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We experimentally study the dynamic characteristics of a miniaturized spin-exchange relaxation-free (SERF) magne-
tometer based on uniform light field. The ceramic ferrule is used to expand the Gaussian beam to improve light intensity
uniformity, while the volume of the sensor is also reduced. This scheme makes the magnetometer have better sensitivity
when the detected light intensity is less than 3.16 mW /cm? at 120 °C. When the temperature rises to 150 °C the sensi-
tivity under the action of uniform light field is 18.5 fT/ Hz!/2. The bandwidth of the sensor remains at the original level
and meets application needs. The proposed structure improves transverse polarization uniformity within the miniaturized
sensor, which is ideal for the magnetoencephalography and magnetocardiography imaging systems.
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1. Introduction

With  the
[1-5

development of optical pumping

technology,!!=! spin-exchange relaxation-free (SERF) atomic
magnetometers (AMs) have become a current research hotspot
and a kind of mainstream sensors for ultra-sensitive magnetic
field detection.[®8] In just a few years, AMs have surpassed
superconducting-quantum-interference-device (SQUID) mag-
netometers to achieve higher sensitivity in low frequency
ranges, and are expected to be further improved to the aT
(10718 T) level in the future.!®-!!l Traditional SQUID mag-
netometers are greatly limited in practical applications due
to their complex liquid nitrogen refrigeration units and high
maintenance costs.['>!3] AMs have the advantages of easy
miniaturization, wearable and mobile measurement, and they
are widely used in the dynamic measurement of biologi-
cal magnetoencephalography (MEG), magnetocardiography
(MCG), and muscle magnetic field.['4-'8]

In general, AMs work on the basis of optically manip-
ulating the coherent precession of polarized atomic spins, to
obtain relevant magnetic field information from the dispersion
or absorption of the laser beam. The quality of the laser beam
is directly related to the sensitivity. In the traditional scheme, a
laser passes through the collimating lens and becomes a Gaus-
sian spot with a diameter of 2.7 mm incident the alkali metal
vapor. The light intensity in the central area is significantly
higher than that in the peripheral area. Due to the characteris-
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tics of Gaussian beam and the absorption of resonance laser by
atoms, the distribution of pump light intensity in the atomic en-
semble is unequal. Fink et al. put forward a three-dimensional

19.201 Using finite ele-

simulation method of the polarizability. !
ment simulation, the three-dimensional distribution of the po-
larizability in the alkali metal vapor was obtained, and the ef-
fects of aerodynamic effects on the flowing '*°Xe gas were
researched. Yosuke et al. simulated the three-dimensional po-
larization model of alkali metal atoms of K—Rb mixed pumped
magnetometer, and according to the results, it can be seen that
the distribution of polarization is not uniform.?!! In the explo-
ration of miniaturized atomic magnetometer, Natsuhiko et al.
found that the inhomogeneity of pumping spot would saturate
the sensitivity of the sensor.?>?3] Therefore, transverse and
longitudinal polarizability gradients reduce sensor sensitivity.
The uniformity of polarizability is significant for performance
of AMs.

The typical method to improve the uniformity of the light
field is beam shaping. Current beam shaping methods can
be divided into two categories. The first is the aspheric lens
method!**! and the birefringent lens group method!>! based
on the principles of refraction and transmission in geomet-
ric optics. The second is the microlens array method!?®! and

[27) that use

the liquid crystal spatial light modulator method
the principle of diffraction. However, in order to improve the
spatial resolution, it is necessary to continuously reduce the

volume of an AM.[?8-311 Miniaturization brings challenges to
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sensor light field regulation. A fundamental problem is the
limited space for beam shaping, and none of the above meth-
ods can be implemented in miniaturized sensors.*?l Taking
these factors into consideration, we replace the existing col-
limator with a ceramic ferrule to emit a diverging light field.
The size of the light spot will increase with the propagation
distance. Although the enlarged light spot is still in the Gaus-
sian form, the uniformity of the light field will be greatly im-
proved. Through measurement, it is found that when the beam
reaches the vapor cell, the spot expands to about 4 mm, meet-
ing the application requirements. Compared the performance
of the AM under the uniform light field with that under the tra-
ditional collimated light beam, it can be found that the uniform
beam can make the magnetometer maintain good sensitivity at
high temperatures. When the PD detection light intensity is
low, this scheme is proven to improve the performance of the
sensor. At the same time, the bandwidth of the miniaturized
sensor is also adequate the application requirements.

