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1. Introduction

Optically pumped magnetometers (OPMs) operating in the
spin-exchange relaxation-free (SERF) regime have been
advanced significantly, owing to the demand for miniaturiza-
tion, multichannel integration, low-cost manufacturing, and
high sensitivity!' ™ of measurement tools for fundamental
physics and biomagnetic detection®™). Miniaturized SERF
magnetometer arrays have been used in magnetocardiograms
(MCGs) and magnetoencephalography (MEG) as an alternative
for superconducting quantum interference devices!'®'!!.

SERF magnetometers have been investigated widely, which
can be categorized into the double-beam mode (with pump
and probe lights) and the single-beam mode (with only one
pump light), based on the structure and detection principle
used"? ! An ultra-high magnetic field sensitivity on the order
of sub-femtotesla (fT) in a gradiometer arrangement with a
spherical glass cell of 23 mm diameter using a double-beam
mode SERF magnetometer has been reported by Dang et al.'"”),
Colombo et al. developed a four-channel SERF magnetometer
with a cross-sectional vapor cell area of 40 mm X 40 mm and
reported gradiometric sensitivities of < 5fT/Hz"/? at a band-
width of approximately 90 Hz!"®!. Wyllie et al. demonstrated
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We propose a dual-mode optically pumped magnetometer (OPM) that can flexibly switch between single-beam modulation
mode and double-beam DC mode. Based on a 4 mm x 4 mm X 4 mm miniaturized vapor cell, the double-beam DC mode

achieves a sensitivity of 7fT/Hz'/2 with probe noise below 4fT/Hz'/2 and working bandwidth over 65 Hz. This mode is
designed to precisely measure the noise floor of a mu-metal magnetic shield. The single-beam modulation mode (sensitivity
20 fT/Hz'/?) exhibits bandwidth characteristics suitable for biomagnetic measurements. Thus, our design is suitable for a
miniaturized OPM with multiple functions, including magnetic-shield background noise measurement and medical imaging.
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that SERF magnetometers can be used for real-time fetal MCG
detection with a single-channel sensitivity of approximately
5fT/Hz'/2 and a 1 cm? vapor cell’”). We have previously dem-
onstrated a single-channel sensitivity of 1fT/Hz!/? with a
2.5cm? vapor cell in the double-beam mode!'®). Therefore,
the high sensitivity of the double-beam mode can be attributed
mainly to larger vapor cells and gradient measurements.
However, for miniature magnetometers with small vapor cells,
obtaining a high sensitivity is still challenging.

Recently, single-beam mode SERF magnetometers have been
applied widely in the field of biomagnetic measurement, owing
to their suitable characteristics for miniaturization, array inte-
gration, and cost effectiveness. Osborne et al. have reported a
zero field OPM for biomedical applications!'®). Vladislav et al.
developed a multichannel system based on a SERF magnetom-
eter with a microfabricated vapor cell and reported a noise floor
below 20 fT/Hz'/21?"), In addition, a multichannel imaging sys-
tem comprising 25 microfabricated OPMs with an average mag-
netic sensitivity of 24 fT/Hz!'/? has been proposed previously,
with a footprint of less than 1cm2*"*?!, Although the single-
beam mode requires fewer optical components favorable for
integration, it is difficult to achieve a noise floor lower than
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10 fT/Hz!/? with millimeter (mm)-level vapor cells using the
absorption detection method owing to laser noise.

In this study, we propose a dual-mode SERF magnetometer
based on a 4 mm X 4 mm X 4 mm miniaturized vapor cell that
can flexibly switch between the single-beam modulation mode
and the double-beam DC mode. The double-beam DC mode
is designed with suitable sensitivity to precisely measure the
noise floor of a mu-metal magnetic shield, and the single-beam
modulation mode exhibits bandwidth characteristics suitable for
biomagnetic measurements. Our design is suitable for miniatur-
ized OPMs with multiple functions, including magnetic-shield
background noise measurement and medical imaging, which
will aid in realizing portable magnetic sensing devices.

