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A method of measuring in-situ magnetic field gradient is proposed in this paper. The magnetic shield is widely used in
the atomic magnetometer. However, there is magnetic field gradient in the magnetic shield, which would lead to additional
gradient broadening. It is impossible to use an ex-situ magnetometer to measure magnetic field gradient in the region of a
cell, whose length of side is several centimeters. The method demonstrated in this paper can realize the in-situ measurement
of the magnetic field gradient inside the cell, which is significant for the spin relaxation study. The magnetic field gradients
along the longitudinal axis of the magnetic shield are measured by a spin-exchange relaxation-free (SERF) magnetometer
by adding a magnetic field modulation in the probe beam’s direction. The transmissivity of the cell for the probe beam
is always inhomogeneous along the pump beam direction, and the method proposed in this paper is independent of the
intensity of the probe beam, which means that the method is independent of the cell’s transmissivity. This feature makes
the method more practical experimentally. Moreover, the AC-Stark shift can seriously degrade and affect the precision of
the magnetic field gradient measurement. The AC-Stark shift is suppressed by locking the pump beam to the resonance
of potassium’s D1 line. Furthermore, the residual magnetic fields are measured with σ+- and σ−-polarized pump beams,
which can further suppress the effect of the AC-Stark shift. The method of measuring in-situ magnetic field gradient has
achieved a magnetic field gradient precision of better than 30 pT/mm.

Keywords: spin-exchange relaxation-free, atomic magnetometer, magnetic field gradient, magnetic shield,
AC-Stark shift

PACS: 07.55.Ge, 07.55.–w, 41.20.Gz, 32.60.+i DOI: 10.1088/1674-1056/24/6/060702

1. Introduction
Atomic magnetometers are widely studied and have de-

veloped rapidly in recent years.[1–6] One of the most sensi-
tive atomic magnetometers is the spin-exchange relaxation-
free (SERF) atomic magnetometer, whose theoretical sensitiv-
ity can reach attotesla-level,[7] which can be used in biomag-
netism, electric dipole moment (EDM) measurement, and ul-
trahigh sensitive inertial measurement.[8–10] Furthermore, the
SERF magnetometer has realized the highest sensitivity at low
frequency.[11] The condition of a low residual magnetic field
is essential in keeping the atoms in the SERF regime, which
can result in the spin-exchange rate far exceeding the Lamor
procession frequency.[12] Therefore, a passive magnetic shield
and active magnetic compensation methods are always used
in the atomic magnetometer to shield the earth’s magnetic
field.[13,14] However, there is a small magnetic field gradient
in the shield, which would increase the relaxation rate of the
alkali atoms.[15] Therefore, precisely measuring the magnetic
field gradient is vital to the spin relaxation study. The resid-
ual magnetic field along the longitudinal direction of the mag-
netic shield is always much larger than along the transverse di-
rection due to the unequal shielding factor.[16] We are mainly

concerned with the magnetic field gradient in the longitudi-
nal direction in experiment. The magnetic field gradient in the
magnetic shield is mainly comprised of two parts: one is the
residual magnetic field gradient in the magnetic shield and the
gradient effect introduced by the coils; the other is caused by
the AC-Stark effect, which is also called light shift, and can be
treated as fictitious magnetic field.[7] This is particularly true
if the power of the pump beam cannot fully polarize the alkali
atoms. The pump beam can then propagate through the cell
with a uniform intensity, because the light shift is proportional
to the intensity of the pump beam, which has a gradient along
the direction of the pump beam. This light shift can seriously
degrade and affect the precision of the magnetic field gradient
measurement.

It is difficult to measure magnetic field gradient in the re-
gion of a cell, whose length of side is several centimeters. The
size of the magnetometer’s sensor needs to be less than sev-
eral centimeters, and the spatial resolution of the magnetome-
ter should be of the order of a few millimeters. The SERF
magnetometer has realized a 2-mm spatial resolution, which
was determined by the diffusion constant.[17] Moreover, the
high spatial resolution makes the SERF magnetometer suit-
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able for working in the structure of magnetometer arrays.[17]

Furthermore, the SERF magnetometer is an ideal vector mag-
netometer, which can work as a three-axis magnetometer and
realize in-situ magnetic field measurements.[18]