2. Theoretical method

The optical pumping rate R, representing the average
rate at which unpolarized atoms absorb photons from the
pump beam, is directly related to the light intensity. Rop
can be expressed as Ry, = al(z), where z denotes the posi-
tion in the atomic ensemble and a is the pump rate per unit
laser intensity.[>33*] The electron spin polarization along the
pumping direction is defined as P. = Rop/(Rop + Rsa), Where
R4 is the rate of spin destruction from collisions with other

S.[35

atom 1 Therefore, we can obtain the relationship between

the spin polarization and the laser intensity as
1(z)
P=— 1

C o I(z)+1/A M
where a/Rgq is replaced with A. Due to the absorption of cir-
cularly polarized light by rubidium atoms, the attenuation of
light intensity in the cell with propagation distance can be ex-
pressed as37]

1) = %W(AI(O) exp(AI(0) — no(v)2)), @

where W (z) is the Lambert W-function and W (z) " (?) = z,136]
n is the density of rubidium atoms, and & (v) is the absorption
cross section determined by the laser frequency v. We calcu-
late the polarization distribution of electrons, and the normal-
ized results of the transverse section at z = —1.5 mm and the
longitudinal section at y = 0 mm are shown in Fig. 1. It can
be found that the uniformity of electron polarization based on
uniform light field is higher. Uniform light field can effectively
reduce the polarization gradient caused by Gaussian beam.
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Fig. 1. Normalized electron polarizability simulation results: (a) colli-
mated light, spot diameter 1.35 mm, transverse; (b) collimated light,
spot diameter 1.35 mm, longitudinal; (c) uniform beam, transverse;
(d) uniform beam, longitudinal.

In the presence of spin exchange, the evolution of the den-
sity matrix most accurately describes the behavior of atomic
spins. However, in the SERF region where the atomic spin ex-
change rate is significantly higher than the Larmor precession
frequency, the polarization evolution of electron spins can be
expressed by the Bloch equation 38!

aP :DV2P+1 % B x PRMP+ROP<13P” .(3)
dr q 2

where P = (P, P,,P.) is the electron spin polarization, D is
the diffusion coefficient, ¢ is the nuclear slowing-down fac-
tor ranging, 7. is the electron’s gyromagnetic ratio, Ry is the
spin-relaxation rate, and s = +1 is the photon spin vector of
the +0 pump beam. Since the high pressure buffer gas sup-
presses the diffusion of atoms, we usually ignore the first term
on the right side of Eq. (3). The second term on the right rep-
resents the Larmor precession of alkali metal atoms. The third
term describes the depolarization effect of the spin relaxation,
and the last term is the effect of optical pumping on atomic
spin.

To suppress the influence of low-frequency noise, trans-
verse magnetic field modulation is adopted. We firstly zero
out the magnetic field components in the x, y, and z di-
rections. Then apply modulation field Bjcos(w?) and cali-
bration field Boqcos(®moqt) in x direction. Therefore, the
magnetic field component in the x direction is expressed as
B, = By + Bjcos(®t) + Bmogcos( ®modt), Where By is the static
field. We demodulate the first harmonic component of the
phase-locked amplifier, and the output of the magnetometer
can be obtained as

2Rop.]0(u)]1 (u)
(Rop + Rrel)2 + (’YeBxO)

where J,, (u) is a Bessel function of the first kind of the order n,
and u = 1B /q®. According to the above formula, the output
signal of the AM is in the form of a dispersion curve with B,y
as the variable.

op, —

> %9Bu0, @)
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The sensitivity can be defined by the following formula:

AB
9B = SINy ®

where AB is the linewidth, and (S/N) is the signal-to-noise
ratio

2,2

(S/N) «k\/ 1(0) e*lonzo[,eIODPo(lf"T) Pyquy:B; WZH (6)
where k is the calibration factor,*”) Py is polarizability un-
der normal operation, T is transverse spin relaxation time, and
lop =no (v)z is the optical depth with n being the density of the
alkali vapor and o(v) the absorption cross section as a func-
tion of the laser frequency. It can be seen from Eq. (6) that the
signal-to-noise ratio is positively correlated with 7(0).