2. Principle of SERF Magnetometer

To calculate the spin polarization of alkali metal atoms, the
Bloch equation is applied in the SERF regimem]:

P 1 A
E:g[yeBXP'FROP(SZ_P)_Rrelp]’ (1)

where P = (P,,P,,P.) is the electron polarization, g is the slow-
ing-down factor, y° = 2zg up/h = 27 X 28 Hz/nT is the electron
gyromagnetic ratio, B is the magnetic field vector, Rpp is the
pumping rate, and s is the photon polarization of the pump light.
R, is the transverse spin relaxation rate in the absence of light,
dominated by spin destruction and wall collisions, which is

1 1
R4 =R — + -
rel sp T+ TD + TgE

(@)
where Rgp is the spin-destruction relaxation rate, 1/T}, is the
relaxation rate due to diffusion, and 1/TSF is the spin-exchange
relaxation rate.

Assuming that the direction of the pump light is along the z
axis, the direction of the magnetic field to be measured is along
the x axis. When B, and B, are equal to zero, the steady-state

components in Eq. (1) are given by!*”!

P, =0, (3)
Y*Rop
P, =— B,, (4)
¢ (}’ Bx)2 + (ROP + Rrel)2

— ROP (ROP + Rrel)
‘ (},eBx)Z + (ROP + Rrel)2

(©)

Equations (4) and (5) describe the combined effects of the
optical pumping and magnetic field on the polarization, repre-
sented by the spectrometric absorption (P,) and dispersion (P,)
curves?). The magnetic field along the x axis (B,) can be
detected using P, and P..

For the single-beam mode, the circularly polarized pump light
along the z axis is the only beam. When B, varies, the absorption
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exhibits a zero field Lorentz resonance, the half-width at half-
maximum is AB, =1/y°(Rop + R.), and the maximum value
is proportional to Rop/(Rop + Rye). Then, a modulating mag-
netic field of amplitude B, and angular frequency w is applied
along the x axis, B, + B cos(wt). The response of B, in the zero
field modulation mode can be described as a Fourier series. The
dominant term in the solution is the first harmonic, as given

by[26—28]
Roplo (yefl)] 1 (%)
(76Bx)2 + (ROP + Rrel)2

P,(t)=k sin(wt)y°B,. (6)

Here, ], is the Bessel function of the first kind, and k' is the
constant of proportionality.

For the double-beam mode, a beam of linearly polarized
probe light is added along the y axis on the foundation of the
single-beam mode. The rotation angle € of the probe light is pro-
portional to P,. Equation (4) is approximately linear along the x
axis near B, = 0, and this component of the magnetic field may
be extracted directly from the dispersive lineshape. The response
of P, to the DC mode is given by Eq. (4).

During the operation of the dual-mode SERF magnetometer
in the linear region, the term (y°B,)? can be ignored when
Rop + R > y°B,. The polarizability of the y axis and z axis
can be uniformly described by

Rop
Psingle or double ~ (R—Op TR 1)2 VeBx. (7)
rel

The polarizability (P) cannot be obtained directly, but instead
the intensity of the laser is measured by photodiodes (PDs) as
the response (V) of the magnetometer. From Eq. (7), we can fur-
ther simplify the response as V' = Kgqupie or single Bx- Although the
response has a similar form, the corresponding method of oper-
ation and scale factor k are significantly different. In the bal-
anced polarimetry technique, measuring the optical rotation
angle can aid in achieving a higher magnetic field sensitivity,
and, for lock-in amplifier demodulation polarization, it can
effectively suppress low-frequency 1/f noise.

3. Experimental Setup

The experimental setup of the SERF magnetometer is illustrated
in Fig. 1. The central part is a small-size alkali-metal vapor cell
with external dimensions of 4 mm X 4 mm X 4 mm and interior
dimensions 3 mm X 3 mm X 3 mm, filled with a droplet of ¥ Rb
and approximately 650 torr of N, as the buffer and quenching
gas. The vapor cell was heated to approximately 150°C using a
200 kHz AC electronic current. The temperature was monitored
and stabilized using a non-magnetic Pt1000 for real-time closed-
loop control.

