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Low-noise high-stability current sources have essential applications such as neutron electric dipole moment measure-
ment and high-stability magnetometers. Previous studies mainly focused on frequency noise above 0.1 Hz while less on
the low-frequency noise/drift. We use double resonance alignment magnetometers (DRAMs) to measure and suppress the
low-frequency noise of a homemade current source (CS) board. The CS board noise level is suppressed by about 10 times
in the range of 0.001–0.1 Hz and is reduced to 100 nA/

√
Hz at 0.001 Hz. The relative stability of CS board can reach

2.2× 10−8. In addition, the DRAM shows a better resolution and accuracy than a commercial 7.5-digit multimeter when
measuring our homemade CS board. Further, by combining the DRAM with a double resonance orientation magnetometer,
we may realize a low-noise CS in the 0.001–1000 Hz range.
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magnetometer
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1. Introduction
Current source (CS) with low noise and high stability is

of great significance for precision measurements, such as the
calibration of units in metrology and the measurement of neu-
tron electric dipole moment in fundamental physics.[1–6] In
Refs. [1–6], one of the essential points to achieve high ac-
curacy is the stability of CS. Therefore, some compensation
methods should be used to suppress the current noise. Com-
monly, CS noise is suppressed by a feedback control sys-
tem, which converts current into voltage with a high-precision
resistor.[7] However, due to noise in electronic devices (for ex-
ample, 1/ f noise, thermal noise, and shot noise), it is challeng-
ing to effectively suppress low-frequency noise. A more accu-
rate current measurement method in low frequency is needed
to solve this problem. Fortunately, according to Ampere’s law,
current can be converted by a coil to a magnetic field, which
can be measured by a magnetometer. At present, sensitivity
of optically pumped magnetometers (OPMs) has reached the
order of 10 fT/

√
Hz, which is high enough to meet research

requirements.[8,9] Therefore, it is a promising way to suppress
CS noise with a magnetometer.[10–12]

Recently, using OPMs to stabilize magnetic field and sup-
press noise has been reported. Rosner et al. reported a non-
magnetic drift optically pumped cesium magnetometer with
a measured sensitivity of 35 fT at integration time of 200 s
and stability below 50 fT between 70 s and 600 s.[13] Ding

et al. used an optically pumped potassium magnetometer to
suppress the magnetic noise actively and achieved a noise
floor of about 100 fT/

√
Hz under a bias field from 20 µT

to 100 µT.[14] As for the OPM in the study of current noise
suppression, Shen et al. used an optically pumped Cs atomic
magnetometer to suppress the noise of a commercial CS and
reached a noise level of 600 pA/

√
Hz at 1 Hz.[10] In those

studies, the magnetometers they used belonged to double res-
onance orientation magnetometers (DROMs). However, there
is also a class of OPMs called DRAMs (double resonance
alignment magnetometers), where the magnetization has the
symmetry of an atomic alignment. Compared with DROMs,
DRAMs present several potential advantages such as narrow
linewidth, insensitivity to light shift, and less affected by the
flicker noise of diode lasers.[15–17] We are interested in the
ability of DRAMs to perform low-frequency noise suppres-
sion, so the main work of this paper is to use DRAMs to sup-
press current noise below 1 Hz.

2. Experimental equipment and settings

Our experiments are based on two DRAMs and one digi-
tal multimeter (Agilent 3458A). The bias magnetic field coils
of the two DRAMs are connected in series with an Agilent
3458A. When the CS board output current, we use three de-
vices to simultaneously measure the current’s noise. On this
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basis, we conduct the following experimental process. First,
we calibrate the voltage-to-current conversion ratio of the CS
board and test the frequency response of two DRAMs in the
range of 0–10 Hz. Then, we use three devices to measure the
current noise of the CS board when it is running freely. Finally,
the current noise is suppressed by DRAM A and is measured
by DRAM B.

