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ABSTRACT
This paper introduces a method for characterizing the current noise of commercial constant-current sources (CCSs) using a free-induction-
decay (FID) type optically pumped rubidium atomic magnetometer driven by a radio frequency magnetic field. We convert the sensitivity of
the atomic magnetometer into the current noise of CCS by calibrating the coil constant. At the same time, the current noise characteristics of
six typical commercial low-noise CCSs are compared. The current noise level of the Keysight model B2961A is the lowest among the six tested
CCSs, which is 36.233 ± 0.022 nA/Hz1/2 at 1–25 Hz and 133.905 ± 0.080 nA/Hz1/2 at 1–100 Hz. The sensitivity of the atomic magnetometer is
dependent on the current noise level of the CCS. The CCS with low noise is of great significance for high-sensitivity atomic magnetometers.
This research provides an important reference for promoting the development of high precision CCS, metrology, and basic physics research.
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I. INTRODUCTION
Optically pumped atomic magnetometers mainly extract mag-

netic field information based on the interaction between light
and atoms,1–3 which have been widely used in military, medicine,
space magnetic measurement, atomic gyroscope, and basic physics
research due to their outstanding advantages, such as high sensi-
tivity, fast response speed, and portability.4–8 According to their
various working principles, optically pumped atomic magnetome-
ters are mainly composed of the spin-exchange relaxation-free
(SERF) atomic magnetometer,9 the nonlinear magneto-optical rota-
tion (NMOR) atomic magnetometer,10 the coherent population
trapping (CPT) atomic magnetometer,11 the Mx magnetometer,12

the Mz magnetometer,13 etc.
Constant-current sources (CCSs) with low noise and excellent

stability have important applications in metrology, quantum preci-
sion measurement, search for neutron electric dipole moment,14,15

and basic physics research. Current noise levels can be used to

evaluate the characteristics of CCSs. Traditionally, the current noise
of CCSs can be characterized indirectly based on Ohm’s law. A con-
stant current is applied to a high-precision resistance through a CCS.
By analyzing the voltage signal noise on the resistance over a period
of time, the current noise of the CCS can be deduced. However, the
resistivity may be affected by the thermal noise of resistance, which
can affect the measurement results. Atoms are the most sensitive
measurement media in nature. Based on the high sensitivity atomic
magnetometer, the magnetic field can be accurately measured and
the current noise of CCSs can be more precisely characterized.

In recent years, significant progress has been made in charac-
terizing and suppressing current noise. Shifrin et al.16 realized high
precision DC current measurements using a single-layer quartz two-
zone solenoid and a high precision differential current–frequency
converter based on a He–Cs atomic magnetometer. Miao et al.17

measured the frequency, amplitude, and phase of sinusoidal alter-
nating current using a pump–probe atomic magnetometer. Li et al.18
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FIG. 1. Experimental setup of a FID type optically pumped rubidium atomic magnetometer driven by a RF magnetic field. A 15 ×15× 15 mm3 vapor cell containing isotopically
enriched 87Rb and 100 Torr N2 gas is positioned at the center of a four-layer cylindrical μ-metal magnetic field shield. AOM: acousto-optic modulator; BE: beam expander;
λ/4: quarter-wave plate; λ/2: half-wave plate; LP: linear polarizer with a high extinction ratio; WP: Wollaston prism; L: lens; PD1 (PD2): balanced differential photoelectric
detector; and NI DAQ: data acquisition.

developed a high-precision DC current sensor based on the opti-
cally pumped Mz atomic magnetometer. Chen et al.19 characterized
the current noise based on a pump–probe atomic magnetometer.
Shen et al.20 measured and suppressed the current noise of com-
mercial CCS with a potassium atomic magnetometer. Zheng et al.21

measured and suppressed the low-frequency noise of CCS based on
double resonance alignment magnetometers.

