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We explore the impact of pumping beams with different transverse intensity profiles on the performance of the spin-
exchange relaxation-free (SERF) atomic magnetometers (AMs). We conduct experiments comparing the traditional Gaus-
sian optically-pumped AM with that utilizing the flat-top optically-pumped (FTOP) method. Our findings reveal that the
FTOP-based approach outperforms the conventional method, exhibiting a larger response, a narrower magnetic resonance
linewidth, and a superior low-frequency noise performance. Specifically, the use of FTOP method leads to a 16% enhance-
ment in average sensitivity within 1 Hz-30 Hz frequency range. Our research emphasizes the significance of achieving
transverse polarization uniformity in AMs, providing insights for future optimization efforts and sensitivity improvements
in miniaturized magnetometers.

Keywords: atomic magnetometer (AM), spin-exchange relaxation-free (SERF), flat-top light beam, perfor-

mance optimization
PACS: 07.55.Ge, 07.07.Df, 33.80.-b

1. Introduction

The precise measurement of weak magnetic fields finds
broad applications in fundamental physics exploration and
engineering.!'3] As one of the most promising methods, the
atomic magnetometer (AM) has attracted widespread atten-
tion in scientific research.[*® Notably, the spin-exchange
relaxation-free (SERF) magnetometer has become the record
holder for the highest sensitivity in magnetic field measure-
ments due to its effective prolongation of the coherent time
of the atomic ensemble.”~°! Currently, SERF magnetometers
have transitioned from laboratory settings to practical appli-
cations such as magnetocardiography (MCG) and magnetoen-
cephalography (MEG).[!%-14] They are also expected to play a
crucial role in advancing frontier scientific fields such as dark
matter exploration and the search for charge-parity-time vio-
lation, etc.[!5:16] The most classic configuration of SERF AMs
involves a dual-beam configuration with orthogonal pump and
probe light. Alkali metal atoms are pumped using circularly
polarized light, while the atomic spin rotation induced by an
external magnetic field is detected using linearly polarized
light.['7-18] Based on this configuration, Dang et al. achieved

a magnetic field sensitivity of 0.16 fT-Hz /2

in a gradiome-
ter configuration with a measurement volume of 0.45 cm? in
2010.1'91 To date, numerous researchers continue their efforts
to enhance the performance of SERF magnetometers.

The optimization of SERF magnetometer performance

mainly revolves adjusting parameters like gas pressure,?]
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temperature, >!! pump beam intensity and frequency,??! probe

[23] and other relevant factors. Once

beam intensity, frequency,
the operating parameters of the atomic vapor cell are deter-
mined, the most important aspect affecting the magnetome-
ter’s performance is the steady-state spin polarization (P;) of
the atomic ensemble. Typically, the magnetometer achieves
the optimal performance when P, = 0.5. However, factors
such as laser profile, magnetic field gradient, and temperature
gradient impact the spatial uniformity of polarization, prevent-
ing the magnetometer from reaching its theoretical optimum.
Existing approaches for enhancing polarization uniformity pri-
marily address longitudinal nonuniformity caused by atomic
absorption. Methods to improve the longitudinal polariza-
tion uniformity of the atomic ensemble involve techniques like

25,261 Nevertheless,

beam reflection!?*! and opposite pumping.|
improving transverse polarization uniformity proves challeng-
ing through direct alterations to the magnetometer configura-
tion, as it mainly depends on the transverse intensity distri-
bution of the pump light. The adoption of a flat-top beam
proves to be a feasible approach for enhancing the unifor-
mity of transverse polarization. This method has found appli-
cation in various fields such as atomic co-magnetometer, >]

(28] and electromagnetic induction

Rydberg atomic sensing,
transparency effect.[>”) Common techniques for generating the
flat-top beam include the use of diffractive optical element
(DOE), 3% spatial light modulator (SLM),3!! acousto—optical

32 [34]

deflector, 32 aspherical lens, 3] and optical metasurface.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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However, the application of flat-top light has rarely been stud-
ied for ultra-sensitive SERF AMs.

