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This work investigates the behavior of a spin-exchange relaxation-free magnetometer integrated into the
feedback branch of a closed-loop control circuit, designed to realize a noise-suppressed current source. In
this configuration, the magnetometer bandwidth is enhanced by almost 2 orders of magnitude as compared
to the open-loop setup. Incorporating an injection transformer, the proposed system effectively reduces
current noise to below 3 nA=

ffiffiffiffiffiffi
Hz

p
over a broad frequency bandwidth, independent of dc-current offsets.

Analysis of the system sensitivity reveals the performance to be currently limited by technical noise. If this
were to be eliminated, the system would achieve a current-sensing sensitivity on the order of a few

pA=
ffiffiffiffiffiffi
Hz

p
while maintaining perfect galvanic isolation from the target circuit.

DOI: 10.1103/3655-6w65

I. INTRODUCTION

Spin-exchange relaxation-free (SERF) optical magne-
tometers are among the most sensitive magnetic field
sensors currently available. They are based on pumping
and probing the spin polarization of atomic ensembles in
thermal vapor cells and can achieve sensitivities in the sub-
fT=

ffiffiffiffiffiffi
Hz

p
range [1–3]. One of their most promising appli-

cations lies in the detection of neuronal activities, with
potential uses in medical diagnostics and human-machine
interfaces [4–9].Additional areas under exploration include
material testing and fundamental physics research [10,11].
Recent studies have shown promising resultswhen SERF

magnetometers are integrated into the feedback branch of a
closed-loop control circuit designed to suppress current
noise [12,13]. These results are particularly encouraging in
the sub-Hz frequency regime, where SERF magnetometers
appear well suited for current noise detection. This changes
in the higher frequency domain, as SERF magnetometers
typically operate at a limited dynamic range, with a cutoff
frequency roughly on the order of 100 Hz. In parallel,
several studies have investigated the use of feedback control

to extend the operational bandwidth of SERF magnetom-
eters [6,14–16]. While these works demonstrate significant
bandwidth enhancement of the magnetometer response,
they do not address the stabilization or noise suppression of
realistic current sources. Consequently, a comprehensive
investigation that combines a detailed characterization of
SERF magnetometers operated inside feedback loops with
the demonstration of broadband current noise suppression
has so far been lacking.
In this combined theoretical and experimental study, we

address the fundamental question of how exactly a SERF
magnetometer behaves in a closed-loop circuitry and how
this can be used to increase the bandwidth of the system
and realize efficient noise suppression for conventional
current sources. Our studies are performed with a cesium
(Cs) magnetometer based on an atomic vapor cell and a
corresponding pump-probe laser scheme. We show that the
SERF magnetometer behaves like a first-order low-pass
filter and that a feedback control system can be used to
increase its bandwidth. As compared to the open-loop
scenario, we experimentally demonstrate a 66-fold band-
width improvement, which we use to realize efficient
current noise suppression. We present an electronic cir-
cuitry, based on an injection transformer, which allows
reducing the current noise of a commercial voltage-
controlled current source to about 2.5 nA=

ffiffiffiffiffiffi
Hz

p
over a

broad frequency bandwidth, independent of dc-offset
currents. A sensitivity analysis reveals that the perfor-
mance of our system is currently limited by intensity or
polarization noise of the probe laser, but if mitigated, a
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current-sensing sensitivity of about 1.75 pA=
ffiffiffiffiffiffi
Hz

p
should

be achievable while maintaining full galvanic isolation
from the target circuit.
Besides the investigation of fundamental research ques-

tions, our findings will lay the foundation for novel
approaches to integrating SERF magnetometers in feed-
back-controlled systems, enabling unprecedented precision
and noise reduction in current control for next-generation
technologies.