The FID atomic magnetometer could operate in a large range
of terrestrial magnetic field and has a relatively wide dynamic mag-
netic measurement range and high sensitivity.22–26 In our previous
work,27 the fundamental principle and classical physical picture were
described in detail based on a FID atomic magnetometer driven by a
RF magnetic field. Here, we present a method for characterizing the
current noise of commercial CCSs by using the FID atomic magne-
tometer driven by a RF magnetic field. In this method, we calibrate
the coil constant in magnetic field shields based on a high-precision
commercial CCS. The measured magnetic field noise is converted to
the current noise of commercial CCS by the coil constant. We select
six typical commercial CCSs (Keysight model B2961A, Thorlabs
model LDC205C, SRS model LDC501, SRS model CS580, home-
made CCS, and GW Instek model 2303S) to characterize and com-
pare the current noise characteristics within the bandwidth range of
1–25 Hz and 1–100 Hz. The current noise characteristics of differ-
ent commercial CCSs are analyzed and discussed in detail. We also
experimentally demonstrate the dependence between sensitivity and
current noise.

II. EXPERIMENTAL SETUP
Figure 1 shows the experiment setup. A 15 ×15× 15 mm3 vapor

cell containing isotopically enriched 87Rb is used in our experiment,

which is filled with 100 Torr N2 gas as buffer gas and fluorescence-
quenching gas. The vapor cell is positioned at the center of the boron
nitride ceramic oven. A specially designed square flexible film elec-
tric heater made using twisted pair wires is attached to the outer
surface of the oven, which is used to heat and control the temper-
ature of the atomic vapor cell. Here, the flexible film electric heater
is driven by 477 kHz alternating current, which is set to be much
higher than the measurement bandwidth and Larmor frequency to
ensure that the heating system does not interfere with the measure-
ment. In addition, the non-magnetic PT100 thermistor is used as
the temperature sensor without introducing magnetic interference.
A four-layer cylindrical μ-metal magnetic field shield is used to sup-

FIG. 2. Time sequence control diagram for one period. The pump laser, the RF
magnetic field, and the probe laser are separated in time sequence. The pump
laser beam is switched on during t0–t1; the RF magnetic field is switched on for a
π/2 pulse during t1–t2; and the probe laser beam is switched on during t2–t3.
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press the environmental magnetic field noise. The commercial CCSs
apply current to produce a static magnetic field B0 along the y direc-
tion and a RF magnetic field BRF along the z direction. The pump
laser is emitted from a distributed Bragg reflector (DBR) laser, which
is tuned to the 87Rb D1 transition line at 795 nm (from 52S1/2 F = 2 to
52P1/2 F′ = 1). The pumped beam passes through an acousto-optic
modulator (AOM), expands the beam through a telescope system,
and is converted into a circularly polarized beam through a λ/4 wave
plate, which enters the atomic vapor cell along the y direction. The
diameter of the expanded beam is about 10 mm. The pump beam
has a power of 5 mW. The linearly polarized probe laser, originated
from a 780 nm DBR laser, is blue detuned by 6 GHz from the 87Rb
D2 transition line at 780 nm (from 52S1/2 F = 1 to 52P3/2 F′ = 2). The
probe beam has a diameter of 2 mm and a power of 30 μW. The
direction of the probe beam is perpendicular to the pump beam and
the RF magnetic field. The probe beam passes through the atomic

vapor cell and enters the polarimeter composed of a λ/2 wave plate,
a Wollaston prism, and a balanced differential photoelectric detector
(common-mode noise rejection ratio of ∼50 dB). We obtain infor-
mation about the Faraday rotation angle by the data acquisition
system composed of NI data acquisition (DAQ) card (NI-USB6363)
and LabVIEW.

The relationship between the static magnetic field measured by
the FID atomic magnetometer and the Larmor precession frequency
can be expressed as

B = ω/γ, (1)

where γ represents the gyromagnetic ratio of ground state atoms,
which is about 6.995 83 Hz/nT of the ground state (F = 2) of 87Rb.