As shown in Fig. 1, when the SERF magnetometer operates in
the single-beam mode, the pump light tuned to the Rb DI res-
onance line is generated by a distributed feedback (DFB) laser.
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Fig.1. Experimental setup of the SERF magnetometer for independent single-
beam mode and double-beam mode operation. PMF, polarization maintaining
fiber; OFC, optical fiber collimator; LP, linear polarizer; QWP, quarter-wave
plate; PD, photodiode; HWP, half-wave plate; PBS, polarizing-beam splitter;
TIA, transimpedance amplifier; LIA, lock-in amplifier; Ref, reference signal;
DAQ, data acquisition.

The pump beam is delivered from the fiber collimator and cir-
cularly polarized by a set of linear polarizers and quarter-wave
plates. After it is transmitted to the vapor cell, the pump light is
detected by PDI1 and converted into a voltage signal by an
ultra-low-noise PD amplifier (Thorlabs, PDA200C). The lock-
in amplifier (Zurich Instruments, MFLI) generates a modulated
magnetic field with a frequency of @ = 1 kHz along the sensitive
x axis and synchronously demodulates the magnetic field infor-
mation detected by the PD.

When the SERF magnetometer operates in the double-beam
mode, the pump light maintains the configuration in the single-
beam mode. An additional probe beam is detuned to roughly
100 GHz from the Rb D1 resonance line. The probe beam passes
through a fiber collimator and linear polarizer, yielding a lin-
early polarized beam. After passing through the vapor cell along
the y axis, the probe beam is geometrically split by a half-wave
plate and a polarization beam splitter cube and detected using
two PDs (PD2 and PD3). Through the balanced polarimetry
technique, the difference between PD2 and PD3 outputs can
be used as the response signal of the double-beam mode.

The modulation magnetic field (single-beam mode) and cal-
ibration magnetic field were added to the tri-axial coil through a
summing amplifier. The output response signal was recorded
using a data acquisition system (National Instruments, PXIe-
4499). A four-layer cylindrical mu-metal magnetic shield was
used to counteract the ambient magnetic field.

4. Results and Discussion

In this section, the SERF magnetometer performance in both
modes was optimized separately. The laser frequency detuning
and light intensity of the pump and probe lights were optimized
first. Under the optimal light parameters, we discuss the optimal
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operating temperature to identify the optimal sensitivity and
bandwidth.

4.1. Performance optimization

In the double-beam mode, the vapor cell is heated to 150°C, and
the background magnetic field is compensated to zero by the tri-
axial coil. The actual response signal (V = kgoupieB,) is deter-
mined by the scale factor kqqupie & kikyks, which is given by

ky = nIIprobe In reCfDlye’ ®)

k2 Vprobe — VD1

— e_OD (Vprobe) N 9
Gorone = Vor P & (Cr /22 ©)

Rop

= —, (10)
(ROP + Rrel)2

ks
where 7, is the conversion factor of the balanced polarimetry
detector, I, is the probe light intensity, [ is the length of
the vapor cell, n is the atomic number density, ¢ is the speed of
light, fp; is the oscillator strength, v, is the frequency of the
probe light, v, is the resonant frequency of the Rb D1 line, I'p;
is the pressure-broadened absorption linewidth, and OD (vppe)
is the optical depth.

We first optimized the laser parameters of the probe light. The
pump light frequency was maintained at the resonance absorp-
tion, and the optical intensity was 10 mW /cm?. Equations (8)
and (9) describe the combined effects of the probe light intensity
(Iprobe) and frequency (Vprope) On the scale factor. When the
probe light intensity is fixed at 20 mW /cm?, changing the probe
frequency detuning from —220 GHz to 220 GHz, the response
signal (V) is detected with calibration magnetic field (B,) of
100 pT rms, and the dependence is shown in Fig. 2(a). The
response signal reaches the maximum value when the probe
light is blue detuned by about 100 GHz. The experimental data
is well fitted with Eq. (9), as shown in Fig. 2(a) with the red solid
line. The optimal frequency detuning for maximum signal
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Fig. 2. Response signal versus (a) frequency detuning of probe light, (b) light
intensity of probe light, (c) frequency detuning of pump light, and (d) light
intensity of pump light.
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depends on optical depth and pressure-broadening width. By
setting ok, /[(vy; — vp1)/(T'p1 /2)] = 0, the maximum scale fac-
tor will be obtained when the detuning (vyope — vp1) reaches the
optimal value, which is given by

r ;
Vo = Vo1 = 20D () + YODFrp) + 1. (1)

