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This paper investigates the performance optimization of optically pumped magnetometers under zero-field
parametric modulation. Based on the analytical solutions of the Bloch equation, both longitudinal and transverse
modulations are studied experimentally. To estimate the nonuniform polarization distribution of alkali-metal

atoms in the vapor cell, an average pumping rate model is proposed. Furthermore, the accuracy of this model
and the measurement of the transverse relaxation rate are verified via the agreement between experimental
and theoretical values. The results indicate that optimal performance can be achieved by employing a suitable
modulation field, the selection of which is related to the modulation index u in the Bessel series and the

pump-light intensity. Although both operating modes show similar responses to weak magnetic fields, their
effects on pump-light intensity are different due to the means of detecting atomic polarization. An optimal value
of the pump-light intensity on the response strength exists in longitudinal modulation. However, with regard to
transverse modulation, the sensitivity under weak pump-light intensity is better. This research has far-reaching
significance for cases when the parametric modulation is manipulated.
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I. INTRODUCTION

Optically pumped magnetometers (OPMs) hold the
promise of excellent sensitivity for the detection of weak
magnetic fields [1]. Since their development [2—4], they have
been investigated intensively, and a variety of types have been
reported [5—7]. Traditional OPMs are typically operated in
the geomagnetic field, such as Mx and Mz magnetometers
that utilize the technique of magnetic resonance to observe
the Larmor frequency [8—10]. Their fundamental sensitivity is
limited by the spin-exchange relaxation [11]; therefore, it is
difficult to meet the demands of biomagnetism measurement.
To obtain subfemtotesla sensitivity, Kominis et al. proposed
a spin-exchange-relaxation-free (SERF) magnetometer [12],
which surpassed the superconducting quantum interference
devices (SQUIDs).

Another core branch is zero-field parametric modulation,
which emerged in the 1970s [13,14] and was recently oper-
ated in the SERF regime [15]. Parametric modulation forces
optically pumped atoms to precess at a frequency consistent
with the modulation field of several kilohertz. Because of the
inherent technical suppression of low-frequency noises, this
has become a research hot spot [16,17]. Especially in magne-
toencephalography, OPMs offer the advantages of noncryo-
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genic operation and wearable system construction compared
with SQUIDs [18] and have been developed rapidly [19,20].

Two structures of zero-field parametric modulation have
been developed depending on the modulation direction. The
parametric modulation scheme with a longitudinal modulation
field along the direction of the pump light (z axis) is named
the Z mode. The transverse modulation field in the plane
perpendicular to the pump beam is named the X mode. The
X mode is superior in compact miniaturization where one
laser beam is sufficient to detect weak magnetic fields [21].
Several micromachined OPMs have been proposed with the
X mode [22-25]. The Z mode was first introduced in the
SERF regime in 2006 by the Walker group, who demonstrated
that parametric modulation resulted in only a slight loss of
sensitivity compared with a nonmodulated SERF magnetome-
ter [26]. This can enable simultaneous detection of the two
magnetic components B, and B, with one probe beam. Later,
Zhang et al. developed a multichannel magnetometer and
realized simultaneous multilocation magnetic-field measure-
ments [27]. In either case, due to the presence of the mod-
ulation field, final analytical solutions of atomic responses
can be expanded into the superposition of multiple harmonics
with Bessel series by employing the Jacobi-Anger expansion.
However, few studies have provided comparative analyses of
these two modes, and the optimization of their sensitivity
requires theoretical support.

The pursuit of sensitivity in OPMs follows a process of
optimizing the polarization of an alkali metal to maximize
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its response while suppressing the system noise as much as
possible. Hence, the ultimate goal is to improve the signal-to-
noise ratio. Theoretical research indicates that the polarization
is mainly determined by both the spin relaxation rate and
the pumping rate [28]. The influences of cell temperature
[29], pump beam diameter [30], and pump-power density [31]
on the polarization were previously explored. In parametric
modulation, the modulation field strength should be optimized
to obtain the maximum value of the response coefficient
according to the Bessel series [26]. However, this field will
introduce extra spin-exchange relaxation [32], which affects
the polarization. These issues have not been addressed so far
in OPMs under zero-field parametric modulation.

