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Abstract: We measured the spin noise spectroscopy (SNS) of rubidium atomic ensemble with
two different kinds of atomic vapor cells (filled with buffer gas or coated with paraffin film on
the inner wall) and demonstrated the enhancement of the signal-to-noise ratio (SNR) by using

polarization squeezed state (PSS) of 795-nm light field with Stokes operator /§2 squeezed. The
PSS is prepared by locking the relative phase between the squeezed vacuum state of light obtained
with a sub-threshold optical parametric oscillator and the orthogonally polarized local oscillator
beam by means of the quantum noise lock. Under the same conditions, the PSS can be employed
not only to improve the SNR, but also to keep the full width at half maximum (FWHM) of SNS,
compared with the case of using the polarization coherent state (PCS), enhancement of SNR is
positively correlated with the squeezing level of the PSS. With increasing probe laser power and
atomic number density, the SNR and FWHM of SNS will increase correspondingly. With the

A

help of the PSS of the Stokes operator S,, quantum improvements of both the SNR and FWHM
of SNS signal has been demonstrated by controlling optical power of polarization squeezed light
beam or atomic number density in our experiments.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In any physical system, the inherent random thermal fluctuation and energy change of a certain
physical quantity can be reflected when it is measured repeatedly, and the corresponding statistical
variation of the average value is called noise. Spin noise (SN) was first proposed by Bloch [1] and
verified experimentally by Sleator [2] in the nuclear system, and also was regarded as the random
distribution of electron spin under quasi-thermodynamic equilibrium. Spin noise spectroscopy
(SNS), is used to reveal a number of capabilities specific to nonlinear optical techniques by
changing rotation angle of the far-detuned probe laser’s polarization plane, which is manifested as
the noise of spin projection on the propagation direction of the probe laser [3]. Aleksandrov and
Zapasskii achieved the detection of SNS of the alkali metal vapor cell in an undisturbed manner
with a detuning laser [4]. Crooker et al. observed the SNS of rubidium and potassium atoms
under non-resonant conditions [5]. Horn et al. predicted and measured the SNS of rubidium
atoms under the condition of resonant optical detection [6]. Ma ef al. performed a comparative
experiment in rubidium atomic vapor cells with different broadening mechanisms [7]. Lucivero
et al. demonstrated squeezed-light spin noise spectroscopy [8]. Guarrera et al. demonstrated
that SNS can be used as a versatile technique for the study of noise squeezing in a wide range of
spin-based magnetic sensors [9]. Meanwhile, SNS has unique significance in the field of spin
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mechanics of semiconductor nanostructures due to the high content of SN in small spin ensemble,
see reviews in Refs. [10,11].

Generally, the physical information contained in SNS under thermal equilibrium must be
related to and constrained by the linear response function of the system, such as the signal-to-noise
ratio (SNR) of SNS, transverse spin relaxation time of 7>, Lande gr factor, and etc, which is
determined by the wave dissipation theorem [12]. However, the prediction of transverse spin
relaxation time can also be used to evaluate its related constraints, which is of great value to the
study of optically pumped atomic magnetometer. Calibration of the isotope abundance ratio can
be carried out according to the results of SNS [5]; the magnitude of the magnetic field and the
nuclear moment can also be calculated accurately by identifying the various peak positions of
nonlinear Zeeman results in SNS [13], which will be of potential significance for the performance
evaluation of commercial magnetometers. Besides, SNS can also be used to reveal underlying
patterns of correlation and coupling beyond linear [14]. The acquisition of the above SNS signals
with high quality is the key to obtain information in these fields. Therefore, the measurement of
SNS with high SNR and narrow full width at half maximum (FWHM) has potential significance.

