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Zero-field single-beam atomic magnetometers with transverse parametric modulation for ultra-weak magnetic field
detection have attracted widespread attention recently. In this study, we present a comprehensive response model and
propose a modification method of conventional first harmonic response by introducing the second harmonic correction.
The proposed modification method gives improvement in dynamic range and reduction of linearity error. Additionally, our
modification method shows suppression of response instability caused by optical intensity and frequency fluctuations. An
atomic magnetometer with single-beam configuration is built to compare the performance between our proposed method
and the conventional method. The results indicate that our method’s magnetic field response signal achieves a 5-fold
expansion of dynamic range from 2 nT to 10 nT, with the linearity error decreased from 5% to 1%. Under the fluctuations
of 5% for optical intensity and =15 GHz detuning of frequency, the proposed modification method maintains intensity-
related instability less than 1% and frequency-related instability less than 8% while the conventional method suffers 15%
and 38%, respectively. Our method is promising for future high-sensitive and long-term stable optically pumped atomic

Sensors.

Keywords: atomic magnetometer, dynamic range, linearity error, response signal stability

PACS: 07.07.Df, 07.55.Ge, 06.20.fb, 32.30.Dx

1. Introduction

Optically-pumped magnetometers (OPMs) based on the
detection of spin polarization of optically polarized atoms
have raised widespread interest in recent years. Zero-field
atomic magnetometers operated in the regime of spin-
exchange-relaxation-free (SERF) have reported extraordinary
sensitivity of sub-femtotesla,!’"?! and are widely applied in
testing of materials, fundamental physics including the mea-
surement of the permanent electric dipole moment, and bio-

[3-6] To date, atomic magnetome-

magnetic measurements.
ters featured in miniaturization, high sensitivity and cryogen-
free have become promising alternatives to superconduc-
tor quantum interference device (SQUID) magnetometers in
bio-magnetic measurements such as magnetoencephalography
(MEG) and magnetocardiography (MCG).!-8]

Atomic magnetometers operated in zero-field are imple-
mented in many configurations to satisfy the various appli-
cations, including magnetometers based on crossed pump-

9-11 pearly parallel pump-probe beams,!'?! sin-

13,14

probe beams, |
gle elliptically polarized light,l!>!#l single circularly polar-
ized light,!'>16] as well as schemes with multi-channe]!!”-18!
and gradiometer.!!”) Among these configurations, single-beam
magnetometers have been widely applied in MEG and MCG

with considerably less cost and reduction of volume.?%-2?]
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The ambient magnetic field would induce the precession of
the spin polarization, resulting in light absorption or polar-
ization changes in alkali vapor, which forms the basis of the
single-beam atomic magnetometer. In the single-beam config-
uration, it is a conventional practice that the magnetic field
can be measured using the demodulated first harmonic sig-
nal by applying the transverse parametric modulation on the

23.24] The demodulated first harmonic dis-

spin polarization.!
persive signal limits the magnetometer’s dynamic range typ-
ically at 2 nT with 5% linearity error,[>! restricting the ap-
plication scenarios of atomic magnetometers. Meanwhile, the
instability of the response signal caused by linearity error de-
creases the accuracy in source imaging, which is critical for
OPM-MEG.?®! Although atomic magnetometers with active
closed-up operation show the dynamic range of 10 nT with 5%
linearity error, the compensating magnetic field generated by
the closed-up operation will introduce the cross-talk between
adjacent magnetometers. (271

This study begins with investigating the response signal
to the magnetic field in zero-field single-beam magnetometers
and proposes a response modification method of the first har-
monic response by introducing the second harmonic correc-
tion. Our method shows the capability to expand the dynamic

range and reduce the linearity error. Furthermore, by sup-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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pressing the influence of optical intensity and frequency, the
response signal remains stable under optical intensity and fre-
quency fluctuations. Finally, the experiments are carried out
to evaluate the proposed modification method’s performance
in dynamic range, linearity and response signal stability.