In this paper, the combined effect of both the pump-light
intensity and the modulation field on the signal-to-noise ratio
performance of OPMs under zero-field parametric modula-
tion is fully considered. This paper is organized as follows.
First, the proposed average-pumping-rate model, a transverse
relaxation-rate measurement method, and analytical solutions
with theoretical models of the Z mode and the X mode are
presented in Sec. II. According to these two operation modes,
experimental setups constructed by a dual-beam structure and
a single-beam structure are described in Sec. III. Relevant
experiments were conducted under different pump-light inten-
sities and different modulation fields. Results and a relevant
discussion are presented in Sec. IV. The proposed theory
has been verified and provides theoretical support for the
improvement of OPM sensitivity.

II. THEORY ANALYSIS

The dynamics of optically pumped alkali vapor in the
SERF regime can be described by a Bloch equation [28]:

O Ly Bx P+ R(s2—P)—RoPl. (1)
a g

where P = (P,, P,, P,) is the electron polarization, g is the
slowing-down factor, y¢ is the electron gyromagnetic ratio,
B is the magnetic-field vector, R, is the pumping rate, Ry is
the total spin-relaxation rate, and s is the photon spin vector
of the pump beam.

For a potassium vapor, g can be represented as [33]
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where k is the binary spin-destruction coefficient, n is the
number density for different components, 1/75°F is the spin-
exchange relaxation rate, and 1/7) is the relaxation rate due
to diffusion, which can be calculated as [30]
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where D¥  is the diffusion constant of alkali atoms within the
buffer gas and a is the equivalent radius of the vapor cell.

When a modulation field B,, cos(w,,t) is applied, the spin-
exchange relaxation rate of K atomic spins is [32]
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where Rsr = k&.ng is the spin-exchange rate and «X; is the
spin-exchange coefficient.

The values of the parameters required in the above equa-
tions are given in Table I.

A. Average-pumping-rate model and its relationship
with the spin-relaxation rate

Note that the pump intensity is attenuated by the absorption
of the alkali vapor. Therefore, a position-dependent distribu-
tion of the pumping rate is achieved by using the Lambert-W
function as [29]

Rop(2) = ReaW [R°"(0) exp (R"p(o)

Rrel Rrel

where Ry is the sum of spin-relaxation rates that causes
atomic spin depolarization and o,,(v) is the optical pumping
cross section related to the laser frequency v. Rop(0) is the
pumping rate at the entrance window of the vapor cell, which
can be expressed as [30]

- nKoop(V)zﬂ, (6)
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where ¢(0) is the initial pump-light power density and % is the
Planck constant.

Since there is no depolarization in the spin-exchange col-
lisions between alkali-metal atoms, the relationship between
Ryt and Ry can be expressed as

Rop(o) =

Rtot = Rrel + (8)

T5F (By)

As a nonuniform distribution, a uniform model [38] is no
longer sufficiently to describe the phenomenon. To solve this
problem, an average-pumping-rate model is proposed. The
main idea of the developed average model is to estimate the
pumping rate by summing R,,(z) along the z axis and dividing
the result by the cell length L, which can be described by the
following equation:

=

_ 1 [t
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B. Z mode: Modulation field along the pump direction

Applying the z-axis modulation field B,, cos(w,,t) parallel
to the pump light and operating in the zero field, components
of B are B, = By, B, = By, and B, = B,, cos(w,t). The
polarization projection is measured by a probe beam along the
x axis, as shown in Fig. 1(a). Based on Eq. (1), the response
of P, for zero-order parametric modulation is observed to be
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TABLE 1. Parameters required for calculation.

Parameters Value or expression Reference
Spin-destruction rate coefficient of K-K: « &, 1.0 x 1079 cm?/s [35]
Spin-destruction rate coefficient of K-Ny: «2 7.9 x 10729 cm®/s [35]
Spin-destruction rate coefficient of K-He: /¢ 8.0 x 107%% cm?/s [36]
Spin-exchange rate coefficient of K-K: «&; 1.8 x 1079 cm?/s [37]

3
Diffusion coefficient of K in He: DX 0.35 x (75%)2 IP::‘ cm?/s [36]

B, - . . Roy -
where u = £>2 is the modulation index and Py = =—2— is
4om Rop+Reel

the approximate projection of P,.