In this paper, we explore the application of flat-top
optically-pumped (FTOP) method in SERF AM and ana-
lyze its impact on the performance optimization of dual-
beam AM. The FTOP method ensures uniform spin polar-
ization along different positions on the probe path and en-
ables complete compensation of residual magnetic fields. Our
findings demonstrate that FTOP AM displays a larger re-
sponse, a narrower magnetic resonance linewidth and better
low frequency noise performance compared to the Gaussian
optically-pumped (GOP) AM at the same optical power den-
sity. Therefore, we demonstrate that enhancing the uniformity
of the transverse polarization of the atomic vapor cell emerges
as an important aspect for optimizing the magnetometer’s per-
formance.

2. Theoretical analysis

In AMs, the variation in atomic spins reflects the exter-
nal magnetic fields. When the atomic density is sufficiently
high under near-zero magnetic fields, the atomic ensemble will
reach the SERF regime. Under such conditions, the evolution
of atomic spins described by the complicated density matrix
can be approximated by the Bloch equations. When the diffu-
sion term is ignored and the circularly polarized pump beam
is set along the z-axis, the electron spin polarization vector P
can be expressed as[>]

q%:ﬂ(t)xP+Rop2—F’P, (1)
where ¢ is the nuclear slowing down factor of 8’Rb, §2 (¢) =
YB(¢) is the angular frequency of atomic Larmor precession
about the external magnetic field B(t), v is the gyromagnetic
ratio, I'" = Rop + I, Rop is the optical pumping rate, I" is the
relaxation rate mainly contributed by collisions with the glass
cell wall, diffusion of atoms and spin destruction collisions,
and Z represents the direction of the circularly polarized pump-

ing beam. The steady state solution of Eq. (1) is

R I'Qy+Q.Q,
P= P “I'Q+02,Q.. (2
I'(I?+Q2+Q2+Q2) 402 . @
Z

As for the dual-beam configuration, the linearly polarized
probe is sensitive to variations in P,, a parameter closely re-
lated to the magnitude of B,. For the D2 transition, the changes
in atomic spin orientation give rise to a Faraday rotation in the

polarization of the probe beam, expressed as

1
Q= ZlanrefmcIm [V(AV)]Py, (3)

where [ is the effective propagation length of the probe beam,
nRy is the density of the alkali vapor, r. is the classical elec-
tron radius, fpy is the oscillator strength, c is the speed of light,
Av is the laser detuning from the D2 transition. Equation (3)
gives a dispersion response as a function of B, with a maxi-
mum slope obtained when Ro, = I' = 1/2I"’, giving the spin
polarization P, = 1/2.

The SERF magnetometer response model discussed
above ignores the impact of spatial variations in laser profiles.
In fact, the measured rotation angle is the integral of the re-
sponse at each position in the cell. In our experiment, the
pump light spot (with the diameter of 7 mm) can cover almost
the entire vapor cell, while the diameter of the probe light spot
is only 1 mm. Therefore, we ignore the effect of the spatial
distribution of the probe beam on the performance of the AM,
and only consider the effect of the transverse distribution of
the pump beam. Since the pumping rate R, is proportional to
the intensity of the pump light, it can be considered that the
spatial distribution of Ry, is determined by the spatial distri-
bution of the laser intensity. If Eq. (3) is utilized to estimate
the noise limit of the magnetometer system without account-
ing for the spatial distribution of Ry, the resulting value will
be lower than experimental measurements.

To analyze how the spatial dependence of pump laser pro-
files affects the magnetometer’s performance, we give a differ-
ential and position dependent version of the rotation per unit

field as
9
(5)

1
Jy = ZlanrefDZCIm [V (Av)]

}/Rop (X IR Z)
I (x,y,2)* + Q (x,y,2)°
Equation (4) is integrated along the propagation path of the

“

probe beam to obtain the total rotation angle of the unit field

1/2 Rop ()’)
12T (y)* + 2, (v)?

Since the magnetometer generally has the largest compensa-

1
9 _ —nRpreSp2clm [V (AV)]y dy. (5)

B, 4

tion error for the residual magnetic field of the pump axis due
to the light shift, Q, and £, are neglected in Eq. (5). Based on
the working parameters of the vapor cell we used, the calcu-
lated diffusion distance is 0.3 mm, significantly smaller than
the diameter of the pump light spot. Furthermore, since the
atoms undergoing diffusion pumping remain unaffected by the
light shift, we have neglected the decrease in polarization due
to diffusion.