II. MAGNETOMETER DYNAMICS

Optical pumped magnetometers work by detecting
changes in light polarization caused by the interaction
of optically pumped alkali atoms with the magnetic field
being measured. In the most sensitive SERF regime,
relaxation processes are minimized through high atomic
density and low magnetic field conditions. This regime is
defined by the fact that the rate of spin-exchange collisions
ΓSE is much faster than the Larmor frequency ωL at which
the atomic spins in the vapor cell precess in the magnetic
field B [4,17]. Under these conditions, the dynamics of the
atomic spin polarization P can be described using a Bloch-
type equation [4,17],

dP
dt

¼ 1

q
½γeP × Bþ ΓOPðζ − PÞ − ΓrelP�: (1)

Here, P ¼ hSi=S denotes the degree of spin polariza-
tion, where hSi represents the ensemble-averaged spin and
S the spin in the state targeted by optical pumping.
Moreover, q is the nuclear slowing-down factor [4,17],
γe represents the electron gyromagnetic ratio, ΓOP is the
optical pumping rate, and Γrel is the total spin relaxation
rate. In an ideal SERF magnetometer, Γrel is determined by
the spin-destruction collision rate Γsd [4,17]. The vector ζ
points in the direction of the pumping beam, and its
absolute value 0 ≤ ζ ≤ 1 defines the degree of circular
polarization of the pumping photons.
The optical pumping rate ΓOP at a pump photon current

density in the pump beam jp, is given by [18]

ΓOP ¼ jprecf
Δν=2

ðΔν=2Þ2 þ ðν − ν0Þ2
: (2)

Here, ν0 represents the frequency of the target atomic
transition, accompanied by a linewidth Δν, which for
SERF magnetometers is typically inhomogeneously (pres-
sure) broadened to several GHz. Additionally, re ¼ 2.8 ×
10−15 m denotes the classical electron radius, c the speed
of light, and f the oscillator strength of the transition in
use, which is often chosen to be an alkaline D1 transition.
The fundamental concept of the magnetometer lies in

the fact that a magnetic field B induces dynamics in P,
which is then measured to extract information about B. For

the following considerations, we assume the orthogonal
magnetometer configuration (as realized in our experi-
ment, cf. Fig. 1) in which the probe beam, the measured
field, and the pump beam are mutually orthogonal to each
other and denote their corresponding directions by x, y, and
z, respectively. Then, B ¼ Bey and ζ ¼ ζez, with ei,
i∈ x; y; z denoting the unit vector in the corresponding
direction. Operating the magnetometer for temporally
slowly varying dc-like signals of B, Eq. (1) is well satisfied
by the stationary solution dP=dt ¼ 0. Under the conditions
Bx ¼ Bz ¼ 0, By ≠ 0, and ζ ¼ 1, the stationary solution
becomes

Px ¼ − γeΓOPBy

ðΓOP þ ΓrelÞ2 þ γ2eB2
y

Py ¼ 0

Pz ¼
ΓOPðΓOP þ ΓrelÞ

ðΓOP þ ΓrelÞ2 þ γ2eB2
y
: (3)

The component Px can then be measured using the
Faraday effect, which induces a rotation of the polarization
vector of a linearly polarized probe-beam pointing along
ex. This rotation angle Δϕ is given by [3,19]

Δϕ ¼ − 1

2
recfln

ðν − ν0Þ
ðΔν=2Þ2 þ ðν − ν0Þ2

Px: (4)

Here, n is the atomic density and l the interaction length
for the probe beam and the atoms within the cell.
Again, under the conditions Bx ¼ Bz ¼ 0, By ≠ 0,

and ζ ¼ 1 and further assuming a small value forR
t
0ðγe=qÞByðτÞdτ, Appendix B shows that the ac response
of the time-dependent polarization PxðtÞ behaves as a first
-order low-pass filter. The corresponding transfer function
is

GmðsÞ ¼
P̃xðsÞ
B̃yðsÞ

¼ Km

1þ Tm s
(5)

jKmj ¼
γeΓOP

ðΓOP þ ΓrelÞ2
(6)