The timing sequence diagram of the control system is shown in
Fig. 2. At first, we switch on the pumped laser beam to prepare the

FIG. 3. (a) FID signal with a period of 50 ms. The inset shows the zoomed-in view of the FID signal. The transverse relaxation time T2 is 2.5 ms of 87Rb by exponential fitting.
(b) The FFT of the FID signal. The FWHM is 292.4 ± 2.9 Hz.
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spin-polarized state of the 87Rb atomic ensemble from t0 to t1. The
polarized 87Rb atomic macroscopic magnetic moment is along the y
direction at the end of t1. Then, applying a RF magnetic field with
the angular frequency equal to the Larmor precession frequency, the
atomic macroscopic magnetic moment precesses to the xoz plane
after applying a π/2 pulse. Finally, the RF magnetic field is switched
off and the probe laser beam is switched on. The atomic macro-
scopic magnetic moment evolves freely at Larmor frequency until
the thermal equilibrium states. The pump laser, the RF magnetic
field, and the probe laser are separated from the time domain by a
time sequence control to avoid the crosstalk effect on the measure-
ment signal and sensitivity and the further influence on the current
noise characterization.

We apply a static magnetic field of 6.3 μT along the y direc-
tion. The heating temperature of the atomic vapor cell is set at 85 ○C,
and the atomic number density is about 2.2 × 1012 cm−3. Figure 3(a)
shows a typical FID signal in one period. The transverse relaxation
time T2 is 2.5 ms of 87Rb by exponential fitting. Figure 3(b) shows
the Fast Fourier Transform (FFT) of the FID signal. The full width
at half maximum (FWHM) is 292.4 ± 2.9 Hz.

III. MEASUREMENT RESULTS AND DISCUSSION
A. Calibration of the coil constant

In the experiment, a low-noise and high-stability CCS Keysight
model B2961A and a four-layer cylindrical μ-metal magnetic field
shield provide good conditions to calibrate the coil constant. The
coil constant can be described by28,29

Ccoil = Btotal/I, (2)

where I is the current and Btotal is the total magnetic field, which can
be measured by using an atomic magnetometer.

Figure 4 shows the result of the coil constant calibration along
the y direction. At first, the CCS B2961A applies a known current to
the coils. Then, we record the FID signal for 240 s when the period T
is 50 ms. The Larmor frequency is obtained by FFT transformation,
and the magnetic field value is obtained by calculation and statis-
tical averaging. The CCS B2961A applies current in the range of
2–250 mA. A series of magnetic field values are measured by using
a FID magnetometer. The linear fitting result can be obtained as
follows:

B = 126.956I − 4.914. (3)

The measured magnetic field is actually composed of the mag-
netic field generated by the CCS applying current to the coils and
the residual magnetic field. According to the fitted linear equa-
tion (3), the calibrated coil constant is 126.956 ± 0.076 nT/mA and
the residual magnetic field is about 4.914 nT.

B. Sensitivity analysis
Sensitivity is an important index to evaluate the performance of

an atomic magnetometer. Taking B2961A as an example, we calcu-
late and analyze the sensitivity. The B2961A applies 100 mA current
to the coils along the y direction, and the static magnetic field is
about 12.6 μT. We record 6000 periods of FID signals by the data
acquisition system and calculate sensitivity. Figure 5(a) shows the
partially repeated measured FID signal with a sampling period of

FIG. 4. Result of the coil constant calibration. The CCS B2961A applies current
from 2 to 250 mA to the coils along the y direction. The coil constant is 126.956 ±
0.076 nT/mA, and the residual magnetic field is about 4.914 nT.

5 ms. As shown in Fig. 5(b), we obtained about 6000 DC magnetic
field measurement values by converting the Larmor frequency into
magnetic field values using Eq. (1). According to the statistical aver-
age of magnetic field values distribution, the static magnetic field
is about 12.641 54 μT. Figure 5(c) shows the power spectral den-
sity (PSD) calculated with the magnetic field values, which shows a
magnetic sensitivity of 17.0 pT/Hz1/2 with a bandwidth of 1–100 Hz.
Here, we mainly measure and characterize the current noise of CCSs.
Considering that the ambient magnetic field noise (for example, 1/f
noise) is comparatively high at lower frequencies, in order to mini-
mize the interference of various noises at low frequencies, we choose
a bandwidth range of 1–100 Hz.