In this paper, we propose a method to realize the in-situ
measurement of the magnetic field gradient in a cell, which
is placed into a magnetic shield. The alkali atoms in the cell
are kept in SERF regime by magnetic field shielding and com-
pensation. Meanwhile, the structure of the probe beam optical
system is designed to be suitable for detecting the magnetic
field along the pump beam direction (the pump beam propa-
gates along the longitudinal axis of the magnetic shield). The
magnetic field is measured in steps of 2 mm along the pump
beam, which can be used to calculate the magnetic field gra-
dient. To measure the residual magnetic field along the pump
beam direction, which is usually accomplished with the first
harmonic signal of the lock-in amplifier, it is important to
keep the transmissivity of the cell uniform with respect to the
probe beam along the pump beam direction. However, this
requires very exquisite manufacturing technology of the cell.
Furthermore, the adhesion of the alkali atoms to the cell’s wall
can hardly be solved. The method of measuring the magnetic
field gradient, proposed in this paper, is independent of the
cell transmissivity, which is a significant development in the
actual experiment. This method enables the measurement of
the magnetic field gradient in the magnetic field to be per-
formed more precisely and easily. The light shift and its gra-
dient cannot be easily distinguished from the magnetic field,
which can affect the precision of the magnetic field gradient

measurement. To evaluate the magnetic field gradient caused
by the residual magnetic field, the pump beam is locked to the
D1 line of the potassium, which can greatly reduce the AC-
Stark shift. Additionally, the light shift is further reduced by
magnetic field measurement with σ+- and σ−-polarized pump
beams.

2. Theory
Due to the suppression of the spin-exchange relaxation,

the SERF magnetometer is ultra-highly sensitive to the mag-
netic field.[12] The SERF magnetometer is a vector magne-
tometer, whose most sensitive direction is perpendicular to the
probe beam and the pump beam. However, the SERF magne-
tometer can realize the three-direction magnetic field measure-
ment by some modulation methods.[19,20] As shown in Fig. 1,
the probe beam propagates along the x direction, the pump
beam propagates along the z direction, and the y direction is
perpendicular to the probe beam and the pump beam. The spin
evolution of the SERF magnetometer can be well described by
the Bloch equation,[21]

d𝑃
dt

=
1
q
[γe(𝐵+BLSẑ)×𝑃 +ROPẑ−Rtot𝑃 ], (1)

where 𝑃 is the electron spin polarization, q is the slowing-
down factor, γe is the gyromagnetic ratio of the electron, 𝐵 is
the residual magnetic field, the BLS is the light shift in the z
direction, ẑ is the unit vector of the z direction, Rtot is the total
spin relaxation rate, and ROP is the pumping rate of the pump
beam, which can be considered as
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Fig. 1. (color online) Experimental apparatus. A cubic cell is placed into the center of the magnetic shield and the compensation coils. A circularly polarized
pump beam pumps the atoms along the z direction. A linearly polarized probe beam propagates along the x direction. The mirror mounted on the linear
stage allows the probe beam to translate along the z direction.
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ROP = rec fD1Φ𝑠
ΓL/2

(νp −ν0)2 +(ΓL/2)2

=
P

Ahνp
rec fD1𝑠

ΓL/2
(νp −ν0)2 +(ΓL/2)2 , (2)

where re is the radius of the electron, c is the speed of light,
fD1 is the oscillator strength of the D1 transition, Φ is the to-
tal flux of photons incident on the atom in units of number of
photons per area per time, 𝑠 is the photon spin vector, which
ranges from −1 to 1, νp is the frequency of the pump beam,
and νD1 is the resonance frequency of the D1 transition, P is
the power of the pump beam, A is the area of the pump beam,
and h is the Planck constant.

The quasi-static solution of Eq. (1) can be considered as

Px = P0 ×
εBy +Bx(Bz +BLS)

ε2 +B2
x +B2

y +(Bz +BLS)2 , (3)

where Px is the spin polarization in the x direction, P0 is the
electron polarization, Bx, By, and Bz are the residual magnetic
fields in the x, y, and z directions, respectively and

ε =
Rtot

γe
, (4)

P0 =
ROP

ROP +Rrel
. (5)

The light shift can be treated as a fictitious magnetic field,
which can be considered as[7]

BLS =
−rec fD1Φ𝑠

γe
×

νp −νD1

(νp −ν0)2 +(ΓL/2)2 . (6)

To keep the atoms in the SERF regime, the magnetic
fields in three directions are well compensated. Moreover, the
light shift cannot be easily distinguished with the magnetic
field. Therefore, in order to precisely measure the residual
magnetic field gradient in the magnetic shield, the light shift
needs to be greatly reduced. According to Eq. (6), the light
shift can be suppressed by locking the pump beam to the res-
onance of the potassium’s D1 line. Then, an oscillating mag-
netic field modulation is used in the x direction to make the
SERF magnetometer sensitive to the magnetic field in the z
direction,

B mod = Bm sin(ωt). (7)

After the compensation of the magnetic fields, the resid-
ual magnetic fields in three directions and the light shift are
relatively small, i.e., B2

x +B2
y + (Bz +BLS)

2 � ε2. Inserting
the modulation into Eq. (3), we find

Px(z) =
ROP

ε2Rtot
Bm(Bg(z)+BLS(z))sin(ωt), (8)

where Bg is the residual magnetic field after the magnetic field
compensation, which is caused by the non-uniform magnetic
field along the z direction.