However, the squeezed state of light as a special quantum resource, has been widely used
in some precision measurement fields, such as gravitational wave detection and magnetic
field measurement [15,16]. It also can be described by Stokes operator on Poincare sphere,
characterized by the noise of a certain Stokes operator being lower than the standard quantum
noise level. The purpose of this work is to apply the 795-nm polarization squeezed state (PSS)
with a high squeezing level to detect SNS in two types of rubidium atomic vapor cells to achieve
the measurement of SNS with higher SNR and narrower FWHM compared with the case of using
the polarization coherence state (PCS) under the same conditions, that is, the quantum enhanced
measurement oftechn SNS, which will be helpful to advance the study of the atomic intrinsic
properties, and can also be extended to the field of semiconductor materials, such as as resolving
controversies about the spin relaxation mechanism of a semiconductor quantum dot qubit [17].

2. Theoretical analysis

An atomic ensemble in thermal equilibrium, with a transverse magnetic field of B perpendicular
to the propagation direction of the probe light, is called the Voigt configuration. When the length
of atomic vapor cell is L and the cross-sectional area of laser beam is A, the effective total number
of atoms is N = ppAL, where pg represents the atomic number density. Corresponding fluctuation
amplitude of magnetization noise in the system is N'/2. The basic principle of SNS technique is
to project the random spin fluctuations of atoms or the Faraday rotation fluctuation (¢ ()0 (0))
induced by magnetization fluctuation {(my(#)mz(0)) onto the linearly polarized probe laser, and
can be measured by a balanced polarimeter, shown in Fig. 1(a). When the external transverse
magnetic field of B is applied to the atomic ensemble, the probe laser exhibits a random oscillation
at the Larmor precession frequency of vy, i.e vy = yB, where y represents the gyromagnetic
ratio of the atomic ground state. SNS can be represented by the magnetic resonance spectrum of
the spin system, and the power spectral density in the frequency domain obtained by Fourier

transform is S(v>0) = fooo dte (8p(1)0r(0)) o ()AZW, where Auv is related to laser power
v-v, v
(P) and atomic number density (pp), i.e Av = ”LTZ =T + aP + Bpo[18], 'y represents the atomic

spin relaxation rate in the undisturbed state, @ represents power broadening factor caused by
the interaction of light with atoms, f is collision broadening factor determined by collisions
between atoms. Intuitively, we can narrow the FWHM of SNS by reducing the probe laser
power and the atomic number density, respectively. In addition, atomic collision broadening can
also be weakened by using the spin squeezing [19,20] or an atomic vapor cell coated with with
anti-relaxation film, such as octadecyltrichlorosilane (OTS)[21] and paraffin [22] on the inner
wall. The above discussion is only applicable to atomic vapor cell with homogeneous broadening



Research Article Vol. 30, No. 2/17 Jan 2022/ Optics Express 1927 |

Optics EXPRESS N

mechanisms, and the corresponding SNS is a Lorentzian function centered on Larmor precession
frequency in the frequency domain, depicted in Fig. 1(b).
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Fig. 1. Schematic diagram for SNS measurement of rubidium atomic ensemble. (a) SNS
spectrum can be detected with a balanced polarimeter when a p-polarized laser beam passes
through a rubidium atomic vapor cell driven by a transverse magnetic field. To avoid the
influence of an external magnetic field, an atomic vapor cell is placed in the center of a
multi-layer permalloy (u-metal) magnetic shielding tank. The linearly p-polarized light
beam can be viewed as superposition of left-circularly (o *) component and right-circularly
(o 7) polarized component. The random spin noise fluctuation maps the Faraday rotation
angle OF to the polarization direction of the probe laser beam. (b) SNS spectrum is
represented by a Lorentzian curve with a width of ~ 4v. The transverse magnetic field of B
determines the Larmor precession frequency of vy, and the FWHM is determined by the
spin’s transverse relaxation time 7,. The balanced polarimeter, consisting of a half-wave
plate, a polarizing beam splitter cube and two inversely related photo-detectors, is used
to reduce laser classical noise and technological noise, and give the final SNS output of
differential signal in the measurement of polarization rotation. HWP, half-wave plate; PBS,
polarization beam splitter cube; HR, high-reflectivity mirror; PD, photo-electric detector;
FFT-DSA, Fast-Fourier-Transform dynamic signal analyzer.

