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A DC current sensor based on an optically pumped atomic magnetometer is proposed. It has a high linearity in a

wide operation range, since the magnetometer measures the absolute magnitude of the magnetic field produced

by the current to be measured. The current sensor exhibits a high accuracy with a non-moment solenoid and

magnetic shielding to suppress the influence from the environment. The absolute error of the measured current is

below 0.08 mA when the range is from 7.5 mA to 750 mA. The relative error is 5.54 x 107" at 750 mA.
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Precision DC current sensing techniques are required by
scientific studies and industrial applications. Current
measurements with high accuracy are usually applied to
current sources in fundamental research. Currents were
controlled with feedback systems to produce stable mag-
netic fields in the Watt balance experiment, whose pur-
pose was to realize the electronic kilogram?. Accurate
DC current measurement can be used to evaluate current
generators at the picoampere level for the calibration of
other electrical instruments?. Precise current measure-
ment can be applied to keep the magnetic fields in the
large hadron collider consistent?. DC current measure-
ment is also very important and widely used in the appli-
cations for power management, industrial control, and
conditions monitoring. The DC current component in
power grids induced by geomagnetic activities is moni-
tored to prevent the saturation of transformers?. Sensors
capable of measuring DC current up to a kiloampere are
desirable for electrowinning industries. Besides accuracy
and stability, linearity is an important parameter in auto-
motive applications?. However, it is difficult to maintain
high accuracy in a wide operating range. Thermal drift
and nonlinearity of the material in a high field are the
main reasons to degrade the linearity of current sensors.

Current sensing techniques with magnetic field sensors
have attracted wide attention, with emphasis on the study
of high accuracy and linearity. Several compensation
methods have been proposed. Thermal drift can be com-
pensated with temperature monitoring in a magneto-
resistive current sensor’”. Differential structure has been
used to protect current sensors from external magnetic
fields for high accuracy?. The closed-loop configuration
with a magnetic core and a feedback winding in a fluxgate
current sensor can improve the sensitivity and eliminate
the offset and drift related to temperature?. Another ef-
fective approach is utilizing magnetometers that have a
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low thermal drift and nonlinearity and are suitable for
a highly accurate current sensor. Atom ensembles can be
used to produce a chip-scale high accuracy sensor™@1Z,
Current sensors with atomic magnetometers have been
articulated for a broad range of in situ calibration pur-
poses®. The strength of the magnetic field B produced
by the current to be measured is related to the Larmor
precession frequency f; by the atomic g-factor™. Since
most g-factors can be traceable to about 10772, an atomic
magnetometer can be used to accurately define a magnetic
field . Tt is expected to have uncertainties in the range of
parts in 10%. The magnetic resonance spectrum for mag-
netometers can work in a wide magnetic field range and
exhibit a sharp peak when it is in resonance™, Atomic
magnetometers can be used for current sensors with high
accuracy and linearity.

In this Letter, we propose a new current sensor based on
an optically pumped atomic magnetometer. The current
sensor has high linearity in a wide range because the
atomic magnetometer is a kind of absolute magnetometer
using the fixed atomic g-factor. To achieve high accuracy,
we design a non-moment solenoid to produce a magnetic
field that has a stable relationship with the current to be
measured. Finally, we experimentally demonstrate a DC
current sensor with a high accuracy and linearity.

A schematic diagram of the proposed current sensor is
shown in Fig. 1. The My type optically pumped atomic
magnetometer is applied in the current sensor®. An
895 nm laser diode is used as a light source that is locked
to the cesium D, line F'y = 4 to F', = 3 transition with sa-
turated absorption spectroscopy. The light from the laser
diode is collimated and converted to circular polarization
with a lens and a quarter-wave plate (not drawn in Fig. 1).
The resonant light and a resonant radio frequency (RF)
field excite the cesium atoms in the magnetic field, which
causes magnetic resonance. The signal is detected by a
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Fig. 1. Schematic diagram of the proposed current sensor. I: cur-
rent to be measured; PD: photodiode; PI: proportional-integral;
DDS: direct digital synthesis; RF: radio frequency; I/f: Larmor
frequency to I data converter.

photodiode and sent to the lock-in amplifier. The output
signal is a differential form of the Lorentzian magnetic res-
onance curve that is used to lock the RF field at the res-
onant point with a proportional-integral (PI) controller.
When the system works, the frequency of the direct digital
synthesis (DDS) equals the Larmor precession frequency
of the cesium atoms. The current data is then obtained
with a conversion program.

A fixed relation between the output of the atomic mag-
netometer and the current to be measured is established
as follows. The cesium atoms with 50 Torr (1 Torr =
133.32 Pa) N, gas are filled in a ¢ 20 mm x 30 mm vapor
cell that senses the magnetic field produced by a non-
moment solenoid, which consists of two coaxial finite
length coils with opposite directions of current. The vapor
cell is placed in the middle of the solenoid with a holder.
Then the magnetic field has a fixed relationship with the
current to be measured. The magnetic field B of one finite
length solenoid is

d+x d—x
VR T JRT(d- x)z]’ .