2.1. Experimental setup

The overall experimental device is shown in Fig. 1. The
two DRAMs we used have similar structures, so we take
DRAM A as an example to briefly introduce the specific struc-
ture and parameter settings. A three-axis orthogonal coil lo-
cated in the center of a five-layer cylindrical magnetic shield-
ing provides the magnetic field we need. A spherical vacuum
87Rb cell with a diameter of 20 mm coated with paraffin is
placed in the center of the coil. A distributed Bragg reflec-
tion (DBR) laser generates a laser beam. The frequency of the
laser beam is locked to F = 1→ F ′ = 2 in the D2 line of the
87Rb and its power is 1 mW. The laser beam transmits through
a half-wave plate and a linear polarizer, and then it enters the
cylinder perpendicularly to align with the direction of the bi-
ased magnetic field. After the beam passes through the cell,
a polarimeter composed of a half-wave plate, a lens, a Wol-
laston prism, and a balanced photodetector (BPD) is used to

obtain information about the Faraday rotation angle. The po-
larimetric signal is sent to a multifunctional lock-in amplifier
(HF2LI of Zurich Instruments). After demodulating the signal
by HF2LI, the Larmor precession frequency ωL of the 87Rb
atom can be obtained. According to the relationship ωL = γB,
the magnetic field B can be obtained, in which γ is the gyro-
magnetic ratio of the 87Rb atom. In addition, the HF2LI can
also provide a radio-frequency field on a coil perpendicular to
the bias magnetic field for magnetic resonance excitation and
provide a current-control voltage on the CS board to compen-
sate for the current fluctuations. A rubidium atomic clock pro-
vides the frequency reference to the HF2LI. A homemade CS
board with a trim port provides currents for the bias magnetic
fields of the two DRAMs. However, in this experiment, there
are also some different settings between the two DRAMs. To
reduce the influence of the possible common-mode magnetic
field, we make the axes of the bias magnetic field of the two
DRAMs perpendicular to each other. As a result, DRAM B
needs to adjust the direction of the optical path by utilizing two
extra plane mirrors. No heating of the cell is required for this
experiment. Under the control of central air conditioning, the
temperature at 2 cm from the cell in DRAM is 24.13±0.05 ◦C
within five days. Under these conditions, we obtain a magnetic
resonance signal with a linewidth of approximately 4.2 Hz.
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Fig. 1. Experimental setup. LP: linear-polarizer, λ/2: half-wave plate, lens: convex lens, WP: Wollaston prism, PM: plane mirror, LIA: lock-in
amplifier, BPD: balanced photodetector. PID: proportional integral derivative, PLL: phase locked loop. LIA, PID, and PLL are provided by
the multi-function lock-in amplifier (HF2LI). BA0 and BB0 is the bias magnetic fields of the DRAMs, and the bias field directions of the two
systems are perpendicular to each other. ∆V is the compensation voltage output by PID. I is the original current source output, ∆I is the
compensation current.
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3. Results and analysis

Our noise measurement is mainly based on two DRAMs,
and the noise suppression process relies on the HF2LI output
control voltage to compensate the CS board. A simple com-
pensation implementation diagram is shown in Fig. 2. The
current after the first-order steady by the CS board is input into
the series loop. DRAM A measures the frequency information
ω , and obtains the frequency fluctuation value according to
ω−ωref, where ωref is the reference frequency. The PID (pro-
portional integral derivative) uses the frequency difference to
give the compensation voltage, and the compensation voltage

is input into the trim port on the CS board to realize the second-
order suppression of current noise. DRAM B and Agilent
3458A continuously measure the current in the loop. There-
fore, before performing the current noise measurement and
suppression, it is necessary to calibrate the coil constants of
the two DRAMs, the conversion factor of the CS board to di-
rect current (DC) and alternating current (AC) input voltages,
and the frequency response of the two DRAMs. After veri-
fying the reliability of the magnetometer, noise measurement
and suppression are performed on our homemade CS board.
On this basis, we further discuss how to achieve higher mea-
surement sensitivity and suppression in low-frequency bands.
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Fig. 2. Compensation implementation diagram. The CS board part only shows how to connect the compensation voltage.

3.1. Parameter calibration

In the experiment, the control voltage produced by the
HF2LI is sent to the trim port of the CS board. The output of
the CS board connects with an Agilent 3458A digital multime-
ter and two bias field coils of the two DRAMs in series. Then,
by applying a known voltage through the HF2LI, we can use
three instruments to measure the current response simultane-
ously. The measurement results of Agilent 3458A are used as
a reference standard for the parameter validation experiments
described in the following.