Tm ¼ q
ΓOP þ Γrel

; (7)

where P̃xðsÞ ¼ L½PxðtÞ�ðsÞ and B̃yðsÞ ¼ L½ByðtÞ�ðsÞ are
the Laplace transforms of PxðtÞ and ByðtÞ, respectively.
Here, s denotes the complex-valued frequency. The fre-
quency response of the system is obtained by evaluating
GmðsÞ at s ¼ iω, with the real-valued frequency ω.
For the study presented here, we place the SERF

magnetometer as a sensor element in the feedback branch
of a closed-loop control system, as illustrated in Fig. 1(a).
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Here, XðsÞ, YðsÞ,RðsÞ, and EðsÞ denote the input-, output-,
feedback-, and error signal in the s-domain, respectively.
Additionally, a disturbance DðsÞ is taken into account. In
this scenario, as Appendix C demonstrates, the relation-
ship between the input XðsÞ and the disturbance DðsÞ with
the output YðsÞ is given by

YðsÞ ¼ GXðsÞXðsÞ þGDðsÞDðsÞ

GXðsÞ ¼
GcðsÞ

1þGmðsÞGcðsÞ
GDðsÞ ¼

1

1þGmðsÞGcðsÞ
: (8)

Here, GcðsÞ represents the transfer function of the
controller and control element, while GXðsÞ and GDðsÞ
describe the system response to the input and the

disturbance, respectively. As an example, GcðsÞ may take
the form of an ideal PID controller combined with a
(parasitic) time constant of the control element, expressed
as [20]

GcðsÞ ¼ K
�
1þ 1

Ti s
þ Td s

�
1

1þ Te s
: (9)

Here, K represents the overall gain of the controller in
combination with the control element. The parameter Ti
denotes the time constant of the integrator within the
controller, while Td corresponds to the time constant of the
differentiator. Finally, Te is the time constant associated
with the control element.
It is important to note that the disturbance suppression

bandwidth of the closed-loop system is not limited by the

FIG. 1. Experimental setup. (a) Electronic scheme of a magnetometer placed in the feedback loop of a control circuit. XðsÞ, YðsÞ,
RðsÞ, EðsÞ, and DðsÞ denote the input, output, feedback, error, and disturbance signal in the complex frequency domain. GcðsÞ and
GmðsÞ denote the transfer function of the controller + control element and the magnetometer. (b) The magnetometer setup consists of a
shielded vapor cell and a laser system for pump-probe detection. The pump laser is stabilized to the cesium D1 line near 894.593 nm
using frequency-modulation spectroscopy. The detuning of the probe laser relative to the pump laser is determined with a wavelength
meter. The vapor cell is enclosed within a four-layer magnetic shielding, which also houses a foil-based precision magnetic field coil
system. A balanced photodiode (PD), in combination with a polarizing beam splitter in the probe-beam path after the vapor cell, detects
changes in the polarization angle of the linearly polarized probe light to produce the magnetometer signal. (c) Signal flow diagram of
the feedback loop for current noise suppression of a voltage-controlled current source (VCCS). Avoltage offset and noise can be added
to the proportional-integral-derivative (PID) output to set the VCCS operation current and noise characteristics. The noisy current is
amplified and ac filtered via an injection transformer. The remaining, amplified ac current noise is transformed to a magnetic field noise
at the magnetometer and subsequently (via the probe-beam polarization) to a voltage noise at a PD. Finally, this feedback signal is
subtracted from the input and fed as an error signal to the PID controller. Between the injection transformer and the magnetometer, the
dc current Iy0, required for close-to-zero-field operation of the magnetometer, is superimposed on the current noise. The circuit can be
operated in open or closed loop, and the input being chosen as constant voltage, voltage ramp, or sinusoidal oscillation, as used for
measuring the noise suppression and the dc and ac response of the magnetometer, respectively. (d) Electronic circuit diagram of the
feedback branch. The current from the power source feeds the working circuit via a resistor R1, which is used to tap the current and
current noise as a voltage signal. This signal is then amplified and transferred to the secondary circuit of the transformer before it is fed
to the magnetometer coil (resistor Rm and inductance Lm) via a resistor R2.
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intrinsic magnetometer bandwidth. Instead, it is deter-
mined by the loop gain LðsÞ ¼ GmðsÞGcðsÞ. As long as
jLðs ¼ iωÞj ≫ 1, disturbances are actively compensated
by the feedback loop, allowing suppression well beyond
the open-loop magnetometer cutoff frequency.
Beyond the dc and ac characteristics of the magnetom-