2. Methods

Zero-field atomic magnetometer works with the polar-
ized atoms created by optical pumping. The spin polariza-
tion evolved under the combined effects of optical pumping,
spin relaxation, and magnetic field induced precession. In the
SERF regime when the spin-exchange rate is much larger than
the Larmor precession frequency, the evolution of spin polar-
ization can be described with the Bloch equation

- é [YB x P+Ryp(s 5~ P)—RaP], (1)
where P is the spin polarization vector, g is the slowing-down
factor, 7y is the electron gyromagnetic ratio, s is the photon
polarization of the pump beam, Ry, is the optical pumping
rate, and Ry is the relaxation rate mainly caused by spin-
destruction and wall-collisions. The circularly polarized light

at D1 line propagates along the z-axis and the transmission
obeys 282

1

Tzexp[_K(P27v)]a (2)
0

where [ is the transmitted light intensity, Iy is the incident in-
tensity, P, is the z-axis projection of P, and vV is the incident
optical frequency. Equation (2) shows the basis of polarization
measurement through light intensity detection. Optical depth
K (P., V) that depends on spin polarization P, and incident op-

tical frequency v can be expressed as!*’!

K(P,,v)=nL(l—P,) kL (Av),
In /2
(Av)? + (ID1/2)*

where n is the number density of the alkali atoms, L is the light

L(AV) = 3)

propagation length in the vapor cell, kj is the absorption coef-
ficient of alkali atoms at resonance, £ (Av) is the Lorentzian

function related to frequency detuning Av = v —v_ ., and

D1’
Ip; is the pressure broadened optical width. The relation-
ship between transmitted light intensity / and the spin polar-
ization P, can be described by first-order approximation at P

0<P<1)
I(P;) = exp[—nLkoL(AV)(1 —Py)llo
+ exp[—nLKOE(Av)(l - P())]
X nLKo,C(AV)IQ (PZ — Po). %)
As shown in Eq. (4), the attenuation of the incident light in

the vapor cell can provide information about the spin pro-
jection along the z-axis. In our single-beam configuration, a

transverse modulation magnetic field Byog Sin(®moqt) Was ap-
plied along the y-axis. Therefore the components of total mag-
netic field B were B, = By, By = Buod Sin(®modt ) + Byo, and
B, = By, where B,g, By, and By are the residual environ-
ment magnetic field components. By solving Eq. (1), the spin

polarization along the z-axis is[?32%]
2Rop Y Sin( Omodt
—w = ; 20Py ( 0 ) 210 (M) Jl (M) 'B.VOu (5)
Y ByO + (ROP JrRrel)

2Rqp (R(,p + Rrel) c08(2Wmoat)

VB2 + (Rop + Ree) 2

]0 (M)JZ (u) ) (6)

P, 7—20 —

where J,, (n =0, 1,2) is the n-order Bessel function of the first
kind, and u = YBmod/q®mod i the modulation index. Conse-
quently, by combining Eqs. (4)—-(6), we can get the demodula-
tion voltage signals at the first and second harmonic

Vo (By) = G1K1SppK2(Ip, V)
o Ropy
yZB§0 + (Rop + Reel)
Vaw(By) = G2K1SppK>(lp, V)
Rop (Rop +Rrel)
Bl + (Rop + Reel)

2.]0 (M)Jl (M) -By()7 @)

5Jo (1) J2 (u), (®)

where G| and G are the output voltage gain factors for differ-
ent channels of the lock-in amplifier, K] is the current—voltage
conversion coefficient of transimpedance amplifier, Spp is the
photosensitivity of photodiodes, and K> is a conversion coeffi-
cient between transmitted light intensity and spin polarization
P,

K> (In,v) = exp[—nLko L(AV)(1 — Py)|nLlyko L (AV). (9)

The conventional first harmonic response signal is af-
fected by the incident optical intensity Iy, frequency v and the
modulation index u as indicated in Eq. (7). Based on Egs. (7)
and (8), we introduce the modification method with the correc-
tion of the second harmonic response and the corresponding
response signal is