Figure 6 shows the electronic noise from the DAQ, the elec-
tronic noise from the photodetector with DAQ, and the intensity
noise from the probe laser. The analysis shows that in the absence of
magnetic field, atomic ensemble, and other participation, the power
spectral density of voltage noise obtained by using a photodetector
and DAQ (with the probe laser) is higher than the electronic noise of
DAQ and photodetector (without the probe laser). In addition, DAQ
has the lowest electronic noise. In other words, the electronic noise
of DAQ and photodetector is not the main factor limiting the sen-
sitivity. The sensitivity of the FID atomic magnetometer is mainly
limited by the transverse relaxation of the macroscopic spin mag-
netic moment of the atomic ensemble, the spin projection noise of
the atomic ensemble, the intensity noise from the probe laser, and
the current noise of the CCSs driving the magnetic field coils. The
analysis of the sensitivity of different commercial CCSs makes plenty
of sense.

C. Characterization of current noise
of commercial CCSs

Six typical commercial CCSs (Keysight model B2961A, Thor-
labs model LDC205C, SRS model LDC501, SRS model CS580,
home-made CCS, and GW Instek model 2303S) apply the same
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FIG. 5. (a) 0–0.05 s FID signal (inset: FID signal for one period). (b) Magnetic field values for 6000 sampling periods. The inset shows the statistical distribution of magnetic
field values, and the mean value is ∼12.641 54 μT. (c) The PSD of magnetic field noise, which is about 17.0 pT/Hz1/2 for 1–100 Hz.
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FIG. 6. Noise floor of the system without atoms involved at 1–100 Hz. The elec-
tronic noise from the DAQ (black line), the electronic noise from the photodetector
and the DAQ (pink line), and the intensity noise from the probe laser (purple line).

current of 100 mA (corresponding to the static magnetic field of
12.6 μT) to the coils along the y direction. We obtain 6000 DC mag-
netic field values and analyze the sensitivity. Figures 7(a) and 7(b)
show the PSD for the atomic magnetometer with various CCSs for
1–25 Hz and 1–100 Hz, respectively. The peak is caused by the 50-Hz
electronic noise and its harmonic. The same experimental conclu-
sions are presented for different CCSs that the sensitivity of the
atomic magnetometer is improved significantly at 1–25 Hz. Whether
the frequency bandwidth is 1–25 Hz or 1–100 Hz, it can reflect the
difference in the sensitivity of the magnetometer when the same
current is generated by each CCS. The case using B2961A has the
best sensitivity among the six tested CCSs, which is 4.6 pT/Hz1/2 for
1–25 Hz and 17.0 pT/Hz1/2 for 1–100 Hz. The reason should be that
CCS B2961A has ultra-low current noise and high-stability.

In our experiment, the magnetic field measured by an atomic
magnetometer is generated by the CCS, so the current noise of
CCS can be reflected from the magnetic field noise power spectrum

FIG. 7. PSD for the atomic magnetometer with various CCSs (labeled in the figure) and two typical analysis frequency ranges [1–25 Hz (a) and 1–100 Hz (b)].
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TABLE I. Sensitivity and current noise of different commercial CCSs.