Considering the PCS as the probe laser, the magnitude of the polarization plane rotation
output via the polarimeter is characterized by a Fast-Fourier-Transform dynamic signal analyzer
(FFT-DSA), and the contribution of the short noise level (SNL) to the final output voltage level is
[8]:

(AVpes)® = (AVsn)® = (V2)gy, = 2G*qRPAY 1)

where G is the transimpedance gain of the photo-electric detectors (PDs), ¢ (g = 1.6 x 1071°C)
represents the electron charge, 4v is the frequency bandwidth of detectors; R(R = )g—uq)) describes
the responsivity of the PDs, which depends on the quantum efficiency of the detectors.

For the PSS, the introduction of the squeezing factor (£%<1) makes the contribution of squeezed
photons to the background noise as follows:

(AVpss)* = EX(AVpcs)* (@)

and it reduces as the square of the squeezing factor decreases, while the size of other signals to
be measured will remain unchanged, resulting in the enhanced SNR.

In SNS measurement, to describe the quality of SNS signal, it is necessary to normalize its
noise power and compare it with the SNL. Rubidium atomic ensemble with natural abundance
contains two kinds of isotopic atoms,®>Rb and 3’Rb. The corresponding SNS recorded by
FFT-DSA can be fitted by two double-peak Lorentzian functions, see Fig. 2(a), where the left
and right peaks represent the SN signals of Rb and 3’Rb, respectively, and the two analysis
frequencies corresponding to two peaks are their respective Larmor precession frequencie The
red and blue tracks represent SNS measured by the PCS and the PSS, respectively, and the black
dotted line the background noise of the PCS, also known as the SNL.
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Fig. 2. (a) Models of two light fields (the PCS and the PSS) on Poincare spheres and (b)
their measurement results of SNS. SNS signals are measured by the PCS and the PSS. The
horizontal and longitudinal coordinates represent the analysis frequency and noise power,
respectively. (b) The red sphere represents the PCS state, and its polarization will rotate
around the equator and has a rotation angle change of pr(pcs) in the measurement of SNS.
The blue ellipsoid represents the PSS state, in which the Stokes operator 3 is squeezed and
the Stokes operator 83 is anti-squeezed. It produces a rotation angle change of PFR(PSS)
under the same condition.

Among them, for the PCS, £=1, and for the PSS, 0<¢<1, shown by the red circle and blue
ellipsoid in Fig. 2(b), respectively. For the results of SNS measurement, measured by the PCS
and the PSS with the same power, the background noise of the former is higher than that of the
latter, while the magnitude of SN remains unchanged. This means that the minimum rotation
angle of the polarization plane is more accurate as the noise of the PSS’s Stokes operator S5 is
squeezed, the SNR is improved beyond the SNL.

The magnitude (Sg,) of SN is proportional to the atomic number density and square of probe
power, and inversely proportional to the effective cross-sectional area A, i.e.

P2ooL
Satom 2’0 , 3)

the SNR of SNS can be expressed as:

R = Satom o P.OOL 4)
EXAVpcs)?  &7A

It can be seen from Egs. (3) and (4) that the increase of laser power and atomic number density
are beneficial to improve the SNR of the SNS. But they also broaden the FWHM, that is, bring
extra power and collision broadening for SNS. Therefore, the trade-off of between these two
conditions is particularly important for SNS measurements with high quality, and the introduction
of the PSS can solve this issue.

3. Experimental setup

In this experiment, the laser source we used is a continuous-wave narrow-linewidth Ti:sapphire
laser (M Squared, Model: Solitis) with a tunable wavelength of 700 -1000 nm and linewidth of
50 kHz, which can satisfy the preparation condition of polarization squeezed light with a high
squeezing level at analysis frequency of ~MHz. The experimental device consists of two parts,
as shown in Fig. 3 (a): one part is the preparation of the probe laser, which includes the PCS and
the PSS (inside the dashed square); and the other part is the establishment of SNS measurement
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system (outside the dashed square). The polarization state of light field can be described by
Stokes operatorsPoincare spher, see Fig. 3 (b). In our system, the noise power of Stokes operator