Vo Gy Ji (u)

Vmop (Byo) = v — = — 5 ———-
MOD( y) Vow Gy Rop+Rre] Jz(lxt)

‘By. (10)

As indicated in Eq. (10), response signal Vyop shows
the improved dynamic range and lower linearity error to By
for eliminating the nonlinear term J/ZB§O in V. Meanwhile,
in contrast to the first harmonic signal Vy,, terms Kj, Spp,
K> (I, Vv) are removed in Vyop, which gives a more stable re-
sponse signal by suppressing the influence of optical intensity
Iy and frequency v fluctuations. In summary, the proposed
modification method promises an accurate and stable response
signal in a larger measurement range of magnetic fields.
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3. Experimental setup and procedures

A potassium spherical glass vapor cell with a diameter of
10 mm was filled with 1.8 amg “He and 0.1 amg N. The
N, acted as the quenching gas to prevent the radiation trap-
ping while the “He efficiently decreased the effect of wall col-
lisions. The vapor cell was electrically heated to 170 °C by
a printed double-layer resistance wire, generating an atomic
number density of 4.97 x 1013 cm—3 according to Ref. [31].
The heating resistance wire was specially designed to make the
current flow in opposite directions between adjacent wires to
eliminate the heating-current-induced magnetic field. The va-
por cell temperature was stabilized by a proportional-integral-
derivative (PID) controller at an accuracy of +0.02 °C, and
the accuracy was obtained by a non-magnetic Pt-1000 temper-
ature sensor that closed to the vapor cell.

The experiments were carried out on a single-beam

Yy
Reflecto/ 0 -
m(i)—» z

O AOM Collimator

Collimator |-—[—| Beam splitter

atomic magnetometer, as shown in Fig. 1. The optical pump-
ing beam was generated from an external-cavity diode laser
(ECDL, New Focus TLB-6813), and carried into the magne-
tometer through a single-mode polarization-maintaining fiber.
The optical frequency was tuned and locked to the D1 line of
potassium at 770.1033 nm (389.2886 THz) by the feedback
of a wavelength meter (HighFinesse WS-7). An acousto-optic
modulator (AOM, G&H 3080-125) was placed in front of the
optical fiber to modulate the light and generate artificial in-
tensity fluctuations. The light emitted from the fiber was ex-
panded and collimated to a diameter of 4 mm, then passed
through the polarizer and quarter-wave plate in sequence. The
incident intensity Iy = 6.35 mW/cm? traversed through the va-
por cell along z-direction and was finally exposed to the pho-
todiode. The photosensitivity Spp of the photodiode was about
0.55 A/W at 389.2886 THz.

Fiber

ECDL

*In .
Lock Out Wavelength meter

AOM controller

@ Magnetic field coils <~ Waveform generator
200000000000000G
Llne.ar Vapor In A
polarizer ‘ % ﬂﬂg —‘~ coll | ot /
N | ===
TT1 a?%?-;'% T Ve
) Ry A4 <~ Mod I
Collimator /4 ‘ ¥ PD [ Signat 214 | DAQ
Heating film - I_-)‘/ZUJ
O00000000000000Q
\\_. AC current

heater driver

Four-layers p-metal magnetic shield

Fig. 1. Schematic of the experimental apparatus. ECDL: external-cavity diode laser, TIA: transimpedance amplifier, LIA: lock-in amplifier, PD:
silicon photodiode, DAQ: data acquisition system, A /4: quarter-wave plate, AOM: acousto-optic modulator, PMF: polarization-maintaining fiber.