This indicates that the Z mode can realize the synchronous
measurement of both B, and B, by the odd harmonics sen-
sitive to B,o and the even harmonics sensitive to Byg. Since
the increase of the harmonic order leads to a decrease in
the response coefficient, only the dc component and first
and second harmonics of w,, are generally considered, with
expressions of

P eJZ
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C. X mode: Modulation field on the transverse plane

As shown in Fig. 1(b), operating at the X mode with a
modulation field B,, cos(w,t) along the x axis, the field to be
measured is defined as By. The presence of the modulation
field makes the pump light insensitive to the slowly changing
fields in the other two directions; thus, By and B, are assumed
to be zero. Components of B are B, = B, cos(w,t) + By,
By, =0, and B; = 0. Based on Eq. (1), the response of P, for

Bncos w pt

Byo

Pump Beam

(a) (b)

Pump Beam

FIG. 1. Principle sketch of parametric modulation on an optically
pumped atom. P, polarization of an alkali atom, where P, = Py + iP,
and i is the imaginary number; By, cos(wnt), modulation field; and
Byo, Byo, By, magnetic fields to be measured. (a) Z mode and (b) X-
Mode.

zero-order parametric modulation is observed to be
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The term (y“By)” in the denominator can be ignored when
Rop + Riot > y°By. In the zero field, its first harmonic of w,,
is approximately

¥ RopJou)J (u)

R 1 R sin(wy,t)By. (15)
op tot
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However, for By with a large variation range, the dc com-
ponent of P, can be obtained as

(Rop + Rio)RopJ3 ()
(Rop + Rio)? + (y¢Bo)?’

Pge (16)

which appears as an absorption curve with By, the half-width
at half maximum of which is consistent with the transverse
relaxation rate 1/7> = Rop + Rior. Therefore, 1/T> can be
obtained according to the linewidth of the dc response in the
X mode.

Equations (11)—(13) and (15) show that different har-
monics are determined by their response coefficients, which
contain Bessel series and the mutually restricted terms, Ry
and Ry. Hence, the optimal sensitivity can be obtained by
adjusting the amplitude and frequency of the modulation field
with a proper pumping intensity. In addition, the responses
of these two operation modes indicate that their detection
directions are different, although they have similar solutions,
as illustrated in Fig. 1.

III. EXPERIMENTAL SETUPS

A schematic of the experimental apparatus is shown in
Fig. 2. A cubic vapor cell of 10-mm inner length contains
a small droplet of K metal of natural abundance, 600 Torr
of “He as a buffer gas, and 50 Torr of N, as a quenching
gas. It is placed in a boron nitride ceramic oven, which
is heated to 160°C by twisted-pair wires using a 100-kHz
ac current. A Pt1000 resistor pasted on the inner wall of
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FIG. 2. Schematic of the experimental apparatus. PMF: polarization maintaining optical fiber. TA: transimpedance amplifier. PBS:
polarization beam splitter. LIA: lock-in amplifier. LPF: low-pass filter. PD: photodiode. A circularly polarized pump beam propagating along
the z axis is used to polarize the K vapor. (a) Modulation along the z axis with an additional linearly polarized probe beam propagating along

the x axis and (b) modulation along the x axis.

the oven provides a real-time monitor of the cell tempera-
ture, so that the density of K is maintained at about ng =
2.24 x 10" cm™ [28]. A four-layer cylindrical w-metal
shield is employed to isolate the external magnetic field
interference.

The pump beam, tuned on the K D; resonance line at
770.110 nm, traverses along the z axis. A combination of a po-
larizer and a quarter-wave plate converts the linearly polarized
pump beam into a circularly polarized one with a spot diame-
ter of 3 mm. In the Z mode, an additional probe beam whose
frequency (766.600 nm) is tuned to several gigahertz from
the K D, resonance line is utilized to detect the polarization
projection along the x axis. To suppress additional spin relax-
ation, the probe intensity is only 100 wW. Both light sources
are New Focus external-cavity diode laser systems and illumi-
nate into the vapor cell via a polarization-maintaining optical
fiber.