A

S> of the PSS can be measured by the balanced homodyne detector (BHD) system when the angle

between the axis of the half-wave plates (HWP) and the polarization direction of the incident

light field is 22.5°. At this point, if a quarter-wave plate (QWP) is placed behind the HWP
A

and the angle set at 45°, then the noise of Stoker operator §3 can be measured [23]. The PSS
and the PCS should be focused via a lens before entering atomic vapor cell to make inherent
spin fluctuations more relevant and easier to measure. The probe laser with detuning frequency
goes straight through the atomic vapor cell along the z direction, which can prevent the atoms
from being excited and disturbed. In the case of a focused probe beam, the shape of the SNS is
independent of the buffer gas pressure [24].
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Fig. 3. Experimental setup schematic diagram. The direction of propagation of the probe
beam is along z, and the transverse magnetic field is along the direction of x. When the
output of OPO is blocked, it means that the probe beam of squeezed vacuum (SV) state
from OPO is combined with the LO beam, it represents the PSS as the probe light. The
inset (b) represents the noise ellipsoid of the PSS of light prepared in our experiment, which

A A
represents tokes operator Sy is squeezed, and Stokes operator S3 is anti-squeezed, and the

noise of Stokes operator @1 is at the SNL. The key to figure: BS, beam splitter; SHG,
Second harmonic generation; MCC, Mode clean cavity; HR, high-reflectivity mirror; PZT,
Piezoelectric transducer; LO, the p-polarized local oscillator beam; SV, the s-polarized
squeezed vacuum state; PBS, polarization beam splitter cube; HWP, half-wave plate; RF-SA,
the radio-frequency spectrum analyzer; FFT-DSA, the Fast-Fourier-Transformation dynamic
signal analyzer; SPDT, single-pole double-throw switch.

A pair of Helmholtz coils that produce a transverse magnetic field and an atomic vapor cell
are placed in a four-layer permalloy (u-metal) magnetic shield. The transverse magnetic field is
driven by a precise constant current source (Keysight B2961A). Since the SNS signal is positively
correlated with the atomic number density [25,26], the device of non-magnetic heating and
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temperature controller are necessary for the atomic vapor cell to ensure a uniform distribution of
atoms, and the heating frequency is 110 kHz.

The magnitude of the SNS signal is determined by the difference in the number of particles
spinning up and down in equilibrium, which can result in a Faraday rotation angle of approximately
100 nrads [27,28]. As the rotation signal of the polarization plane is extremely weak and it is
difficult to be identified, the same mode background noise (including system inherent noise and
classical noise, etc) should be reduced through a balanced polarimeter. In our experimental
setup, the detection system can be used not only as a BHD system to measure Stokes operators
of the PSS, but also as a (the same function as in Fig. 1(a)) to detect the SNS signal in the
form of differential detection, whose differential signal can be amplified and outputed to a
radio frequency spectrum analyzer (RF-SA) (Agilent, Model: E4405B) or a FFT-DSA (Zurich
Instruments MFLI-5 MHz), respectively. Two orthogonally polarized beams equally divided by a
polarization beam splitter (PBS) are focused on two inversely correlated silicon-based detectors
with a common mode rejection ratio of 45 dB (at the analysis frequency of ~MHz).

4. Preparation of the PSS of 795-nm light

The preparation of the 795-nm PSS of light mainly consists of four parts: second harmonic
generation (SHG), optical parametric oscillator (OPO), local oscillator (LO) beam and quantum
noise locking (QNL). To simplify the complexity of the experimental design, generations of the
second harmonic, squeezed vacuum (SV) state of the light and LO beam from the same type
four-mirror ring cavities, which are independent of each other and have multiple ports for laser
injection with great flexibility. For SHG, the nonlinear medium we use is a lithium triborate
(LBO) crystal(3 mmx3 mmx13 mm) with critical phase matching, and the efficiency of frequency
doubling is high when the power of the fundamental frequency laser is high, even though the
nonlinear coefficient is only 0.75 pm/V. Typically, in this experiment, 397.5 nm ultraviolet (UV)
laser with power of 380 mW can be generated when power of the 795 nm fundamental frequency
is 1 W. For OPO, the crystal is a periodically poled potassium titanyl phosphate crystal (PPKTP)
(1 mmx2 mmx15 mm) with a matching method of quasi-phase matching type-0 (e-e +¢) and a
large nonlinear coeflicient of d.y =7~9 pm/V. However, the transmittance range of wavelengths
for PPKTP is from ~350 nm to ~4400 nm, which leads to a particularly severe absorption of
397.5 nm UV-pumped and a large loss of the internal cavity. Hence, the squeezing level of the
795-nm PSS is severely limited compared with the 1064-nm case [29].