The atomic magnetometer was placed inside a four-layers
p-metal magnetic shield, and the internal residual magnetic
field was below 2 nT. Before running the experiment, the mag-
netic field surrounding the vapor cell was compensated to near
zero-field (typically below 1 pT) by triaxial magnetic field
coils integrated inside the magnetometer driven by the wave-
form generators (Keysight 33522B). The response signal V,,
V2o to magnetic field By was extracted using the digital lock-
in amplifier (Zurich Instruments MFLI) following the pro-
cess: the lock-in amplifier generated the modulation voltage
signal Vipoq sin(@meat) and applied to the y-axis coil through
a series resistance to produce the modulation magnetic field
Binod Sin(@moat) where Byog = 110 nT, @nmeq = 900 Hz; the
spin polarization evolved in the modulation magnetic field,
yielding the variation of transmitted light intensity / as in-

dicated in Eq. (4); the corresponding light intensity varia-
tions were detected by a silicon photodiode and converted to
the voltage signal by the transimpedance amplifier (Thorlabs
PDA200C) with conversion coefficient K; subsequently; this
voltage signal was finally sent to the lock-in amplifier for de-
modulation at first and second harmonic, generating the cor-
responding voltage response V, and V4, with gain factor G
and G, respectively. In practice, we made G| = G» in the
subsequent experiments.

To investigate the magnetometer’s dynamic range and lin-
earity, a sweep magnetic field ranging in + 30 nT was ap-
plied to the y-axis coil. The corresponding response volt-
ages Vyp and Vo, were recorded simultaneously with By by
the data acquisition system (NI PXIe-4464) at the sampling
rate of 1 kHz. Furthermore, to estimate the stability of mag-
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netometer’s response signal under optical intensity and fre-
quency fluctuations, the artificial variations were applied to the
incident light. For optical intensity fluctuations, a 40 mVpp
triangular modulation at 1 Hz was applied to the AOM, gener-
ating a 5% variation of optical intensity, resulting in Iy varying
from 6.2 mW/cm? to 6.51 mW/cm? periodically. For optical
frequency fluctuations, by controlling the piezoelectric trans-
ducer (PZT) voltage inside the ECDL, the incident optical fre-
quency was varied at v 389.2886 THz + 15 GHz. Additionally,
a 100 pT sinusoidal calibration magnetic field at 31 Hz was
applied along the y-axis, and the corresponding peak-to-peak
amplitude in the response signal was extracted to evaluate the
signal stability under optical intensity and frequency fluctua-
tions.

4. Results and discussion
4.1. Dynamic range and linearity

As shown in Fig. 2, the first and second harmonic signals
Ve and V,, extracted from the lock-in amplifier were illus-
trated with black and blue lines. The modification response in
Fig. 2 with the red line referred to the response signal calcu-
lated through our modification method as indicated in Eq. (10).
By adjusting the voltage gain factor G| and G», the modifica-
tion response was made consistently with the first harmonic
response to the same magnetic field Byy.

10

——PFirst harmonic
——=Second harmonic

Magnetic field response (nT)
=)

~10 . . ; .
-30 =20 -10 0 10 20 30
Magnetic field (nT)

Fig. 2. The first harmonic (black line) and second harmonic (blue line)
responses of the magnetic field By and the modification response (red
line) calculated from Eq. (10). The shaded areas of the curves indicated
multiple measurement errors.

Contrary to expectations, the modification response ap-
peared a dispersive feature to Byo similarly to the first har-
monic signal, rather than linearly to Byg as expected. Thus,
the relaxation mechanism related to Byg should be further in-
vestigated in our modification method. Previous studies!?>33!
show that the spin-exchange relaxation rate R§E is in quadratic
relationship with the magnetic field (RSE ~ (yByo)? - Tsg), thus
RSE can be shown as

RSE(Byo) = ksk - (YByo)* - Tsg, (11)

where kgg is the scale factor, and Tsg is the transverse relax-
ation time of the spin ensemble. Accordingly, by considering
the relaxation rate RgE caused by By, the response signal of
our modification method was expressed as follows:

Vamon (Byo)
Y Ji (u)

= . -Byy.  (12)
Rop + Ryel + ksE - (’}/By())z ‘Tsg ) (u) ¥

To quantify the deviation between the response signal
Sresponse and the ideal output signal Sgjgnai, We introduced the
concept of linearity error & defined as>*

6L _ Sresponse - Ssignal %« 100%. (13)
Ssignal

Referring to the study by Rea et al.,[*6! the dynamic range
of the atomic magnetometer was defined as the measurement
range where the linearity error was less than 5%. As shown in
Fig. 3(a) with the shaded region, the calibrated first harmonic
response showed the dynamic range of 2 nT, while the modi-
fication response remained a linear response over the range of
10 nT.