B:ﬂo’ﬂl[

where pq is the permeability in vacuum, n is the winding
density, d is half of the full length of the solenoid, R is
the radius of the solenoid, and z is the distance from
the middle point of the solenoid. The parameters of the
non-moment solenoid satisfy the relations

R+ d? = R+ d2, (2)
R%Nl - R%NQ, (3)

where N, and N, are the winding numbers. Equation (2)
makes the solenoid generate a uniform magnetic field.
Equation (3) makes the total magnetic moment of the
solenoid zero. Under these conditions, the magnetic field
in the solenoid has a high uniformity and the distribution
is not affected by magnetic shielding. The environmental

magnetic noise is suppressed by magnetic shielding. The
optically pumped atomic magnetometer has a high perfor-
mance and a small nonlinear Zeeman shift when the mag-
netic field is below 100,000 nT. To achieve a high
sensitivity and accuracy simultaneously if the measured
current is below 1 A, we use Eqs. (1)—(3) to obtain the
parameters. The radius of the outer coil is 75 mm while
that of the inner coil is 65 mm. The length of the solenoid
is 500 mm and the winding numbers are 135.5 and 180.5
for N; and N,, respectively. The coefficient of the non-
moment solenoid is then 108.6 n'T/mA.

We make the non-moment solenoid with the above
parameters and simulate the distribution of the magnetic
field with ANSYS. The result is shown in Fig. 2. The rel-
ative deviation in the center area (@50 mm X 50 mm) is
less than 107°. That means the accuracy will not be
affected by the gradient of the magnetic field.

To evaluate the performance of the current sensor, we
use a Keysight B2962A as the current source. It is cali-
brated by a current standard and the relative error is be-
low 107 when the output is 1 A. We set several test points
from 7.5 mA to 750 mA. Each point is the average value of
ten minutes data. The amplitude of the magnetic field B is
calculated based on the Zeeman effect. The nonlinear
Zeeman effect is considered for high accuracy™. The
calculated current is B/108.6.

The current sensor can exhibit high linearity in a wide
operation range, which benefits from the optically pumped
atomic magnetometer. Since it is a kind of absolute mag-
netometer, the atomic magnetometer makes the current
sensor have an approximate low absolute error in the whole
operation range. Figure 3 shows the measured magnetic
field and calculated current versus the actual current.

The absolute error of the measured current is below
0.08 mA when the range is from 7.5 mA to 750 mA, as
shown in Fig. 4. The absolute accuracy of the optically
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Fig. 2. Distribution of the magnetic field in the solenoid, which is
simulated with ANSYS. The current is 1 A.
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Fig. 3. Measured magnetic field (square) and calculated current
(dot) versus actual current.
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Fig. 4. Absolute error versus actual current.

pumped atomic magnetometer is usually at the nT level.
The equivalent accuracy of the magnetic field measure-
ment in the current sensor is better than 8.7 nT. The ab-
solute error of the commercial current source, the actual
magnetic field distribution in the non-moment solenoid,
and the absolute accuracy of the magnetometer would
contribute to the performance of the prototype of the cur-
rent sensor. The maximum absolute error of the current is
about 750mA x 10~° = 0.0075 mA, the influence of which
is neglectable here. The absolute error derived from the
solenoid is mainly induced by the manufacture accuracy.
The length tolerance is +0.01 mm, the radius tolerance is
+0.01 mm, and the assembly tolerance is +0.05 mm. We
simulate the distribution of the magnetic field with
ANSYS. The maximum absolute error of the coefficient
of the non-moment solenoid is 0.004 nT/mA. Therefore,
the maximum absolute error derived from the solenoid
in our experiment is about 0.03 mA when the current is
750 mA. Then the absolute error derived from the magne-
tometer is larger than 0.05 mA, which means that the ab-
solute error of the magnetometer is larger than 5.4 nT.
The absolute accuracy of an optically pumped atomic
magnetometer is mainly affected by the linewidth of the
magnetic resonance, the relative phase of the lock-in am-
plifier module, and the deviation of reference voltage in

the closed-loop circuit. The absolute accuracy of a high-
performance commercial cesium optically pumped atomic
magnetometer is 2.5 nT. So the absolute error of the cur-
rent sensor derived from the magnetometer can be reduced
t0 0.025 mA. Obviously, the absolute error of the current
sensor is limited by the atomic magnetometer. The perfor-
mance can be improved by applying an My-type potas-
sium optically pumped atomic magnetometer with
absolute accuracy of 0.1 nT2. The corresponding contri-
bution to the absolute error of the current sensor is
0.92 pA. If the absolute error of the current is much lower
than 0.92 pA, the current sensor can be well calibrated and
then the absolute error is 0.92 pA. Also, we can improve
the absolute accuracy by increasing the coefficient of the

non-moment solenoid, but the operation range will be
reduced.

Since the absolute error does not have significant
change, the relative error becomes smaller as the actual
current increases, as shown in Fig. 5. The relative error
is 5.54 x 107 at 750 mA. Furthermore, we evaluate the
performance of the current sensor with an Allan deviation,
as shown in Fig. 6. The current is 100 mA. The sampling
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Fig. 5. Relative error versus actual current.
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Fig. 6. Allan variance of the current sensor data.
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rate is 250 Hz, and the output of the current sensor is re-
corded for 24 h. The short-term stability is below 1 pA
with averaging time from 0.04 to 2 s. The value related
to the averaging time of ten minutes is consistent with
the data in Fig. 4.

In conclusion, we demonstrate a high accuracy and lin-
earity DC current sensor based on an optically pumped
atomic magnetometer. The absolute error of the measured
current is below 0.08 mA when the range is from 7.5 mA to
750 mA. The relative error is 5.54 x 107> at 750 mA.
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