The signal of the SERF magnetometer is acquired by
measuring the optical rotation of the probe beam. Further-
more, the optical rotation can be considered as[7]

θ =
π

4
nKlrec fD2

ROP

ε2Rtot
Bm(Bg(z)

+ BLS(z))sin(ωt)Im[V [νm −νD2]], (9)

where nK is the vapor density of the potassium, l is the prop-
agation length of the probe beam through the cell, fD2 is the
oscillator strength of the potassium’s D2 line, which is approx-
imately 2/3, V is the Voigt profile, νm is the frequency of the
probe beam, and νD2 is the resonance frequency of the potas-
sium’s D2 line.

The signal of the probe beam is detected by a photodiode,
and the signal from the photodiode is demodulated by a lock-
in amplifier. The modulated intensity on the photodiode can
be considered as[22]

I(ω)≈ I0αθ sin(ωt)+
1
8

I0α
2[1− cos(2ωt)], (10)

where I is the intensity of the probe beam, which is detected by
the photodiode; I0 is the initial intensity of the probe beam; α

is the retardation angle of the photoelastic modulator (PEM);
ω is the modulation frequency of the PEM. From Eq. (10), we
can find that the first harmonic ω is proportional to the optical
rotation θ , and the second harmonic 2ω is proportional to the
initial intensity I0.

3. Experiments and results
As shown in Fig. 1, a roughly cubic cell with each side be-

ing approximately 2.5 cm is placed into a four-layer mu-metal
magnetic shield, and the radius of the innermost layer is ap-
proximately 0.2 m. The shielding factor of the magnetic shield
for the transverse magnetic field is approximately 1.4×105 af-
ter degaussing. The cell contains a drop of potassium, 700 Torr
(1 Torr = 1.33322× 102 Pa) helium-4 and 30-Torr nitrogen,
which is heated to 443 K by a 100-kHz AC electrical heater.
To further reduce the residual magnetic field in the magnetic
shield and add to the modulation magnetic field in the x direc-
tion, three pairs of Helmholtz coils are placed into the mag-
netic shield. The pump beam is circularly polarized, and prop-
agates along the z direction. The probe beam is linearly po-
larized, and propagates along the x direction. Moreover, the
probe beam is reflected by a mirror, which is mounted on a
linear transition stage. The high precision metric linear stage
translates the probe beam along the z direction, which makes it
possible to measure the residual magnetic field gradient along
the z direction. Furthermore, the PEM is used to reduce the
1/ f noise of the probe system.

According to Eqs. (7) and (8), a modulation is added to
the x-direction coils, whose frequency is 10 Hz and ampli-
tude is 160 pT. The lock-in amplifier is then used to measure
the first harmonic, which is proportional to the magnetic field
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gradient Bg. However, this measurement would introduce a
large error, owing to the transmittance of the probe beam being
different along the cell, which is caused by the non-uniform
thickness of the cell’s wall and the attachment of the alkali
atoms to the cell’s wall. To demonstrate this clearly, we mea-
sure the second harmonic signal, which is proportional to the
initial intensity I0 according to Eq. (10), the experimental re-
sult is shown in Fig. 2.
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Fig. 2. (color online) The second harmonic signal of the lock-in ampli-
fier, which is proportional to the power of the probe beam as predicted by
Eq. (10).

If the alkali atoms are not fully polarized, the electron
polarization along the pump beam would be non-uniform. Ac-
cording to Eqs. (2) and (5), we perform a simulation of the
electron polarization as a function of pumping laser power,
and the result is shown in Fig. 3.
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Fig. 3. Simulation of the electron polarization as a function of pump laser
power, showing that the polarization of the potassium increases with the
augmentation of the pump beam power, and the polarization is almost 1,
when the pumping laser power is larger than 60 mW.