The phase matching of the 397.5 nm UV laser beam and the downconversion made of the OPO
can be realized with quasi-phase matching and precise temperature control, and the mode clean
cavity (MCC) is designed for high quality mode of TEMy output to improve the mode matching
with SV. The lengths of all above optical cavities are locked by the Pound-Drever-Hall technique.
The noise of squeezed and anti-squeezed state output by OPO can be expressed as [30,31]:

4x

R.=1xne?lp———,
* (15 x)? +4Q2

&)

where 1=94% is the quantum efficiency of the detectors, £=99.7% represents the interference
between SV and LO, {=99% is the laser beam’s transmission efficiency, p=96.6% describes the

escape efficiency of the OPO cavity, x = P;‘—ih'"” is the pump parameter, which depends on the
UV laser power of P, and pumping threshold of P,; £2=0.125 is the tuning parameter in our
system, and the estimated pumping threshold Py, of the OPO is 206 mW. When the 397.5-nm
pump laser power of OPO is 90 mW, the theoretical relative noise power of SV’s squeezing and
anti-squeezing level normalized to the shot noise level are -7.1 dB and +9.4 dB, respectively. The
SV state of light is generated by the sub-threshold OPO, and the corresponding noise power can be

measured by scanning the relative phase between the LO beam and the SV [30]. Experimentally,
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the squeezing and the anti-squeezing -5.8 + 0.2 dB and +7.3 +£0.2 dB under scanning relative
phase are observed at the analysis frequency of 1.63 MHz, as shown in Fig. 4(a).
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Fig. 4. Relative noise power spectra normalized to the SNL. (a) Preparation of the 795-nm
SV state of light. The zero reference line (black) represents the SNL. The red curve represents
the relative noise power of SV in the scanning mode of the LO beam’s phase, and the
maximum squeezing and anti-squeezing are -5.8 £ 0.2 dB and +7.3 + 0.2 dB, respectively.
(b) The noise power of Stokes operator S relative to the SNL after quantum noise locking.
The noise power spectra are measured with an RF-SA (Agilent E4405B) and averaged for 60
times. The RBW is 100 kHz, the VBW is 30 Hz, and the analysis frequency is 1.63 MHz
under zero span mode. The Gaussian diameter of the LO beam is 2 mm, and the optical
power is 4 mW.

Experimentally, the input laser fields should be continuous PSS of light when it is used as a
probe beam in measurement. Synthesizing the SV (s-polarized) and the LO beam (p-polarized)
in a certain phase, the PSS of light can be produced [23,32], and its squeezing level is generally
lower than the corresponding level measured by scanning mode due to the instability of phase
locking. Finally, the squeezing of Stokes operator S, is -5.3 +0.7 dB, as shown in Fig. 4(b).