A commercial computer-controlled digital lock-in ampli-
fier (Zurich Instruments, model MFLI) is used as a de-
modulator to obtain the parametric response of each or-
der. This is also the source that generates arbitrary mod-
ulation fields. The dc component is obtained by passing
the output signal through a low-pass filter with a band-
width of 100 Hz. The first or second harmonic is obtained
to demodulate with a frequency of w, or 2w,. An ana-
log adder (Stanford Research Systems, SIM980) applies the
modulation field and compensation field to a triaxial coil
system synchronously. A transimpedance amplifier (Thor-
labs, PDA200C) amplifies the photocurrent induced by the
photodiode.

In the Z mode, the polarization plane of a linearly polarized
probe light will produce an optical rotation angle 6 propor-
tional to P, when passing through the cell along the x axis.

Considering the spatial distribution of P,, this rotation angle 6
can be expressed as [39]

0 = ~ngrocfo Vpr — Vb2 /P dx,  (17)
47T e — v 2 A (D722 )T
where I' is the pressure-broadened absorption linewidth, v,
is the frequency of the probe light, 7, is the classical electron
radius, c is the speed of light, fp, is the oscillator strength, vp,
is the resonant frequency of the K D, line, and L is the length
of the vapor cell.
0 is detected by the balanced polarimetry technique, as
shown in Fig. 2(a) [28]. When P, < 1, the signal response
of the OPM can be approximated as

S7-mode = nlpr eXp [_nKaop(Vpr)L]e’ (18)

where 7 is a conversion factor between light and voltage, I,,,
is the probe intensity.

In the X mode, the intensity variation of the circularly
polarized pump light passing through the cell implies the in-
formation of P,. Therefore, the OPM response can be directly
obtained by monitoring the pump intensity behind the cell,
which can be expressed as

SXfmode = nlpump €Xp [_nKUOp(Vpump)L(l - Pz)]v (19)

where Iyump and vpuymp are the initial intensity and the fre-
quency of the pump light, respectively. When the change in
P, is small, the relationship between Sx_mode and P, can be
considered to be approximately linear.

According to the experimental setups, the performance of
the OPM operated in these two modes is investigated, and
the experimental results are compared with our theoretical
solutions.
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FIG. 3. Signal responses to weak magnetic fields and polarization of alkali atoms as a function of pump intensity. Modulation field:
amplitude of 80 nT and frequency of 1 kHz. (a), (b), and (c) represent the response of the dc component, the first harmonic, and the second
harmonic in the Z mode, respectively. Each response approaches the maximum at 10 mW /cm? by fitting with Egs. (11)-(13). (d) represents
the first-harmonic response, which increases with the pump intensity by fitting with Egs. (14) and (19) in the X mode. The polarization of
the alkali atoms increases with the pump-light intensity. Differences between actual responses and theoretical fitting curves are caused by the

diffusion between atoms.

IV. RESULTS AND DISCUSSION

Parametric modulation would induce spin-exchange relax-
ation of atomic spins and alter the response strength. The
ratio of B,, to w,, determines the modulation index u of
the Bessel series. Therefore, the value of B, corresponding
to the maximum response differs for different conditions.
To explore the optimal sensitivity, several experiments were
carried out.

First, the relationship between the pump intensity and the
response was studied with a modulation field of 80 nT at
1 kHz, as depicted in Fig. 3. For different axes, the cali-
bration signal was an identical sinusoidal field of 100 pT
at 20 Hz. The normalized response strengths at different
pump intensities are plotted on the left axis. The experimental
data in Figs. 3(a) and 3(c) were fitted with the coefficients
of By in Egs. (11) and (13), respectively. Figure 3(b) was
fitted with the coefficient of B,y in Eq. (12). The response
strength reached the maximum when the pump intensity was
10 mW/cm? in the Z mode. In the X mode, the experimen-
tal data in Fig. 3(d) were fitted with the coefficient of By
according to Eq. (19), indicating that the response strength
increased with the pump intensity since its scale factor of
By contained Ipymp. The polarization of alkali-metal atoms is
plotted against on right axis in Fig. 3, based on the theoretical
values of R.p and Ry;. Differences between theoretical fitting
curves and actual measurements are the result of the diffusion
phenomenon [40].

