantum efficiency provide a solid foundation for our squeezing
measurements. Beam jitter is coupled to the noise of photocurrent via spatial variation in
photodetector efficiency, so a second usage of the MC is to increase the pointing stability of the
coherent beam. Finally, an optical isolator is placed immediately outside the OPO cavity,
precluding light being reflected back into it, from the detector surface, for instance. On one
hand, light may break the locking stability of the cavity, whereas on the other, when reflected
again by mirror surfaces, the following parasitic interference may contaminate the squeezing
level at low frequencies. In addition, stable cavity design and usage of ultra-stable mirror
mounts are also help to increase the mechanical stability.
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4. Experimental results and discussions

Polarization squeezing of Stokes operator 5‘2 is measured by a polarimeter, shown in Fig. 4. A

half-wave plate is placed with its optical axis oriented at 22.5° to the light polarization, and a
linear polarization at 45° is obtained. A polarization beam splitter (PBS) allows the
measurement of the two orthogonal polarization components, and then the difference signal is
send to an SA for analyzing.

Polarization
squeezing

|

=f—= W2 at22.5"°

Fig. 4. Tllustration of polarimeter for measurement of Stokes operator Sz .

After SHG, approximately 50 mW of 397.5-nm laser is injected into the second cavity to
pump the OPO. The PPKTP crystal in the OPO process is temperature controlled to 52.85 °C;
and then the p-polarized locking beam is frequency shifted to match the s-polarized OPO beam.
Further, the polarimeter is used to measure the polarization squeezing. We first measure the
squeezing traces in a scanning mode by varying the relative phase between the squeezed
vacuum and the coherent field. The results shown in Fig. 5 are at the center frequencies of 2
MHz and 50 kHz respectively. At 2 MHz, a squeezing of —5.6 dB is obtained and the
anti-squeezing is + 7.0 dB; whereas at 50 kHz, the squeezing and anti-squeezing levels are —2.3
dB and + 6.6 dB, respectively. With a quantum efficiency of 95%, escape efficiency of 96.6%,
propagation efficiency of 99%, and an interference visibility of 99.7%, the expected squeezing
level at 2 MHz is —6.9 dB [25]. It is clear that the squeezing traces are more stable at high
frequencies. However, at low frequencies, fluctuations in the optical path result in the
instability of the relative phase between the squeezed vacuum and the coherent beam; thus, the
noise signal dithers and cannot always stay at the lowest point.

To get a stable noise spectrum, we use the noise locking method. The generated squeezed
vacuum is interfered with a coherent beam, monitored on the balanced detector. We extract the
difference signal from the alternating output and send it to an SA (Agilent, Model: E4405B).
The SA is set to zero span. The center frequency is 2 MHz, the RBW is 300 kHz, VBW is 30
kHz, and the sweep time is 1 s. The output of the SA is demodulated in a lock-in amplifier
(SRS, Model: SR830). The modulation by the lock-in amplifier has a frequency of 35.01 kHz
and an amplitude of 1.950 V. The error signal is fed back to the PZT on the coherent beam. By
switching the phase in the proportional-integral-derivative controller, either a squeezed phase
or an anti-squeezed phase can be achieved. The results are shown in Fig. 6.
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Fig. 5. Measured noise power as the phase of the coherent field is scanned. (a) Result at an
analyzing frequency of 2 MHz, zero-span mode, 100 kHz RBW, and 30 Hz VBW; (b) Result at
an analyzing frequency of 50 kHz, zero-span mode, 10 kHz RBW, and 30 Hz VBW. The shot
noise level (SNL) trace shows the noise power with the polarized coherent beam. It gives the
noise power level reference at 0 dB. In Fig. 5(a), 5.6 dB squeezing and + 7.0 dB anti-squeezing
are obtained at an analyzing frequency of 2 MHz. In the Fig. 5(b), 2.3 dB squeezing and + 6.7
dB anti-squeezing are obtained at an analyzing frequency of 50 kHz. Obviously, the result at the
low analyzing frequency is noisier than that at the higher analyzing frequency.

The noise traces in Fig. 6 are recorded by a second SA (Agilent, Model: 4396B). For
measuring from at 1 kHz—100 kHz, the RBW is 100 Hz and the VBW is 10 Hz; in the frequency
range, 2.2 kHz-3 kHz, the RBW is 10 Hz and the VBW is 1 Hz; all the noise traces are
averaged 16 times. A flat noise spectrum down to 2.6 kHz is obtained and the measured
squeezing level is approximately 2.8 dB. The electric noise is subtracted from the data. The
peaks at approximately 19 kHz and 38 kHz are the resonant frequency of the PZT and its
second harmonic, respectively; the peak at 35 kHz is the modulation frequency of the lock-in
amplifier and that at 88 kHz may be owing to the extra noise in the electric circuits. Compared
to the scanning mode, it is obvious that the noise locking method has a good stability.
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Fig. 6. Quantum noise locking results. In the frequency ranges, (a) 1 kHz—100 kHz; (b) 2.2
kHz-3 kHz. (1), (II), and (III) are the anti-squeezing, shot noise limit, and the squeezing traces,
respectively. The squeezing level is approximately 2.8 dB and the flat noise spectrum, down to
2.6 kHz, is shown clearly.