5. Quantum enhanced spin noise spectroscopy

In our experiment, a Pyrex-glass atomic vapor cell with length of L =30 mm and radius of
R =10 mm and filled with buffer gas at 10 Torr (Ne) and 20 Torr (He) was used, which can slow
down diffusion of atoms to atomic vapor cell’s inner wall, thus reducing the destruction of the
atomic transverse spin relaxation time. Typically, under the driven of the applied transverse
magnetic field of 346.8 uT, and when the atomic number density and the laser power are the
same for the PSS and the PCS, corresponding results are shown in Fig. 5(a), which show that
the the former can improve the SNR by 3.9 dB compared to the latter without changing the
FWHM. The improved level is slightly lower than the squeezing level of the PSS, which is due
to from the destruction of the PSS quantum properties after passing through the atomic vapor
cell (including the disturbance of high atomic number density, the poor quality of cell windows,
and the coupling of thermal noise). Then we measured the SNR and FWHM of SNS results at
different powers (0.2 mW-6 mW) (only rubidium 85 atoms are discussed here, because it has
a large number of atoms in its natural abundance) when the atomic number density calculated
from the vapor pressure curve is 1.48x10!!/cm?® (T =50°C), as shown in Fig. 5(b), where the
black solid squares and red solid circles represent the SNR under measurements using the PCS
and the PSS, respectively; the black hollow squares and the red hollow circles represent their
respective corresponding FWHM. All the SNR results are improved by at least 3.7 dB (in other
words, the signal-to-noise ratio is increased by 2.3 times), and the FWHM is unchanged with the
PSS at the same power compared with the PCS. Similarly, as shown in Fig. 5(c) (the graphics
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and color represent the same meaning as Fig. 5(b)), the SNR and FWHM related to the atomic

number density (measured from 0.08x10'!/cm3(T =20°C) to 5.36x10!!/cm?(T = 65°C)) are

obtained keeping the laser power at 3 mW. The SNR is improved by at least 3.7 dB and the

FWHM is unchanged with PSS at the same atomic number density compared with the PCS.
1

According to Av = & =T + aP + Bpo, where Av represents the FWHM, the factors of power

broadening(a=3.2 kHz/mW) and atomic collision broadening (8=4.2 kHz/10''cm~3) can be
calculated by linearly fitting the corresponding FWHM.
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Fig. 5. The SNR and FWHM of SNS are measured by two kinds ofoptical fields in an atomic
vapor cell filled with buffer gas at 10 Torr (Ne) and 20 Torr (He). (a) Red line represents
the SNS by using the PCS (pg=5.36x10'1/cm?, P=6 mW, SNR = 5.4 dB, Av=54.3 kHz).
Black line is the result of the PSS (pg = 5.36x1011/cm?®, P= 6 mW, SNR =9.1 dB, Av=54.2
kHz). The SN signals are averaged 200 times. (b) po = 1.48x10!!/cm3, the SNR (5.0-9.7
dB) detected by the PSS is higher than the results of PCS (1.3-5.6 dB), and the FWHM
(36.4 kHz-56.2 kHz) of PSS and PCS are approximately equal under the same laser power.
(c) When the probe laser’s power is 3 mW, the SNR (5.6 dB-8.2 dB) of the PSS is also
higher than the results measured by the PCS (1.1 dB-4.3 dB) under the condition of the same
atomic number density, and the FWHM (23.1 kHz-45.3 kHz) of the PSS and the PCS are
almost the same. The solid lines are their respective fitting.

Compared with the result in Fig. 5(a), when the power of the PSS is reduced to 3 mW, the
corresponding SNR can still be improved by 1.8 dB, and the low bound of the atomic transverse
spin relaxation time (7>) reflected by the FWHM is improved from 5.9 us (FWHM ~54.3 kHz) to
7.2 us (FWHM ~44.1 kHz) compared with the PCS, as shown in Fig. 6(a), which benefits from the
superiority of quantum enhancement and the reduction of the power broadening. Coincidentally,
when the atomic number density measured by the PSS decreases by approximately an order of
magnitude, the SNR is improved from ~5.4 dB to ~6.9 dB compared to the PCS case, and the
value of T, can also be improved from 5.9 us (FWHM ~ 54.3 kHz) to 6.8 us (FWHM ~ 46.5
kHz) simultaneously, as shown in Fig. 6(b), which is due to the fact that use of the PSS not only
compensates for the undesirable effect of low atomic number density on the SNS signal, but also
reduces the severe collision broadening of SNS caused by high atomic number density.

In addition, to obtain SNS with narrower FWHM and to prove the universality of this quantum
enhancement effect, we applied this method to another type of atomic vapor cell with a length
of L =50 mm and radius of R=10 mm. The inner wall of atomic vapor cell was coated with
paraffin film.