By adjusting the linear translation stage in steps of 2 mm,
the probe beam could be launched at different but parallel off-
set positions along the z direction. The measurement is re-
peated with varying the power of the pump beam from 1 mW
to 100 mW. As shown in Fig. 4, with different powers of pump
beam the second harmonic signals are almost parallel to each
other, and the different offsets are caused by unequal scale fac-
tor of the magnetometer due to the different powers of the

pump beam. As the power of the pump beam is increased,
the polarization rate of the alkali atoms increases. According
to the experimental result, the initial intensity I0 is not a con-
stant at the different points of the cell. For an ideal cell, whose
transmissivity to the probe beam is constant, the experimental
curves should be constant with different distances. However,
as shown in Fig. 4, the curves decay in the middle and at two
ends. The decays at two ends are due to partial blocking of
the probe beam by the magnetic shield. The signal fluctuation
at the location of 4 mm–8 mm is caused by the attachment of
the alkali atoms in the middle of the cell, the cell used in this
experiment is shown in Fig. 5.
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Fig. 4. (color online) The second harmonic signal of the lock-in ampli-
fier with different locations of the probe beam along the z direction. The
different offsets of the curves are due to the unequal scale factor caused
by different polarization rates. Moreover, when the pump beam’s power
is larger than 60 mW, the alkali atoms are almost fully polarized, and the
curves almost overlap.

Fig. 5. (color online) Fluctuation in Fig. 4, which is caused mainly by the
attachment of the alkali atoms to the cell’s wall, as shown in this figure,
more alkali atoms are attached to the center of the cell’s wall, which can
reduce the power of the probe beam considerably after passing through the
center of cell.

Directly demodulating the first harmonic signal to mea-
sure the magnetic field is frequently used. However, the inho-
mogeneity in the transmissivity of the cell to the probe beam
makes this method unable to measure the magnetic field gradi-
ent precisely. To solve the problem, the measurement method
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needs to be modified. According to Eq. (8), when a calibrating
magnetic field Bc is applied in the z direction, we find

Px(z) =
ROP

ε2Rtot
Bm(Bg(z)+BLS(z)+Bc)sin(ωt). (11)

When the calibration magnetic field is applied to the pos-
itive direction of the z axis, an output signal can be acquired,
and then we change the sign of the calibration magnetic field,
which means that along the negative direction of the z axis, an
additional output signal can be acquired. The former output
is subtracted from the latter one, resulting in the elimination
of the magnetic field gradient and the light shift, the remain-
der is proportional to 2Bc. Using this method, the scale factor
between the output signal and the value of the magnetic field
along the z direction can be determined.

The light shift can be treated as fictitious magnetic field,
which has considerable effects on magnetic field gradient mea-
surement. Whereas, according to Eq. (6), the frequency of the
pump beam is locked to the resonance of the potassium’s D1
line to suppress the light shift. However, the light shift cannot
be ideally attenuated to zero. Furthermore, when the pump
beam with low intensity propagates through the cell, the in-
tensity of the pump beam is non-uniform along the z direction,
which causes the light shift gradient. The light shift gradient
will affect the measurement of the residual magnetic field in
the magnetic shield. According to Eq. (6), the direction of the
light shift is determined by the photon spin vector of the pump
beam. For a σ+-polarized pump beam (s =+1), the light shift
is along the negative direction of the z axis. For a σ−-polarized
pump beam (s =−1), the light shift is along the positive direc-
tion of the z axis. After each measurement in which the probe
beam propagates from one side of the cell to another side, the
σ+-polarized pump beam is changed into σ−, and the mea-
surement is repeated. The magnetic field measured with σ+-
polarized pump beam is Bg(z)−BLS(z), and for σ−-polarized
pump beam is Bg(z)+BLS(z). Therefore, the magnetic field
caused by the residual magnetic field and the light shift can be
measured independently.

The calibrating magnetic field along the z direction used
in the experiment is set to be approximately 1.6 nT, i.e.,
Bc ≈ 1.6 nT. The residual magnetic field is then measured by
varying the pump beam power from 1 mW to 100 mW. As
shown in Fig. 6, when the pump beam power is below 60 mW,
the alkali atoms are not fully polarized, which causes inhomo-
geneous absorption rate of the pump beam as the pump beam
propagates through the cell. The non-uniform power of the
pump beam results in the light shift gradient. The experimen-
tal results of the magnetic field gradient are not accurate with
using a low pump beam power. As the power of the pump
beam increases, it becomes evident that when the power of
the beam is larger than 60 mW, the alkali atoms are fully po-
larized by the pump beam. When the pump beam power is

larger than 60 mW, the measurement results of the magnetic
field gradient are almost similar to each other and the differ-
ences between them are within 0.25 nT. With a high pump
beam power, the light shift should be constant through the cell.
However, there is a small offset between the experimental data
with pump beam powers of 60 mW, 80 mW, and 100 mW,
which may be due to the small deviation of the scale factor
calibration with a high pump power. However, the offset does
not affect the measurement of the residual magnetic field gra-
dient.
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Fig. 6. (color online) Experimental result of the residual magnetic field
along the z direction. The measurement of the magnetic field with low
pumping power is inaccurate due to the light shift gradient and inhomoge-
neous polarization rate through the cell.