First, we calibrate the coil constants of the bias magnetic
fields of the two DRAMs. The two DRAMs measure current
based on the formula:

I = B/kcoil, (1)

where I is current, B is the bias magnetic field, and kcoil is
coil constant. According to the work of Breschi’s E, the
coil constants of the bias magnetic field of the two DRAMs
are measured, giving kcoilA = 139.98 nT/mA and kcoilB =

107.17 nT/mA.[18]
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Fig. 3. The conversion factor for DC and AC voltage input. (a) The cur-
rent response for DC voltage input. The DC voltage–current conversion
factor is 0.0982 µA/mV. (b) The conversion factor of the CS board at
AC input.
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Fig. 4. The response of the DRAMs to AC input. The theoretical re-
sponse values are 48.599 pT and 37.207 pT, respectively; 46.185 pT and
34.3744 pT are the average values of the experimental data.

Third, we calibrate the frequency response of the magne-
tometer. Our target frequency band is below 1 Hz. More-
over, because the magnetometer’s response is low-pass, we
only need to verify that the response is flat within 10 Hz. Con-
sidering these factors, we select five frequency points at 0–
10 Hz with logarithmic equal spacing. As shown in Fig. 4,
by analyzing the power spectrum of the bias magnetic field
measured by the DRAMs, we can obtain the frequency re-
sponses of DRAMs A and B. In this part, the Agilent 3458A
has a 24.25 Hz sampling rate with 0.1 NPLC (number of power
line cycles, the larger the NPLC setting, the higher the accu-

racy and the lower the sampling rate). Moreover, the sam-
pling rates of the HF2LI and the DAQ card are set to 112.4 Hz
and 400 Hz, respectively. Among them, the sampling rate of
the Agilent 3458A is limited by the sampling program, but it
meets our requirements. As for HF2LI and DAQ cards, the set-
tings make a trade-off between performance and data volume.
Finally, to obtain sufficient data for power spectrum analysis,
we collect the data of 0.001 Hz for 2 h and the data of 0.01 Hz
for 1 h. The data of other frequencies are collected for 30 min.
According to the measured conversion factors of the CS board
and the calibrated coil constant, the theoretical response val-
ues of two DRAMs to an AC voltage with 5 mV amplitude
are calculated to be 48.599 pT and 37.207 pT. In compari-
son, the measured responses are correspondingly 46.185 pT
and 34.3744 pT. The deviation between the measured results
and what we expected for both DRAMs is less than 10%. So
far, we verify that the response of the DRAMs is flat in the
0–10 Hz frequency band.

3.2. Current noise measurement and suppression

After confirming the instrument’s parameters, we mea-
sure the free-running current of the CS board by using two
DRAMs and one Agilent 3458A simultaneously. The current
of the CS board is 83.438 mA when the voltage applied to the
compensation port is removed. Since we are mainly interested
in the low-frequency performance, we collect the current for a
length of 24 h. The data is analyzed by linear spectral density
(LSD), which is defined as the square root of the power spec-
tral density (LSD =

√
PSD).[19] The results of the three sets of

data are shown in Fig. 5. From the LSD analysis results, the
noise level measured by the Agilent 3458A in the frequency
band above 0.01 Hz is about 450 nA/

√
Hz. According to the

user manual, when NPLC is set as 0.1, the rms noise of the
Agilent 3458A is about 1.5 µA, which is divided by the root
bandwidth gives about 470 nA/

√
Hz. Therefore, we know that

the LSD given by Agilent 3458A is actually the noise floor of
the instrument itself. However, the LSD from both DRAMs
shows lower noise levels in this range. Thus, we believe that
the results of the DRAM measurements are accurate for sev-
eral reasons given in the following.