eter, a key performance metric is represented by its
sensitivity. A practical measure of sensitivity is the ampli-
tude spectral density (ASD) of the device noise floor [21],
as a signal must exceed this threshold to be detectable. In a
classical measurement scheme, a limit for this noise floor is
given by the standard quantum limit (SQL) of the spin
polarization measurement. This is determined by the spin
projection noise, arising from the noncommutativity of two
spin components Sj and Sk, where j ≠ k [22]. In the context
of an optically pumpedmagnetometer, spin projection noise
leads to a root-mean-square deviation ΔBrms of the mag-
netic field amplitude [22]. When normalized by the square
root of the measurement bandwidth Δf, this uncertainty
defines the amplitude spectral density characterizing the
magnetometer sensitivity at the SQL, given by [22]

ΔBrmsffiffiffiffiffiffiffi
Δf

p ¼ q
γe

ffiffiffiffiffiffiffi
Γrel

N

r
: (10)

Here, the measurement bandwidth is Δf ¼ 1=tmeas,
where tmeas is the measurement time, and N represents
the number of atoms in the probe volume of the spin-
polarized ensemble.

III. EXPERIMENTAL METHODS

A. Magnetometer setup

Figure 1(b) sketches the experimental setup of the
magnetometer. It is composed of a shielded Cs vapor cell
and a laser-based pump-probe system for spin polarization
and detection. Although Rb and K are often preferred in
SERF magnetometry because of their smaller spin-
destruction cross sections [1], we employ Cs due to its
practical advantages for integrated current source stabili-
zation. In particular, the SERF regime can be reached at
substantially lower-operating temperatures [3], simplify-
ing thermal management and improving thermal stability
when the magnetometer is integrated into a feedback-
stabilized current source. Both the pump and the probe
laser are external-cavity diode lasers in Littrow configu-
ration [23]. The pump laser is stabilized to the j6S1=2;
F ¼ 3i → j6P1=2; F0 ¼ 4i transition of the cesium D1 line
using frequency-modulation spectroscopy [24]. The probe
laser is blue detuned with respect to the pump laser by
about 80 GHz, as confirmed with a wavelength meter.
Unless stated otherwise, the optical power of the pump and
probe beams are 4 mW and 110 μW, respectively. The
corresponding beam waists (1=e2-intensity radius) are
3 mm for the pump beam and 0.5 mm for the probe beam.

The cesium vapor cell used for magnetometry is placed
within a four-layer magnetic shielding (Twinleaf MS-2).
The spherical cell of 25.4 mm diameter is filled with a
mixture of 600 Torr of neon, serving as buffer gas, and
50 Torr of nitrogen, serving as quenching gas. During
experiments, the cell is heated to T ¼ 383 K, defining the
vapor pressure and thus the atom density of the cesium that
is encapsulated into the cell [25]. A precision magnetic
field coil system is integrated within the shielding. This
system enables inter alia the definition of the magnetic
flux density components Bx;y;z through three separate
currents Ix;y;z, applied to respective coils, according to

Bx;y ¼ βx;y Ix;y with βx;y ¼ 57.6 nT=mA

Bz ¼ βz Iz with βz ¼ 105 nT=mA: (11)

Prior to experiments, the residual magnetic field
at the vapor cell position is nullified following the
procedure outlined in Ref. [26], resulting in the currents
Ik0 ðk ¼ x; y; zÞ, which are applied to the corresponding
coils using an ultralow noise current source from DM
Technologies. SERF operation is only possible in these
close-to-zero-field conditions.