In Fig. 2(b), the probe light intensity varies from 5 mW /cm?
to 65 mW /cm?, and the probe light frequency is maintained at
100 GHz blue detuning. From Eq. (8), the scale factor is posi-
tively correlated with probe light intensity. The response signal
increased with probe light intensity, and the experimental data is
well fitted in Fig. 2(b) as a red solid line. However, when the light
intensity increases above 25 mW /cm?, the corresponding probe
light intensity noise increases substantially, resulting in the
signal-to-noise ratio not being significantly improved. In the
experiment, the probe light intensity of 25mW/cm? was
adopted.

When analyzing the pump light, the two-mode transimpe-
dance amplifier uses different gains, and therefore, the response
signal is divided by the maximum value to be normalized, as
shown in Figs. 2(c) and 2(d). For the pump light frequency,
the resonance absorption frequency is 377.084 THz (¥Rb D1
line). Sweeping the pump light frequency near the absorption
point with detuning from —220 GHz to 220 GHz, the corre-
sponding response signal curve is detected and shown in
Fig. 2(c) on the red line. The response signal is an approximately
Lorentzian line shape and reaches the maximum value when the
detuning is within 0-10 GHz. When the frequency is maintained
near the resonance absorption, the fictitious magnetic field gen-
erated by light shifts is effectively suppressed.

In Fig. 2 (d), the pump light intensity varies from 5 mW /cm?
to 65mW /cm?, and the experimental data is well fitted with
Eq. (10), as shown in Fig. 2(d) with the red solid line. The
response reaches the maximum when the pump intensity is
8 mW /cm?. As predicted by Eq. (10), the scale factor reaches
a maximum when the pumping rate is equal to the transverse
relaxation rate (Rop = R ). Since pumping rate is proportional
to the intensity of the pump light, k; reached the maximum
under an ideal pump light intensity, which is given by

hyume (Voump — vor1)? + (Tp1/2)?
_ Woump Vpump = vp1)* + (U1 /2) (RSD+L)' (12)

pump recf p1 I'pi/2 Tp

In the single-beam mode, the vapor cell temperature and
compensation magnetic field settings were consistent with the
double-beam mode. The response signal of the single-beam
mode measured by PD1 is demodulated with a lock-in amplifier,
and the scale factor (kg ~ kyksks) has the following form:

k4 = nZIpumpye’ (13)

ks = e~ (17P=)OD (Vpump) | (14)
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where 7, is the conversion factor of the PD, Iy, is the pump
light intensity, and vy, is the frequency of the pump light.

The response signal varied with the frequency detuning of the
pump light, as shown by the blue line in Fig. 2(c). The response
signal reaches a maximum when the pump light frequency
remains at the central frequency. The frequency detuning
increases, and the response signal gradually becomes weaker.

From Eq. (13), the scale factor is positively correlated with
pump light intensity, which satisfies Kng1e & Ipymp- In Fig. 2(d)
on the blue line, as the intensity increases, the value of the
corresponding response signal also increases. The experimental
data is well fitted with Eqgs. (13) and (15), as shown in Fig. 2(d)
with the blue solid line. Although the response signal of the sin-
gle-beam mode becomes stronger as the pump light intensity
increases, the corresponding noise also increases. Optimal per-
formance of the single-beam mode can be achieved when the
light intensity reaches 12 mW /cm?.