The magnetic field measured by a DRAM can be con-
sidered to be derived from B0 provided by the coil energiza-
tion and the remaining magnetic field Br caused by various
reasons. The residual magnetic field mainly comes from the
influence of the external geomagnetism through the magnetic
shield and shield-generated magnetic field from both thermal
magnetization noise and Johnson noise currents. At very low
frequencies, the noise is dominated by thermal magnetization
noise. According to Kornack’s work, the magnetic field noise
due to magnetization noise in the shield is about 350 fT/

√
Hz

at 0.0001 Hz.[20] The magnetic shielding material we used is
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permalloy, which has high shielding performance against low-
frequency noise.[21] The magnetic shielding coefficient of our
two systems is about 1× 106 for DC magnetic fields and AC
magnetic fields above 1 Hz. As for the geomagnetic drift of
about 200 nT/day, while the shielding coefficient for low fre-
quencies will decrease, it is still in the order of 104.[22] After
shielding, the fluctuation in the cylinder is estimated to be less
than 20 pT/day, which is consistent with Gemmel’s work.[23]

The noise introduced in the corresponding frequency band is
much smaller than the noise level we measured. In addition,
the bias field coils of the two DRAMs are orthogonal to each
other, so the influence of the common-mode magnetic field is
enormously eliminated. The residual magnetic fields in the
two DRAMs can be considered irrelevant. Moreover, the coil
constants are different, but the LSD of the current is quite coin-
cident. Therefore, we believe that the DRAM’s measurement
indeed reflects the current noise, and DRAMs have higher res-
olutions in this set of settings. In addition, there are two possi-
ble causes for the 0.8 Hz spike, one is noise shocks introduced
by certain frequencies in the device and external environmen-
tal changes (e.g., platform vibration), and the other is the phase
margin of the internal feedback circuit of the CS board under
inductive load (coils A and B).[10] According to LSD shown
in Fig. 5, when the CS board is running freely, the noise floor
at 0.001 Hz is 1 µA/

√
Hz.
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Fig. 5. LSD of Agilent 3458A multimeter and two DRAMs with CS
board free running.

Then, we use DRAM A to stabilize the current while us-
ing DRAM B and Agilent 3458A as the measurement device.
Similarly, we also record data for a length of 24 h. Since the
Agilent 3458A cannot reflect the actual noise level of the sys-
tem when the NPLC parameter is set to 0.1, we change the
NPLC to 23, which leads to the sampling rate dropping to
0.8 Hz while the precision increases to 7.5 digits. The closed-
loop and open-loop results measured by DRAM B and 3458A
are shown in Fig. 6. In addition, using the Agilent 3458A with
the setting, we re-measure the current noise when the CS board
is free running. This set of results is also plotted in Fig. 6. First
of all, it is evident that when the Agilent 3458A improves its

accuracy, it can reflect the noise level of the CS board with-
out compensation, and the results of the 3458A measurements
are in good agreement with the DRAM, which is an excellent
testament to conclude that the noise introduced by the residual
magnetic field is a small amount. However, with the compen-
sation of the CS board, the Agilent 3458A loses the ability
to reflect the actual current noise level when the CS noise is
further reduced. Also, the noise introduced by the residual
magnetic field is still much smaller than the measured result
after compensation. Therefore, we believe that the measure-
ment results for DRAM B are credible, and the measurement
is current noise. When the CS board takes compensation, the
noise drift is suppressed by about 10 times in the frequency
range of 0.001–0.1 Hz, and it is also suppressed by about 5
times at 1 Hz. The current noise level at 0.001 Hz is lower
than 100 nA/

√
Hz. As for the noise drifting quickly below

0.001 Hz, we believe that it is caused by the drift of the mag-
netometer. How to reduce the noise drift of lower frequencies
awaits further research after system upgrades in the future.

The above open-loop and closed-loop current values
recorded by DRAM B are analyzed by using the Allan equa-
tion. The relative Allan deviations are shown in Fig. 7. It is
evident that when the CS board is compensated, the stability
of the CS board is improved from 5×10−7 to 2.2×10−8, and
the stability is below 10−7 between 20 s and 3000 s.
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3.3. Optimization discussion

We seek to obtain a more stable magnetometer state on
the existing adjustable experimental parameters. We tune the
laser frequency of DRAMs A and B to far away from the res-
onant state about 1.1 GHz. Under this condition, the magnetic
resonance linewidth becomes larger and the signal-to-noise ra-
tio decreases. Likewise, we use DRAM A to compensate the
board and DRAM B for measuring the current. The LSD of
the measured current before and after laser frequency tuning
is shown in Fig. 8.
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Fig. 8. The LSD comparison between near-resonance and far-resonance
DRAM B laser frequencies.