In such a case, the light shift gradient can be suppressed
with a high pump beam power. The residual magnetic field
gradient is measured when the power of the pump beam is
larger than 60 mW, which should ensure that the alkali atoms
are fully polarized. As shown in Fig. 7, the magnetic field
gradient in the magnetic shield is less than 0.4 nT/mm, and
there is a minimum magnetic field gradient between 8 mm
and 10 mm, and the minimum gradient is approximately
0.075 nT/mm. The precision of the magnetic field gradient
measurement is better than 0.03 nT/mm, and the spatial res-
olution of the magnetic field gradient measurement inside the
magnetometer cell is approximately 2 mm.

0 2 4 6 8 10 12
0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

R
e
si

d
u
a
l 
m

a
g
n
e
ti
c
 f
ie

ld
 

g
ra

d
ie

n
t/

(n
T

/
m

m
)

Distance/mm

 60 mW
 80 mW
 100 mW

Fig. 7. (color online) Magnetic field gradients along the z direction, mea-
sured with pump beam’s power of 60 mW (solid circle), 80 mW (solid
triangle), and 100 mW (solid square).
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The SERF magnetometer is the most sensitive to the mag-
netic field in the y direction, and is insensitive to the magnetic
field in the z direction, with all residual magnetic fields well
compensated. However according to Eq. (3) we can apply a
bias or modulation magnetic field to the x direction to make
the SERF magnetometer sensitive to the magnetic field in the
z direction. We set the pump laser power to be 20 mW and
probe laser power to be 1 mW, a 3.2-nT bias magnetic field
is applied to the x direction to make the SERF magnetome-
ter sensitive to the magnetic field in the z direction. Then a
22-pT calibration magnetic field is applied to the z direction.
As shown in Fig. 8, a sensitivity of 40 fT/Hz1/2 is achieved in
the z direction, in contrast the probe noise in the y direction is
5 fT/Hz1/2. The sensitivity of the SERF magnetometer in the z
direction is worse than the sensitivity we have achieved in the y
direction with optimizations before in Ref. [20]. Nonetheless,
the advantage of the SERF magnetometer which is sensitive
to the magnetic field in the z direction is that it can be used
in magnetic field gradient measurement in the z direction and
light shift measurement along the pump beam.
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Fig. 8. (color online) Spectra of SERF magnetometer with 30-Hz calibra-
tion magnetic field in the z direction, the sensitivity in the z direction is
40 fT/Hz1/2, and the probe noise in the most sensitive axis is 5 fT/Hz1/2.

4. Conclusions
We demonstrate a method of measuring an in-situ mag-

netic field gradient along the pump beam in the magnetic
shield. Demodulating the first harmonic signal by lock-in am-
plifier is a frequently used method to determine the magnetic
field. The first harmonic signal is proportional to the intensity
of the probe beam. However, due to the inhomogeneous thick-
ness of the cell’s wall and the attachments of the alkali atoms
to the cell’s wall, the transmissivity of the cell to the probe
beam along the pump beam is always inhomogeneous. To
solve this problem, we use a calibrating signal to calibrate the
magnetometer’s sensitivity in each moving step. Furthermore,
we demonstrate that the light shift and its gradient will reduce

the accuracy of the magnetic field gradient measurement. As
proposed in this paper, the light shift can be reduced by lock-
ing the pump beam to the resonance frequency and measur-
ing the residual magnetic fields with σ+- and σ−-polarized
pump beams. The light shift gradient can be suppressed by
a relatively high power pump beam, which makes the alkali
atoms fully polarized. Finally, we demonstrate the measuring
of the magnetic field gradient by using SERF magnetometer,
and the precision is better than 30 pT/mm. The sensitivity of
the SERF magnetometer is optimized when the polarization
equals 1/2.[7] The light shift can be reduced by operating the
pump beam in resonance. However, the polarization of the
alkali atoms cannot be kept to be 1/2 through the cell as the
partially-polarized atoms absorb the pump beam in resonance
dramatically.[23] The light shift gradient and polarization gra-
dient measurement will be meaningful to the optimization of
the SERF magnetometer. The future work will examine the
measuring of the light shift gradient and the polarization gra-
dient along the pump beam.
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