Figure 3 depicts the response signal of the SERF magnetom-
eter as a function of the temperature from 128°C to 180°C. The
two modes have the maximum response value corresponding to
the optimal operation temperature. At this temperature, the
polarization rate of the alkali-metal atoms is approximately
1/2, and the SERF magnetometer achieves optimal performance.
It is worth noting that the optimal temperature of the two modes
is different: for the single-beam mode, it is 146°C, and, for the
double-beam mode, it is 170°C. The main reason for this differ-
ence is that the introduction of the modulation magnetic field
increases the transverse relaxation time, making it easier to
achieve R,y = Rpp in the single-beam mode. In actual use, we
can first use the double-beam mode (at 170°C) to calibrate
the ambient magnetic field noise, and then use the single-beam
mode (at 146°C) to perform the biomagnetic measurement. It
pre-evaluates the background magnetic field and effectively
reduces power consumption and surface temperature in the
MEG system.
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Fig. 3. Response signal as a function of temperature at the optimal optical
parameters.
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4.2. Sensitivity and bandwidth

Based on the above analysis and experiments, it can be con-
cluded that the optimal response signal can be obtained by con-
trolling the light parameters and the vapor cell temperature to
quickly identify the best sensitivity of the SERF magnetometer
system. We apply a 100 pT rms sinusoidal calibration signal
at 30 Hz along the x axis and record the frequency spectrum
of the magnetometer response for 150 s. The power spectral den-
sity is calculated and averaged for 1 Hz bin. The sensitivity noise
floors for single-beam and dual-beam modes are shown in blue
and red dashed lines in Fig. 4, respectively. The magnetic field
sensitivity is higher than 20 fT/Hz'/? in the single-beam mode
and 7 fT/Hz'/? in the double-beam mode under the previous
optimal configuration. Figure 5 shows the normalized frequency
response of the single-beam mode and double-beam mode with
the 100 pT rms calibration magnetic field. The bandwidths at
—3dBm were 141 Hz and 65 Hz for the single-beam mode
and double-beam mode, respectively.

For the mm-level vapor cell, 7 fT/Hz!/? is the ideal sensitivity.
However, when the pump light is blocked, the probe noise of the

1/2

magnetometer is only 4 fT /Hz'/2, as shown in Fig. 4. Therefore,
it can be concluded that 7 fT /Hz!/2 approaches the noise floor of
the four-layer mu-metal magnetic-shielding cylinder. According
to the physical parameters of the cylinder, the 7 fT/Hz!/2 noise
floor is consistent with the theoretical value of the magnetic
noise by the Johnson current!®”), Furthermore, we can use the
double-beam mode to precisely measure the noise floor of the
shielding material, which is another important application for
miniaturized SERF magnetometers. The SERF magnetometer
mode can be switched arbitrarily for different application sce-
narios of the sensor. Although the sensitivity in the single-beam
mode is poorer than that of the double-beam mode, it is more
advantageous in structure and operating temperature and has
gradually become a development trend in recent years. The sen-
sitivity and bandwidth are sufficient to meet the needs of bio-
magnetic measurement'®). Also, for some special applications,
the bandwidth can be extended to 1.8 kHz by closing the loop
and increasing the modulated magnetic field frequency""’.

10°

Double-beam mode
Single-beam mode
Probe noise
Electronic noise

20 fT/Hz" 4 fT/Hz"

3 fT/Hz"”

Sensitivity (fT/Hz'?)
>

40 60 80 100
Frequency (Hz)

Fig. 4. Sensitivity of the SERF magnetometer. The probe noise is recorded by
blocking the pump light and turning on the probe light. The electronic noise is
recorded by blocking the pump light and probe light.
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Fig. 5. Frequency response of the 100 pT rms calibrated magnetic field at
frequency of 1-200 Hz and fitting curve in the single-beam mode and dou-
ble-beam mode, respectively.

5. Conclusion

In summary, we have developed a dual-mode SERF magnetom-
eter with mm-level vapor cells using two Rb D1 line lasers, which
can switch between the single-beam modulation mode and the
double-beam DC mode for different applications. When oper-
ating under appropriate conditions, this SERF magnetometer
shows a magnetic field sensitivity of 20 fT/Hz"/? in the single-
beam mode and probe noise of 4 fT/Hz!/? in the double-beam
mode. The noise floor of the multilayer mu-metal magnetic-
shielding cylinder was measured to be 7 fT/Hz!/? in the dou-
ble-beam mode. Our design provides a method for realizing
miniaturized OPMs with multiple functions, including mag-
netic-shield background noise measurement and medical
imaging.
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