For the Gaussian pump beam, the spatial distribution of
R along the probe path satisfies

2
Rop(y) = Ry, exp (_2)12) ; (6)
20
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where Rgp is the optical pumping rate at the center of the va-
por cell (y = 0), and @y is the radius of the pump light spot.
Combining Eq. (5) with Eq. (6), the distribution of R, (y) that
minimizes [ 1/52 (Rop (y) —I')dy will yield the maximum mag-
netometer response. From this, the value of Rgp can be deter-
mined. For flat-top light, the distribution of R, is uniform,
and the corresponding maximum response obtained can be ex-
pressed as

B = T meorefoselm [V (V). ™

By substituting the experimental parameter values into
Egs. (5)—(7), the maximum total rotation angle per unit field
achievable by Gaussian light pumping and flat-top light pump-
ing can be obtained through numerical simulations. Since the
pump light in our experiment is near-resonant, we neglect the
influence of the light shift magnetic field (£;g) in the com-
parative analysis of the optimal values for Gaussian light and
flat-top light. That is, assume that B, is completely compen-
sated. Calculation results prove that, at the same operating
temperature, compared to the Gaussian pump beam, flat-top
light can achieve greater response and smaller linewidth.

The Gaussian distribution of the pump beam introduces
inevitable inhomogeneity in the transverse polarization of the
atomic ensemble. To ensure uniform optical pumping, some-
times the pump light may be detuned many linewidths from
resonance. However, it will induce a significant transverse-
dependent light shift, resulting in the inability to fully cancel
B using a set of magnetic coils. The incomplete compen-
sation of the residual magnetic field along the pumping axis

———————

LP A/4 BE

and the non-uniform transverse polarization negatively impact
the magnetometer’s performance. In this scenario, the ad-
vantage of flat-top pumping will be more prominent, as the
transverse uniformity achieved by the flat-top beam enables
the full compensation of €, directly addressing these short-
comings. Simultaneously, it allows more atoms in the probe
path to achieve the optimal working condition with P, = 1/2,

effectively improving the performance of AMs.

3. Experimental setup

Figure 1 shows the experimental setup. Our experiment
was operated in four layers of mu-metal shield to achieve the
required weak magnetic field of several nT. An 3"Rb vapor
cell with an internal dimension of 8 x 8 x 8 mm filled with
600-Torr N, was placed in the center of the magnetic shield
for sensing. To enable a larger diameter of pump light to be
used, we designed a new oven structure, as shown in the inset
of Fig. 1. The light transmission aperture of the pump path
was set to 10 mm. In addition, to improve the thermal in-
sulation of the oven and the heating efficiency, we glued two
12.7 mm diameter windows coated with 795 nm anti-reflection
film outside the light transmission hole. A pair of magneto—
electric heating films attached to the cell driven by a 200-kHz
alternating current was used to heat the cell. The three-axis
magnetic fields were applied by three pairs of Helmholtz coils
driven by function generators. The residual magnetic fields in
the two non-pumping axes could be decreased to tens of pT

through precision magnetic compensation.

Z

Magneto—electric ,—
heating film
/

Field compensation coil

A\/2 PBS PD

Fig. 1. Schematic diagram of our dual-beam SERF magnetometer. LP: linear polarizer, BE: beam expander, FG: function generator, TC:
temperature controller, PBS: polarization beamsplitter, PD: photodetector, TIA: transimpedance amplifier, DAQ: data acquisition system, FTBS:

flat-top beam shaper, A /4: quarter-wave plate, A /2: half-wave plate.
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Our optical system contains the pump path and probe
path. The pump light was generated by a distributed feed-
back (DFB) laser (laser tube type: EYP-DFB-0795-BFWO01-
0005) with a linewidth of narrower than 1 MHz. Its wave-
length was adjusted to the near resonance transition center of
the 8’Rb D1 line. After the linear polarizer (LP) and quarter-
wave plate (A /4), the pump light was converted to a circularly
polarized light. The beam expander then expanded the Gaus-
sian pump beam from approximately 1 mm diameter to 7 mm
diameter. The flat-top beam shaper (FTBS) composed of an
aspherical lens was used to convert the Gaussian beam into a
flat-top beam with a diameter of about 15.2 mm. After FTBS,
a circular aperture with a diameter of 7 mm was used to in-
tercept the center part of the flat-top beam to keep it the same
diameter as the Gaussian beam in the experiment. Ultimately,
the used Gaussian beam or flat-top beam both entered the va-
por cell with a spot diameter of 7 mm. In our experiment, the
wavelength and power of the probe light were adjusted to op-
timize the magnetometer’s response. The probe light was gen-
erated using a distributed Bragg reflector (DBR) laser (laser
tube type: PH780DBR180TS), with its frequency shifted to
be blue-detuned by 120 GHz from the transition center of the
87Rb D2 line. After the LP, the probe beam was converted to
linearly polarized light with a spot diameter of 1 mm and an in-
tensity of approximately 2 mW before entering the vapor cell.
We detected the probe signal via balanced polarimetry con-
sisting of a half-wave plate (1/2), a polarization beamsplitter
(PBS), and two photodetectors (PDs).