Sensitivity (pT/Hz1/2) Current noise (nA/Hz1/2)

Bandwidth (1–25 Hz) Bandwidth (1–100 Hz) Bandwidth (1–25 Hz) Bandwidth (1–100 Hz)

B2961A (Keysight) 4.6 17.0 36.233 ± 0.022 133.905 ± 0.080
LDC205C (Thorlabs) 8.3 27.2 65.377 ± 0.039 214.247 ± 0.128
LDC501 (SRS) 9.8 34.6 77.192 ± 0.046 272.535 ± 0.163
CS580 (SRS) 17.9 41.0 140.994 ± 0.084 322.947 ± 0.193
CCS (home-made) 19.1 69.8 150.446 ± 0.090 549.797 ± 0.329
2303S (GW Instek) 73.5 87.9 578.941 ± 0.347 692.366 ± 0.414

density. The sensitivity and current noise of different commercial
CCSs are shown in Table I. The current noise is obtained by dividing
the sensitivity by the coil constant. The sensitivity of FID magne-
tometer is 17.0 pT/Hz1/2 for 1–100 Hz. Dividing this value by the
coil constant, the current noise is 133.905 ± 0.080 nA/Hz1/2 when
the CCS B2961A outputs a current of 100 mA. The sensitivity is
4.6 pT/Hz1/2 at 1–25 Hz, and the current noise is 36.233 ± 0.022
nT/mA when the CCS B2961A outputs a current of 100 mA. It can
also be clearly seen that different commercial CCSs have different
current noise levels. The Keysight model B2961A has the lowest cur-
rent noise level among the six tested CCSs. The Thorlabs model
LDC205C and the SRS model LDC501 have similar current noise
levels. The SRS model CS580 and the home-made CCS have higher
current noise levels. The GW Instek model 2303S has the highest
current noise level among the six tested CCSs. CCSs have lower cur-
rent noise levels for 1–25 Hz. The current noise level can clearly
reflect the output current fluctuation of CCSs.

IV. DISCUSSION AND CONCLUSION
We present a method to characterize current noise of differ-

ent commercial CCSs based on the calibration of coil constant by
using a FID atomic magnetometer. The sensitivity of the atomic
magnetometer is interdependent with the current noise of CCSs.
The current noise of CCSs can be estimated by the sensitivity of
the atomic magnetometer. We characterize and compare the current
noise characteristics within the analysis frequency range of 1–25 Hz
and 1–100 Hz. Bandwidth and sensitivity are mutually restricted;
and increasing the bandwidth yields that sensitivity is getting worse.
The sampling period of a FID signal is longer, the Larmor frequency
obtained after FFT is more accurate, and the smaller the magnetic
field fluctuation value over a period of time, the better the sensitivity
obtained by calculation when a small bandwidth range is selected. As
a result, we characterize the current noise more accurately. The CCS
with low-noise and high-stability is of great significance to improve
the sensitivity of atomic magnetometer.

In addition, the sensitivity of an optically pumped magnetome-
ter is limited by various factors, such as the photon shot noise (PSN),
the spin-projection noise (SPN), the fluctuations of the residual
magnetic field, the intensity noise from the probe laser, and the elec-
tronic noise. The various noises mentioned above are included in the
collected FID signal and in the calculated PSD and the measurement
results of the current noise. Therefore, our measurement results are
actually the upper bound of the current noise of CCSs. It is also very

important to further improve the sensitivity of magnetometer. The
spin-exchange (SE) collisions among alkali-metal atoms have a sig-
nificant effect on transverse spin-relaxation rates and the linewidth
of magnetic resonance spectrum,30 which leads to a decrease in the
sensitivity of atomic magnetometers. SE can be suppressed by filling
buffer gas with appropriate pressure. The spin-destruction collisions
can be suppressed by filling buffer gas or coating the atomic vapor
cell’s inner wall with an anti-relaxation film. PSN and SPN can be
suppressed by the squeezed states of light field31,32 and atom spin
squeezing.33

In the future, we can improve the sensitivity based on the
following two methods: (i) we can perform active magnetic field sta-
bilization34 based on CCSs with high stability and low noise, which
can further compensate and shield ambient magnetic field noise, and
(ii) we can also introduce polarization-squeezed light to further sup-
press PSN so that the sensitivity of the atomic magnetometer can go
beyond PSN limit and realize quantum enhancement measurement
of the atomic magnetometer.
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