10

2nT

AN

Idesq

Calibrated response (nT)

0 5 10 15 20 25 30
Magnetic field (nT)

100 —F'irst har

—Modificatio
response |

801

60T

40T

Linearity error (%)

20T

Linearity error

10,

24 68

! . Magnetic field (nT)

0 5 10 15 20 25 30
Magnetic field (nT)

Fig. 3. (a) Calibrated response of conventional first harmonic (black
line) and modification response (red line); (b) linearity error of both
conventional model (black line) and modification model (red line); in-
set: linearity error within 10 nT range with y-axis in logarithmic scale.

Figure 3(b) demonstrated the linearity error 8, compari-
son of the first harmonic V,, and modification response Wiop.
It was apparent that the linearity error of the first harmonic
response increased rapidly when the magnetic field exceeded
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its dynamic range of 2 nT, while the modification response
maintained its linearity within 10 nT. Notably, the modifica-
tion response showed a relatively small linearity error within
the dynamic range of 10 nT, giving 6. < 1% as shown in the
inset.

4.2. Response signal stability

The proposed modification response Vyop showed the
suppression of response instability induced by optical inten-
sity Iy and frequency v fluctuations as indicated in Eq. (12).

Firstly, the response signal stability was investigated by ap-
plying artificial fluctuations on optical intensity.As indicated
in Fig. 4, the first harmonic and modification responses were
recorded with black and red lines, against the variation of 5%
in optical intensity with the blue line. It was seen from the
figure that the instability of the first harmonic influenced by
optical intensity fluctuations was suppressed in our modifica-
tion method, which gave a stable response signal as shown

with the red line.

B

o

~

=

E

=

i =

= &

2

- Q

= o—

°© 5

g

| 2

— =

3 ! —40 2

Tv/ 60 . . T T —60 k=

Z 40 | i

2 20

S0

£ -20 |

& —40q ,

b= 1 1

3 600 0.5 1.5 2.0

=

Time (s)

Fig. 4. First harmonic (black line) and the modification response curves (red line) to 100 pT sinusoidal magnetic field at 31 Hz under the 5%

optical intensity fluctuations (blue line).

10 :
S
-
o
=
5}
>
is
i
<
oy
B -5t
A
——First harmonic
——Modification response
—10 -
—2.5 0 2.5

Optical intensity variation (%)
Fig. 5. Linearity error of the first harmonic response (red line) and mod-
ification response (black line) induced by optical intensity fluctuations
calculated by Eq. (13).

Moreover, the linearity error was taken to quantify the
suppression of optical intensity fluctuations. The peak-to-
peak amplitude of the response signal in a period was taken as
Sresponse for both first harmonic Vi, and modification response
VMmop and Sgigna Was the averaged peak-to-peak amplitude of
Ve and V\jop during the measurement time, respectively. As
shown in Fig. 5, the first harmonic response suffered a 15%
variation and showed a trend consistent with optical intensity
fluctuations. As a comparison, the linearity error of modifi-
cation response was maintained lower than 1%, independent

from the influence of optical intensity fluctuations.

Meanwhile, to estimate the consistency of the response
signal under optical intensity fluctuations, we calculated the
peak-to-peak amplitude standard deviations of V,, and Vmop
in 100 seconds, respectively. The standard deviation of the
first harmonic V, reached 4.75 pT when the 100 pT at 31 Hz
sinusoidal calibration magnetic field was applied. In compari-
son, the standard deviation of Wyjop was 0.42 pT, which gave
a reliable and accurate response signal when optical intensity
fluctuations existed.