B. Electronic setup

While Fig. 1(a) illustrated the general system design
with a magnetometer placed in the feedback branch of a
closed-loop control circuit, Fig. 1(c) presents a more
detailed system design specific to this study. Here, the
controller is a commercial PID controller (SIM960 from
Stanford Research Systems), and the control element is a
commercial VCCS, which is meant to be stabilized with
respect to current noise. The setting of the dc-current offset
is performed using the SIM960 internal adder, while an
external adder allows for the injection of well-defined
noise into the VCCS originating from a waveform gen-
erator (Agilent 33520B). Within the scope of this study, we
use two different current sources, as summarized in
Table I. Additionally, we use an injection transformer
(B-LFT 100 Low-Frequency from Omicron Lab) com-
bined with an upstream amplifier (DLPVA-100-BD from
FEMTO Messtechnik GmbH) in the feedback branch of
the circuit, such that only the ac signal (noise) from the
VCCS is coupled to the magnetometer. In between, the dc
current I0y is superimposed, which is required to nullify
the magnetometer dc field.
To distinguish the signal flow diagram in Fig. 1(c) from

the circuit diagram, we sketch the electronic design of the
feedback branch in Fig. 1(d). The output current Iout of the
VCCS is converted to a voltage over U ¼ R1Iout and
amplified, with R1 ¼ 10 Ω. The amplification factor is 20
or 40 dB, depending on the specific measurement. The
output voltage of the amplifier is coupled to the injection
transformer, which in turn connects to the resistance R2
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yielding a current to the magnetometer By coil (illustrated
here via a resistance Rm and an inductivity Lm). The
voltage transfer function of the transformer exhibits the
characteristics of a bandpass filter, with a lower 3-dB
cutoff frequency of about fL ¼ 30 mHz, only slightly
varying with R2. The upper 3-dB cutoff frequency depends
on R2 and varies within the range 2.4 kHz ≤ fH ≤
800 kHz for 10 Ω ≤ R2 ≤ 10 kΩ (for the measurements
we use R2 ¼ 0), as determined by characterization mea-
surements. The output is then coupled to the magnetom-
eter. In addition, the zero current I0y is applied to cancel
the By field when no current from the voltage-controlled
current source is applied to the magnetometer.
To characterize the noise generated by the VCCS under

consideration, the voltage drop across the resistor R1 is
recorded after the amplifier with a digital oscilloscope
(PicoScope 5242D), capturing multiple time traces, each
with a duration of 1 s and a sampling rate of 250 kHz. The
recorded voltage signals are converted to a current meas-
urement using the specified gain of the amplifier and the
value of R1. For each of these current signals, we compute
the double-sided ASD, and the resulting spectra are finally
averaged.

IV. RESULTS

A. Magnetometer and setup characterization

1. Open-loop dc response

Figure 2 shows the response of the magnetometer to a
quasistatic, dc-like modulation of By ¼ βyIy, which is
induced by Iy using current source 1. To measure the dc
behavior of the magnetometer, the PID controller in
Fig. 1(c) is effectively bypassed by setting its transfer
function to GPIDðsÞ ¼ 1. A sawtooth voltage signal is
applied to the VCCS via the Agilent waveform generator,
resulting in a modulation of By with an amplitude A ¼
112.8 nT and a frequency f ¼ 100 mHz, which is well
above the transformer’s lower cutoff frequency. The prin-
cipal form of the dc response follows Eq. (4), with Px given
from the steady-state solution in Eq. (3), and it clearly
shows the linear response of the measured polarization
rotation [photodiode (PD) voltage] with respect to the
magnetic fieldBy (current Iy) close to zero-field conditions.
The extrema of the dc response occur at
By ¼ �ðΓOP þ ΓrelÞ=γe. From the extrema observed in
Fig. 2, located at By ≈�20 nT, one can deduce that
ΓOP þ Γrel ≈ 3.5 × 103 s−1. However, the model function

fails to describe the wings of the measured dc response
beyond the extreme position. We attribute this to the
breakdown of the SERF regime requirements (see
Appendix A) and possible limitations of the Bloch model.
In particular, it neglects higher-order spin-exchange inter-
actions, nonlinear Zeeman splitting, and light-induced
energy-level shifts, all of which become increasingly
relevant at elevated atomic densities and optical powers.
Moreover, the model does not include spin diffusion, which
can redistribute spin polarization spatially, nor does it
account for the spatial intensity profiles of the pump and
probe beams, which influence local optical-pumping rates
and detection sensitivity. A detailed analysis of these effects
is beyond the scope of this work and will be the subject of
future studies.