We employed a temperature control system with the pre-
cision of 0.02 K. The probe signal was collected by photode-
tectors (Hamamatsu S13957-01). After this, the signal was
converted and amplified by a transimpedance amplifier (TIA)
and collected using the PXIe-4464 module (National Instru-
ments).

4. Measurement results

Figure 2 displays two-dimensional images illustrating the
transverse intensity distribution of both the Gaussian pump
light and flat-top pump light. Additionally, it presents the in-
tensity distribution ratios at various positions along the x and
y axes. Evidently, the transverse intensity distribution of the
flat-top light exhibits better uniformity.

To demonstrate the optimization effect of flat-top optical
pumping on AM performance, we conducted tests on the mag-
netometer at different temperatures and optical power con-
ditions. Following each parameter adjustment, the precision
magnetic compensation process was carried out. Under differ-
ent working conditions, the AM response curve was obtained
after scanning the magnetic field along the sensitive axis. Fig-
ures 3 and 4 depict the response curves under Gaussian pump

light and flat-top pump light, respectively. The optical power
range was adjusted differently under various temperatures, as
the optical depth of the cell deepens with higher temperatures,
necessitating greater optical power.

As shown in Figs. 3 and 4, the response curves maintain
a dispersion-like pattern of zero-field resonance within the ap-
propriate parameter range, featuring a linear response region
sensitive to external magnetic fields. However, Fig. 3(c) re-
veals that the inhomogeneity nature of Gaussian pump light
makes the Lorentzian dispersion curve unsuitable for de-
scribing the magnetometer response under conditions of high
atomic density and pumping rate. This is because the increase
of atomic density and pumping rate further worsens the in-
homogeneity of the transverse polarization, making the inte-
gral response of atoms at different positions along the probe
path unsuitable for representation through a Lorentzian disper-
sion curve. Subsequently, we extract the response scale factors
and magnetic linewidths of Gaussian and flat-top beams under
various operating parameters from Figs. 3 and 4, as shown in
Figs. 5(a) and 5(c), and 5(b) and 5(d), respectively. The cor-

responding datasets are presented in Tables 1 and 2 for clear

comparison.
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Fig. 2. The two-dimensional intensity profiles and the transverse inten-
sity distribution ratios of the (a) Gaussian beam and (b) flat-top beam.
The 4-sigma diameters of the two beams are both 7 mm.
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Fig. 3. Response curves under different temperatures and optical powers of the pump light in a Gaussian beam configuration. The magnetic field
scanning range along the sensitive axis spans approximately —20 nT to 20 nT.
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Fig. 4. Response curves under different temperatures and optical powers of the pump light in a flat-top beam configuration. The magnetic field
scanning range along the sensitive axis spans approximately —20 nT to 20 nT.

Table 1. Comparison of optimal scale factors attained through the GOP
method and the FTOP method at different temperatures.

Temperature Scale factor of GOP Scale factor of FTOP
°C) method (V/nT) method (V/nT)
120 0.53 0.63
130 0.95 1.07
140 1.11 1.58
150 1.52 1.75
160 1.66 2.32

Table 2. Comparison of linewidths between the GOP method and the
FTOP method when optimal scale factors are achieved at different tem-
peratures.