3. Experimental setup

The internal structure of the AM is shown in Fig. 2. The
glass cell is made of borosilicate glass with an outer diame-
ter of 4 mm and an inner diameter of 3 mm. The vapor cell
contains a small drop of isotopically enriched 8’Rb and Ny,
and the pressure broadening is 11 GHz. Nitrogen acts as an
inert gas that can restrain the diffusion of rubidium atoms and
inhibit the collision rate of the wall, and also acts as a quench-
ing gas to reduce radiation trapping. To minimize magnetic
noise from heating, a high-frequency alternating current of
200 kHz is used to heat the cell. A non-magnetic PT1000 is
used to measure temperature signal in real time, and the tem-
perature fluctuation of the magnetometer is less than 50 mK
when it works at 120 °C. At this temperature, rubidium atoms
can reach a density of 10'3 cm™ and operate in the SERF
state. The vapor cell is surrounded by a triaxial coil to null
the DC magnetic field within the magnetic shields and gen-
erate the modulation field. For the compact internal struc-
ture, the electrical signals of the sensors are transmitted by
a flexible printed circuit board (FPCB). A distributed feed-
back (DFB) laser (795 nm, UniQuanta) emits linear polar-
ization light. The light is introduced into the sensor through

a polarization-maintaining fiber (PMF). The divergent beam
emitted from the standard ceramic ferrule is not collimated by
a collimating lens. After passing through a reflecting prism, a
linear polarizer and a quarter wave plate, the beam enters the
vapor cell in the circularly polarized state. Different from the
two-beam scheme, the single-beam scheme uses a circularly
polarized light for pumping and probing. We generally obtain
the best signal-to-noise ratio by optimizing the optical power
and wavelength.

N4

L

LP

PMF

Fig. 2. Schematic diagram of the optical path and electrical signal transmis-
sion inside the AM. (a) Uniform light field. The variation of the spot size
with the exit distance is shown on the left, in which the white font represents
the exit distance and the red font records the lateral size. (b) Collimated light
field. F: fiber port; L: collimating lens; M: reflecting prism; LP: linear polar-
izer; A/4: quarter wave plate; H: heating film; C: rubidium vapor cell; PD:
photodetector; TIA: transimpedance amplifier; LIA: lock-in amplifier; DAQ:
data acquisition.

Y
l—i
T

4-layer
T magnetic
‘E ; shields
Triaxial
1 coils
Electrical Beam DFB
system splitter laser

Wavelength meter

Fig. 3. Experimental setup for AM testing. The blue line connected to AM denotes the polarization-maintaining fiber (PMF) that transmits the
laser, and the pink line represents the flexible printed circuit board (FPCB) that conducts the electrical signals.
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Figure 3 is the schematic diagram of the experimental
test system. The magnetic shielding system consists of three-
layers cylindrical p-metal shield and the outermost co-axial
aluminum layer. The quasi-static shielding factor is 10°, and
the geomagnetic field can be attenuated to several nT after de-
gaussing. The AM is placed in the middle of the magnetic
shielding barrel to obtain the desired magnetic shielding ef-
fect. The triaxial coils generate calibration magnetic field.

4. Results and discussion

We use collimating light field and uniform light field
to test atomic magnetometer when PD senses different light
intensity. The light intensity was gradually increased from
1.05 mW /cm? to 8.42 mW/cm?, and the dispersion curves
were obtained by applying different voltages to the x-axis coil.
The test results are shown in Fig. 4.
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Fig. 4. Dispersion curve at different light intensities: (a) uniform light
field, (b) collimated light field.