Typically, when the transverse magnetic field is 34.6 uT, the corresponding Larmor precession
frequency of 8 Rb is ~ 163 kHz, and squeezing level of the PSS we used is ~ -3.7 dB due to the
coupling of various noises at this analysis frequency [33,34]. To effectively protect the quantum
properties of the PSS after passing through the atomic vapor cell and to ensure that the paraffin
film on the inner wall is not damaged [35], the temperature of the cell we set is 45 °C. Finally, we
demonstrated that the FWHM was narrowed at the analysis frequency of ~163 kHz, that is, the
transverse relaxation time of atomic spins can be well protected. Similarly, use of the PSS can
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Fig. 6. Rubidium atomic SNS in a vapor cell filled with buffer gas at 10 Torr (Ne) and 20
Torr (He). All signals are for 85Rb atoms. All red lines represent SNS by using the PCS
(po =5.36x1011/cm3, P= 6 mW, SNR ~ 5.4 dB, Av ~ 54.3 kHz). (a) The blue line is result

of the PSS (pp = 5.36x10' /cm?, P=3 mW, SNR ~ 7.2 dB, Av ~ 44.1 kHz). (b) The purple
line is result of the PSS (pg=0.59x10'1/cm?, P=6 mW, SNR ~ 6.9 dB, Av ~ 46.5 kHz).

still improve the SNR of SNS without changing the FWHM. Typical results are shown in Fig. 7.
Under the same condition, when the probe laser power is 1 mW, the atomic number density is
0.94x10"/cm?, and the SNR can be improved from 2.4 dB to 5.1 dB compared with the case
of using the PCS. The the FWHM of ~ 6.2 kHz and corresponding low bound of the atomic
transverse spin relaxation time of ~ 51.4 ps can be kept unchanged. According to conclusions
obtained in Fig. 5, quantum enhancements of both the SNR and FWHM can also be realized by
controlling the laser power of the PSS of light and the atomic number density.

Ny=0.94x10"/cm (T =45°C)
P=1 mW
PCS: SNR-2.4 dB

N=0.94x10"/em *(T=45°C)

P=1mW

[PCS: SNR-5.1 dB

Realtive noise power (dB)
o
\

140 160 180 200
Analysis frequency (kHz)

Fig. 7. Stokes-operator squeezed light enhanced rubidium atomic SNS with atomic vapor
cell coated with paraffin film on the inner wall. B =34.6 uT. Two SNS signals are for 39 Rb
atoms, and the red line for the case using the PCS (pg=0.94x10'1/cm3, P=1 mW, SNR ~
2.4 dB, Av ~ 6.2 kHz), whiile the black line for the case using the PSS (pg = 0.94x10! l/cm3,
P=1mW, SNR ~ 5.1 dB, Av ~ 6.2 kHz). The SNS signals are averaged 200 times.

6. Summary and outlook

The 795-nm PSS with squeezing of -5.3 £0.7 dB at the analysis frequency of 1.63 MHz was
produced by means of OPO. The results of SNS in two types of rubidium atomic vapor cells are
measured via Faraday rotation with the PSS and the PCS respectively, and their SNR and FWHM
are positively correlated with laser power and atomic number density. Under the same condition,
the PSS has the advantage of surpassing the SNL to increase the SNR without changing the
FWHM of SN compared with the PCS case, which demonstrates the quantum enhancement
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properties. Furthermore, PSS can also improve both the SNR and the FWHM simultaneously by
appropriately reducing the laser power or atomic number density. These advantages can not only
improve measurement accuracy of the intrinsic properties of atomic ensemble, but also play an
important role in the semiconductor field.

Although the SN signal is very weak and the SNR is relatively low, however, if SNS magnitude
is enhanced by increasing the atomic number density by further heating atomic vapor cell, and if
the SNS’ linewidth is narrowed by filling the atomic cell with buffer gas at appropriate pressure
or coating the cell’s inner wall with paraffin film or OTS film against spin relaxation, SNS with
higher SNR and narrower FWHM can also be achieved. The SNS with higher SNR and narrower
FWHM can be directly applied in transverse magnetic field measurement, even can be used for
calibration of commercial fluxgate magnetometers, Hall magnetometer, and etc.
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