Then, the response strength was measured with the am-
plitude of the modulation field applied under different mod-

ulation frequencies. In the Z mode, the experimental data in
Figs. 4(a) and 4(c) were fitted with the coefficient of By in
Egs. (11) and (13), respectively. The experimental data in
Fig. 4(b) were fitted with the coefficient of B, in Eq. (12).

60

Simulation, 800 Hz
Simulation, 1 kHz
Simulation, 1.2 kHz
~F- Measurement, 800 Hz
---- ¥~ Measurement, 1 kHz
3. 1 Measurement, 1.2 kHz

40

20 (a)

Signal response (mV/pT)

0 G i i 1
0 100 200 300 400 500
Amplitude of modulated field: B, (nT)

FIG. 4. Measurement and simulation in the Z mode, with modu-
lation frequencies of 800 Hz, 1 kHz, and 1.2 kHz; the pump intensity
is 10mW /cm?. The response strength is a function of the modulation
index.

053427-5



WANG, FAN, YIN, YAN, ZHOU, AND SONG

PHYSICAL REVIEW A 101, 053427 (2020)

(]

¥~ Measurement, 1 kHz

3 S - Measurement, 2 kHz
: . — Simulation, 1 kHz

Simulation, 2 kHz

Signal response (mV/pT)
N

»* 87
4 8
2 * @
0 50 100 150
Amplitude of modulated field: B, (nT)
20 (a)

%+ Measurement, 1 kHz
- Measurement, 2 kHz
Simulation, 1 kHz
Simulation, 2 kHz

* )
»

T =TI

0
0 50 100 150 200 250
Amplitude of modulated field: B, (nT)

(b)

FIG. 5. Measurement and simulation in the X mode with modu-
lation frequencies of 1 and 2 kHz. (a) Pump density of 2.5 mW /cm?
and (b) pump density of 5SmW /cm?. The response strength is a
function of the pump-light intensity and the modulation index.
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In the X mode, the experimental data in Fig. 5(d) were
fitted with the coefficient of By in Eq. (15). This verifies that
the response strength is a function of the modulation index.
Because the higher-order Bessel series terms are neglected
and the nonuniformity of the polarization distribution affects
the pumping rate and the slowing-down factor, the actual
measurement results are slightly different from the theoretical
values but are still within acceptable range.

Figure 6 shows the normalized responses at different mod-
ulation frequencies. The amplitude B,, is 80 nT. The pump
density is 5 mW /cm?. The error bars of the experimental data
are smaller than the data markers, so they are not plotted.
This implies that with a higher modulation frequency, it is
necessary to increase the value of B,,, which yields a stronger
spin-exchange effect and reduces the response strength.

In the X mode, the transverse relaxation rate was measured
using the linewidth of the dc response, as shown in Fig. 7.
The pumping rate was calculated with the proposed average
model. The experimental data are consistent with the theo-
retical values, indicating that the proposed average pumping
model is effective.

Based on the above analysis and experiments, it can be con-
cluded that the optimal response strength can be obtained by
controlling the pump-light intensity and the modulation index
to quickly identify the best sensitivity of the magnetometer
system.