The power of the polarization squeezed light is 2 mW, which is limited by the saturated
power of the balanced detector. It is mainly dependent on the power of coherent beam; as the
squeezed vacuum has an almost vacuum intensity, it can be ignored. The degree of polarization

of the generated beam is approximately 3000:1, determined by the PBS used to synthetize the
polarization squeezing.
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At low frequency, classical noises easily coupled to the squeezing system. Although the
experiments are done in a quiet environment, unexpected noises, sound, airflow or movements,
enter the system randomly. These noises are uncontrollable. With imperfect CMRR, there will
always be noise peaks at different frequencies. In one typical condition, where a vibration
comes into only one of the detection path, there will definitely be a noise peak in the squeezing
trace. Figure 7 shows one example that additional noise peak at about 68 kHz. It easily exceeds
the SNL, contaminating the squeezing level. Therefore, the noise from the surroundings is one
of the important factors that influence the low frequency squeezing.

As the results shown above, we obtained a polarization squeezing down to 2.6 kHz. By
using the vacuum injected OPO, low noise balanced detector and some system optimization,
audio-frequency noises are greatly controlled. The OPO operation is maintained by an
orthogonally polarized locking beam and the quantum noise locking method. The MC used for
both spatial filtering of the mode of coherent beam and relieving the influence of beam jitter.
Optical isolator outside the OPO cavity prevents reflection into the cavity and is beneficial
against the parasitic interference.

Compared with the lowest squeezing frequencies, the squeezed band ends at 2.6 kHz still
meets some restrictions. One of the reasons is the intrinsic noise of Ti: Sapphire laser, a
feedback circuit may be used to stabilize the fluctuations. Second is the roll-up of the detector
electric noise, which limits extension to the lower frequencies. Thus, the balanced detector
needs to be improved. Next is the imperfect mechanical stability of our bow-tie type OPO
cavities. As for the severe absorption and heating problems, the standing-wave cavities with
better stability are inappropriate in the short wavelengths, such as 795 nm. Hence, stabilizing
the system by increasing the compactness, enclosing to avoid disturbances from the
surroundings and actively isolating the fluctuations, may be beneficial.
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Fig. 7. Squeezing traces with additional noise peaks. Classical noises are easily couple into the
low frequency range, and contaminate the squeezing. These noises randomly emerge at any
frequencies and are hard to control.

5. Conclusions

We have experimentally generated an audio-frequency polarization squeezing by the
combination of a bright coherent beam and a squeezed vacuum. A flat noise spectrum as low as
2.6 kHz was obtained with a squeezing level of 2.8 dB. A vacuum injected OPO is utilized,
which reduced the laser intensity noise that coupled to the squeezed field. Two methods are
used to maintain the OPO operation: an orthogonal-polarized, frequency-shifted locking beam
and the quantum noise locking method. Then, the low noise balanced detector, mode cleaner
and the optical isolator are also helped to improve the audio frequency detection. It is difficult
to further extend the squeezing band to lower frequencies, where more severe requirements for
vibration isolation or noise reduction are expected. Enhancing the system stability and careful
control of the cavity loss may enable an increase in the squeezing level. After locking the
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relative phase between the squeezed vacuum and the coherent beam, the coherent beam obtains
a considerably quieter noise background at its orthogonal port.

In future, we intend to use this polarization squeezed light as the probe beam in a magnetic
field sensor, in which they need to be far off-resonant in order not to disturb the prepared
atomic states. In a previous experiment of a spin-exchange relaxation free magnetometer, the
probe beam is detuned even 0.3 nm to an atomic transition line [35]. For an OPO system, the
broad bandwidth of parametric gain in nonlinear crystal can be achieved just by fine adjustment
of the crystal’s temperature, so the squeezing level is not affected in a wide wavelength range.
Thus a tunable polarization squeezing is achieved, which could satisfy various atomic systems.
Compared with an atomic squeezer, although the latter seems simpler than the OPO scheme,
the squeezing wavelength is always limited. An optimized squeezing level is achieved at a
particular frequency [26, 36], so the adjustable frequency detuning is difficult to fulfill in such
an atomic squeezer. Thus, the OPO system is more advantageous in a real magnetometer. In
addition, the squeezing level from a PSR is far below the OPO (both systems generate the
squeezed vacuum). In a PSR, the maximum squeezing achieved is 2.6 dB in a multipass
configuration [37], while it is 5.6 dB in our OPO system. When propagating through the atomic
media in the magnetometer, the squeezing level of this probe beam will surely degrade due to
the absorption and dispersion losses, so a high squeezing level should be expected. The
squeezing level of OPO is another advantage over the PSR system. With the help of
polarization squeezed light, the weak magnetic signal will emerge from the squeezed noise
spectrum, achieving an enhanced signal-to-noise ratio and increasing the measurement
sensitivity.
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