~ 20 6.6 —~
iz T
Ll fos <
\ =
8o =
= 5 6.4 #
R =
e —5t é
& o
= —10y 16.2 £
§ —15} =
© _90}t — Optical frequency variation] 6.1 E
& — Optical intensity variation o
—25 - : . 6.0 O

0 0.5 1.0 1.5 2.0

Time (s)

Fig. 6. Modulation on the incident optical frequency with 1 Hz triangular
wave (black line) and the accompanied optical intensity noise (red line).
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Fig. 7. First harmonic response (black line) and the modification response (red line) to the 100 pT sinusoidal magnetic field at 31 Hz under the

influence of the optical frequency fluctuations at £15 GHz (blue line).

Moreover, the influence of optical frequency fluctuations
on the response signal was studied. By controlling the PZT
voltage inside the ECDL, a linear optical frequency variation
of 389.2886 THz + 15 GHz was obtained, accompanied by
undesired optical intensity noise, as shown in Fig. 6. The un-
expected optical intensity fluctuations were caused by the lim-
itation of the ECDL, but they would not have fatal impacts on
subsequent analysis.

As shown in Fig. 7, with the combined influence of op-
tical frequency and intensity fluctuations, the first harmonic
response V, changed significantly while the modification re-
sponse Vmop showed slight variations. The linearity error &
of the first harmonic response varied 38% under the optical
frequency fluctuations, as demonstrated in Fig. 8. On the con-
trary, the modification response maintained a level of 8% un-
der the combined effects of optical intensity and frequency
variations. In addition, the asymmetry of the linearity error
between =15 GHz frequency detuning in Fig. 8 was because
the magnetometer worked with the slight frequency detuning
(about 7 GHz redshift in our experiment) for the optimal per-

formance.
15 T T T T :
S
-
1<)
-
-
[}
>
5
B —10f
Q
£ 15}
— . .
20 —— First harmonic ]
—— Modification response
—25

10 =5 0 5 10 15
Frequency detuning (GHz)

—15

Fig. 8. First harmonic (red line) and modification (black line) linearity
error caused by optical frequency variation.

Finally, the noise spectral density averaged for 2 minutes
of both the first harmonic V, (in red line) and the modifica-
tion response Vyop (in red dashed line) was shown in Fig. 9.
As seen, the noise spectral density of the proposed modifica-

tion response was 8 fT/Hz!/2

, which may be limited by the
magnetic noise of the magnetic shield,®! consistently with

the first harmonic response signal.

& 104 : : :

>N ——First harmonic

= [ | - Modification response
~

E

g 10

i

%

=)

9]

e

= 102

g 8 £T/Hal/2

&

0 Q

& 10t¢ N[ S
P 60 80 100

Frequcency (Hz)

Fig. 9. Noise spectral densities of the conventional response and our mod-
ification method. The peak at 31 Hz was the calibration signal we applied,
the peak at 50 Hz Hz was the power frequency of the environment, and
the blue line was a fit to the atomic magnetometer noise floor.

5. Conclusion

In this study, we develop a comprehensive response
model for magnetic field measurement in zero-field single-
beam atomic magnetometer. Then the modification method
for magnetometer’s response that introduces the second har-
monic correction is proposed, which is advantageous in dy-
namic range expansion, linearity error reduction, and response
signal stability. The experiments showed that the dynamic
range was expanded to 10 nT, 5-fold larger than 2 nT in the
conventional method. Furthermore, the linearity error of the
proposed method was maintained at 1% in the dynamic range,
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five times lower than the first harmonic response. In addition,
when optical intensity fluctuated at 5% and frequency detuned
between &+ 15 GHz, the response signal was maintained at
intensity-related bias less than 1% and frequency-related bias
less than 8%, whereas the conventional method suffers insta-
bility of 15% and 38%, respectively.

Additionally, the modified response is as sensitive as the
first harmonic signal, ensuring high-sensitive and accurate
magnetic field measurement. Furthermore, our modification
method operated in real-time without introducing extra inter-
ferences to the environment, which is advantageous for the ap-
plications of MEG and MCG, where sensor arrays are utilized.
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