The optimal responses of the first and second harmon-
ics in the Z mode were obtained with modulation fields of
90 nT at 800 Hz and 170 nT at 800 Hz with a pump intensity
of 10mW /cm?, respectively. Figure 8(a) exhibits the noise

1o P T b o
[ Buﬂs ,,...4-""'——'—
0.8 E’aaﬂ AAAAAAAA ==+~ dc component
Lol - = - First harmonic
0.6 =% =
O o« Bogg Second harmonic

© 04 [ TB-g a.
a, 8--a.
% 02 [ T o R
2 ol (a) Z-mode
N
= 1 c :

0.8 = --= - First harmonic
: oo

0.6 o .

h28
0.4 R
02 X-mode T sy
: bl
(b)
0 L
500 1k 10k

Modulation Frequency (Hz)

FIG. 6. Normalized response of a modulation field with an am-
plitude of B, =80 nT. With a fixed B,, the response strength
decreased with increasing modulation frequency.

spectral density of each harmonic working at the optimal
response in the Z mode, while that of the X mode operating at
optimal response under different pump intensities is shown in
Fig. 8(b). The 1/f noises are not obvious, and low-frequency
noises are suppressed.

In a dual-beam structure, the Z mode, the pump light is
parallel to the modulation field; therefore, the modulation field
does not affect the polarization along the z axis. The preces-
sion of the atomic magnetic moment reaches the dynamic
equilibrium under the combined action of the pump light
and the modulation field. The polarizing detection method
of the balanced polarization suppresses the common-mode
noise in the detection system. Therefore, a sensitivity of nearly
10fT/Hz!/? can be obtained with the first harmonic in the
Z mode.

Nevertheless, in a single-beam structure, the X mode, the
first harmonic of the pump-light intensity behind the vapor
cell reflects the magnetic field to be measured. For a pump
light with a weak initial intensity, a large modulation field

2500 A
- 4--Experimental Data Py :

§ 2000 *Theoretical value /n’
< 1500 o
=" e
=z A
& 1000 o
E

500 L

a7
&
0
0 2 4 6 8 10

Pump density (mW/cm2)

FIG. 7. Linewidth of the dc response in the X mode as a function
of the pump intensity, related to R,,. The half-width represents the
transverse relaxation rate 1/7;. The experimental data match the
theoretical value.
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FIG. 8. Noise spectral density of the two operation modes. (a)
Z mode: a modulation field at 90 nT at 800 Hz when measuring
the dc component and first harmonic and 170 nT at 800 kHz when
measuring the second harmonic. The calibration field is 100 pT at
23 Hz. The probe noise is 2.5 fT/Hz'/, far less than the total noise.
(b) X mode: with different pump densities of 2, 5, and 8 mW /cm?,
the optimal modulation field is 35, 70, and 100 nT at 1 kHz,
respectively. The calibration field is 100 pT at 20 Hz. The noise
baseline is limited by the magnetic-field noise and the system noise.

leads to a great spin-exchange relaxation. It causes strong
absorption of the pump light by atoms and eventually de-
creases the output light intensity. Moreover, increasing the
pump-light intensity will increase its dc response, resulting
in a larger photocurrent bias in the photodiode (PD). Through
a preamplifier, the first harmonic is amplified with the offset
of the photocurrent, which leads to a limited magnification.

At the same time, excessive light intensity will deteriorate the
signal-to-noise ratio performance, which is mainly induced by
the increased shot noise on the PD. Therefore, the key factor
for the improvement of the sensitivity is the employment of
a weak pump-light intensity and the application of a low-
frequency modulation field with optimal amplitude.

V. CONCLUSION

In summary, we have theoretically and experimentally ex-
amined the effect of pump-light intensity and the modulation
field of OPMs under zero-field parametric modulation. The
analytic solutions of different harmonic responses were inves-
tigated with the average-pumping-rate model. In the Z mode,
the balanced polarimetry technique can suppress the common-
mode noise and offer natural advantages of high sensitivity.
However, the X mode requires fewer optical components
and has the advantage of small volume integration due to
its configuration of a single laser beam. Compared with the
nonmodulated SERF magnetometers, the atomic spins after
modulation exhibit strong spin-exchange relaxation. There-
fore, the parameter selection of the modulation field and the
pump-light intensity become the key factors in the improve-
ment of OPM performance. Since the response is modulated
into several kilohertz, it is beneficial to suppress the 1/ f noise,
especially the low-frequency noise caused by vibrations and
detection systems. Parametric modulation is especially suit-
able for magnetocardiography and magnetoencephalography.
The presented theory and method in this paper have profound
guiding significance for the application of parametric modu-
lation technique in OPMs.
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