Temperature Linewidth of GOP Linewidth of FTOP
°C) method (nT) method (nT)
120 6.11 5.00
130 6.85 5.00
140 7.32 5.93
150 7.04 6.85
160 9.26 8.33

Analysis of Fig. 5 reveals that the response scale factors
and magnetic linewidths of two types of AMs, namely GOP
and FTOP, exhibit similar trends concerning temperature and

incident light intensity. Specifically, the magnetic linewidth
Aw is defined as Aw = (Rop +1") /g, where R, increases with
higher light intensity, and I" decreases with rising tempera-
ture. Consequently, Aw decreases with increasing tempera-
ture and increases with incident intensity. In addition, under
the same temperature conditions, the magnetometer response
initially increases and then decreases with an increase in op-
tical power. At the point of maximum response, the magne-
tometer is considered to be in a state where Rop = I'. As
temperature increases, the absorption of pump light in the
atomic cell rises, leading to an overall reduction in the pump-
ing rate. This causes the maximum response point to move
towards higher light power at higher temperatures. Notably,
when comparing the response scale factor and linewidth of
GOP and FTOP across various parameters, it becomes evident
that the FTOP AM exhibits a narrower linewidth and a larger
response scale factor under identical working conditions. Ac-
cording to the sensitivity definition formula,!”! a magnetome-
ter with a narrower linewidth can achieve higher fundamental
sensitivity, and an increased response scale factor contributes
to an improved signal-to-noise ratio. Therefore, theoretically,
the FTOP AM has the potential to achieve higher sensitivity.
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Fig. 5. Response scale factors and magnetic linewidths of (a) and (c) Gaussian beam and (b) and (d) flat-top beam under different operating

parameters. The values are derived from Figs. 3 and 4.

For a comparative evaluation of the magnetic field sen-
sitivity between these two configurations, a calibration signal
with a frequency of 30.5 Hz and an amplitude of 100 pTrms
was generated along the x-axis. Response signals were con-
tinuously collected for 50 s and then transformed and calcu-
lated by fast Fourier transform to obtain averaged power spec-
tral density values. Sensitivities were determined by divid-
ing the power spectral density values by their corresponding
frequency responses. As an illustrative example, we present
the sensitivities of GOP and FTOP AMs under conditions of
140 °C and 3 mW in Fig. 6. The FTOP AM exhibits a notable
sensitivity advantage over the GOP AM, particularly in the low
frequency band. This feature enables the FTOP AM to reach a
universally better sensitivity under different experimental con-
ditions. Average sensitivity values across the frequency range
from 1 Hz to 30 Hz under other experimental conditions are
provided in Table 3. In the best-case scenario for both config-
urations, the average sensitivity of FTOP AM@ 1-30 Hz can
be improved by 16% (from 9.20 fT-Hz~'/2 to 7.74 fT-Hz~1/2)

compared to GOP AM. The primary limitation to sensitivity
improvement lies in the intrinsic magnetic noise of the mag-
netic shield, which can be further suppressed by incorporating
a ferrite shield. The suppression of magnetic noise may fur-
ther highlight the sensitivity advantage of the FTOP method,
and make a breakthrough in the limit sensitivity.

10° T T T T T ——T T
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é‘\ — Flat-top beam
— 4L 4
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t: 103k J
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Fig. 6. Magnetic field sensitivity spectra of the two detection methods.
The noise peak at 50 Hz is the power frequency noise, and the rest is the
high-order resonances of the calibration signal.

Table 3. Comparison of average sensitivity @ 1-30 Hz between Gaussian beam and flat-top beam.

Temperature (°C) 120 140 160
Pump intensity (mW) 0.5 1 2 3 5 6.5
Gaussian (G)/flat-top (F) G F G F G F G F G F G F
Sensitivity (fT-Hz~1/2) 11.10 9.42 13.40 11.36 9.20 8.08 12.39 7.74 10.56 8.69 10.95 9.11
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5. Conclusion and perspectives

We have conducted theoretical and experimental inves-
tigations on two pumping methods, GOP and FTOP, in dual-
beam AMs. We prove that FTOP effectively addresses the lim-
itations of GOP, enhancing the overall performance of AM.
Specifically, FTOP proves superior in the transverse polar-
ization uniformity of the atomic ensemble. This improve-
ment is evident in the increased response scale factor, reduced
linewidth, and enhanced sensitivity. In situations where fre-
quency shift cannot be avoided, flat-top optical pumping can
fully compensate for the residual magnetic field along the
pumping axis and eliminate the impact of position-dependent
frequency shift on the performance of AMs.

Our study highlights the significance of the transverse dis-
tribution of pump light, aiding in the enhancement of pump
light utilization efficiency and improving the performance of
AMs under identical optical power density conditions. There-
fore, the FTOP method can be expected to further improve the
performance of miniaturized and arrayed AMs in the future
on the basis of the miniaturization and integration of the beam
shaping method.
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