The amplitude of the AM response signal increases with
the rise of the input light intensity within this range. As the
applied magnetic field on the x-axis goes up, a peak appears in
the response signal. When the light intensity measured by PD
is consistent, the linewidth measured by uniform light field is
obviously larger than that measured by collimated light field.
According to AB = (Rop + Rre1) / e, the linewidth is determined
by the pumping rate and relaxation rate. All operations are car-
ried out by using the same vapor cell, and the conditions other

than pumping beam remain as same as possible. We let R
and Rop; denote the relaxation rate and pumping rate operating
under a uniform light field, while Rye1> and R are that oper-
ating under a collimated light field. Assume that Rye;; = Rye2,
$0 Rop1 > Rop2. The actual output light intensity of the uni-
form beam is greater than the detection value of PD, and the
uniform spot area is larger than the sensitive area of PD.

A calibration magnetic field of 30.5 Hz is applied on the
x-axis, and the AM output time-domain signal is FFT trans-
formed to obtain the sensitivity test curve. The sensitivities
under different PD detection light intensity are compared, and
the experimental results are shown in Fig. 5 and Table 1.
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Fig. 5. Sensitivity comparison at different light intensities: (a) uniform
light field, (b) collimated light field.

Table 1. Sensitivity data at different light intensities.

Light intensity Uniform beam Collimated beam

(mW /cm?) sensitivity (fT/Hz'/2)  sensitivity (fT/Hz!/2)
1.05 22.52 36.42
2.10 27.18 37.85
3.16 36.80 38.50
5.26 39.22 33.13
6.31 51.31 37.62

When the light intensity is less than 3.16 mW /cm?, the
sensitivity optimized for at least 10 fT/ Hz!'/2. When the PD
detection value is similar, the incident light in Fig. 5(a) is more
uniform and more intense in the cross section. It can be seen
from Eq. (6) that (S/N) of Fig. 5(a) is also improved. For the
sensor operating with the uniform light field, despite the larger
linewidth AB, the sensitivity will be better due to the greatly
improved signal-to-noise ratio, when the light intensity is less
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than 3.16 mW /cm?. With the further increase of the incident
light intensity, photon shot noise and technical noise will aug-
ment, resulting in poor sensitivity.

We fixed the initial incident light intensity and conducted
comparative tests at different temperatures. The experimental
results are shown in Fig. 6 and Table 2 in the range of 120—
150°C. When the temperature is higher than 140 °C the mag-
netometer based on the collimated light field has a very weak
PD detection signal due to the large light absorption, and the
signal ratio is very poor. However, the magnetometer based
on a uniform light field has a larger response signal due to the
more uniform polarizability and the stronger light intensity felt
by the atoms in the cell. Although the PD detection light in-
tensity is the same, the signal-to-noise ratio is higher and the
sensitivity is fabulous.
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Fig. 6. Sensitivity comparison at different temperatures.

Table 2. Sensitivity data at different temperatures.

Uniform beam Collimated beam

Temperature (°
P © sensitivity (fT/Hz!/2) sensitivity (fT/Hz!/2)

120 50.39 36.46
130 27.39 30.59
140 27.41 34.17
150 18.51 35.77
1
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Fig. 7. Normalized frequency response of AM.

Sweep the AM signal at different frequencies, and the
function curve of the response with the frequency is shown
in Fig. 7. The sensor bandwidth based on a uniform light field
is 164.1 Hz, while the bandwidth of the conventional structure

is 150.8 Hz. It shows that the structure can perform weak mag-
netic measurement in the original frequency band, and meets
the current application requirements.

5. Conclusion

In summary, we have demonstrated a method to improve
the lateral uniformity of the light field within a miniaturized
AM. The size of the AM has been further reduced by re-
moving the collimating lens. We perform a three-dimensional
simulation of the electron polarizability distribution and find
that the polarizability lateral gradient is suppressed. Through
the comparison experiment with the traditional Gaussian col-
limated light field, we find that when the light intensity is less
than 3.16 mW /cm?, the AM has higher signal-to-noise ra-
tio, and the sensitivity is optimized by about 30% on average.
Moreover, the sensor has better performance under the work-
ing environment of 130 °C-150 °C. The sensitivity reaches
18.5 fT/Hz'/? at 150 °C. Further refinements of this structure
are possible. The propagation distance of the laser before en-
tering the cell can be adjusted to find better working condi-
tions. The miniaturized AM structure proposed in this paper is
especially suitable for array MEG and MCG applications, and
has broad application prospects.
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