Below 0.01 Hz, DRAMs at far resonant laser frequencies
have lower drift because the interaction between the light and
atoms becomes weaker when the laser is far from resonance,
and the variation of laser parameters has a smaller influence
on the drift of DRAM. As for the frequency band higher than
0.01 Hz, due to the far-resonance conditions providing a lower
signal-to-noise ratio, the far resonance noise level is higher
than the near resonance noise level. To demonstrate this ex-
planation, we tune the frequency from the resonant state to the
far-resonant state with a 100 MHz step length. The resonance
linewidth and amplitude under different detuning amounts are
shown in Fig. 9. Meanwhile, according to Zhivun’s work, the
data is fitted. His work shows that the broadening is induced
by the real transitions, it is proportional to the absorption prob-
ability 1/( f 2+ f 2

0 ), where f0 is the resonant position laser fre-
quency and f is the actual laser frequency.[24] With the in-
creasing detuning, the resonance linewidth gradually becomes
smaller, and the resonance amplitude also becomes smaller.
Among them, the linewidth in the near-resonance region varies
more significantly with the amplifying detuning, and the res-
onance linewidth in the far-resonance region varies relatively
gently with the increase in detuning. This phenomenon is an
excellent illustration to explain why detuning the laser fre-
quency can reduce low-frequency noise. The results shown in
Fig. 8 also prove that the sensitivity of the magnetometer lim-
its the DRAM’s suppression current of low-frequency noise.

Based on the experience of the experimental process and
the analysis of the final results, we expect that the suppression

of low-frequency noise can still be improved in the following
aspects.

First, reducing the environment temperature’s influence
on the device can directly improve the current noise sup-
pression level.[25] For example, a temperature compensation
mechanism can be designed for the standard resistance in the
CS board, a magnetic shielding material with a smaller tem-
perature coefficient can be used, and the temperature control
system of the laser can be upgraded. These methods can at-
tenuate the low-frequency drift caused by ambient laboratory
temperature fluctuations.[26]

Second, using a DRAM with higher sensitivity and stabil-
ity at low frequencies to build closed-loop control is likely to
suppress the CS noise further. For example, under the condi-
tion of not producing a large magnetic field gradient, the coil
constant can be optimized as large as possible.[27–29] The laser
frequency can be adjusted, and the cell can be heated properly
and stably. In addition, eliminating the magnetic field gradient
and optimizing the laser parameters can also give the DRAM
higher sensitivity to achieve the higher resolution magnetome-
ter we expected.[30]
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Fig. 9. The resonance linewidth and amplitude under different detun-
ings of laser frequencies.

4. Conclusion and perspectives
We measure and suppress current noise in the low-

frequency region by using DRAMs. The significance of this
work is summarized in the following three aspects: (i) The
noise suppression using DRAM achieves excellent perfor-
mance at 0.0001–1 Hz. If the stability is evaluated by LSD,
the CS board noise level can be suppressed to 100 nA/

√
Hz at

0.001 Hz. (ii) By designing the CS board and using DRAM to
form a closed-loop compensation, we obtain a CS board with
the stability of 2.2×10−8, which is an excellent reference for
building a CS board with low noise and high stability in fun-
damental physics research. (iii) Compared with the Aglient
3458A multimeter, using DRAMs to evaluate CS has the ad-
vantages of higher resolution and broader response bandwidth.
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Under our experimental conditions, DRAMs are more accu-
rate for current measurements.

Finally, the performance of the DRAMs can be further
improved by optimizing their parameters. Moreover, combi-
nation of DRAMs with DROMs may achieve high-precision
current measurement and noise suppression ability in the range
of 0.001–1000 Hz, which is an attractive commercial develop-
ment scheme for CS.
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