2. Open- and closed-loop ac response

Figures 3(a) and 3(b) characterize the ac behavior of the
system, depicting the amplitude and phase response of the
magnetometer, which relates the signal RðsÞ to the input
XðsÞ in Fig. 1(b). The blue curves in Figs. 3(a) and 3(b)
correspond to the open-loop configuration, where the PID
controller is effectively bypassed and the feedback loop
remains open. In this scenario, the system transfer function
from XðsÞ to RðsÞ is determined by the cascaded responses
of the VCCS, amplifier, transformer, and magnetometer,
namely

GVCCSðsÞ ¼
KVCCS

1þ TVCCSs
; GaðsÞ ¼

Ka

1þ Tas
;

GtðsÞ ¼
2Dtωts

ω2
t þ 2Dtωtsþ s2

; GmðsÞ ¼
Km

1þ Tms
:

(12)

TABLE I. Current sources used in this study.

Current source Type Maximum current

VCCS1 HighFinesse Milliamp Line 20 mA
VCCS2 HighFinesse Compact Line 3 A

FIG. 2. dc magnetometer response. Variation in the polariza-
tion angle (or, correspondingly, the voltage on the balanced PD)
as measured as a function of the current Iy, which corresponds to
the magnetic field By ¼ βyIy. Measurement data (blue) is shown
together with the model function from Eq. (3) (turquoise).
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The overall system response is thus given by

RðsÞ ¼ GR;openðsÞXðsÞ; (13)

where

GR;openðsÞ ¼ GVCCSðsÞGaðsÞGtðsÞGmðsÞ: (14)

The green curves in Figs. 3(a) and 3(b) represent the
system response when the feedback loop is closed and the
PID controller is included. Similar to the derivation in
Appendix C, the system transfer function from XðsÞ to
RðsÞ in Fig. 1(b) is then modeled by

GR;closedðsÞ ¼
GPIDðsÞGR;openðsÞ

1þGPIDðsÞGR;openðsÞ
(15)

with

GPIDðsÞ ¼ KPID

�
1þ 1

Ti s
þ Td s

�
: (16)

The amplitude and phase responses, shown in Figs. 3(a)
and 3(b), correspond to jGRðiωÞj and argðGRðiωÞÞ both
in open- and closed loops. Besides the measurement
results, these figures include theoretical predictions as
obtained from fits of Eqs. (14) and (15) to the open- and
closed-loop amplitude responses simultaneously with
equal weight. The following parameters are extracted:
the bandpass characteristics of the injection transformer,
with Dt ¼ 110.9 and ωt ¼ 27.8 rad=s, yielding an upper
cutoff frequency of fH ¼ 1.01 kHz. The magnetometer
time constant is fitted to Tm ¼ 1.1 ms, resulting in a 3-dB
cutoff frequency of 1=ð2π × TmÞ ¼ 144 Hz, which aligns
closely to the experimental measured value of 105 Hz

[cf. Fig. 3(a)]. The time constants TVCCS ¼ 1=ð2π ×
10.5 kHzÞ and Ta ¼ 1=ð2π × 100 kHzÞ are not fitted
but stem from measurements and from the amplifier
datasheet, respectively. The overall system gain is nor-
malized to K ¼ KVCCSKaKm ¼ 1. The PID time constants
Ti ¼ 111 μs and Td ¼ 28 μs, as well as its gain KPID ¼
162 match the experimental values, as determined using
the Ziegler-Nichols tuning method [27].
Note that the phase responses shown in Fig. 3(b) follow

directly from Eqs. (14) and (15), using the parameters
extracted from the corresponding amplitude responses.
The remaining deviations can be attributed to nonlinear-
ities in the magnetometer dc response, as well as to the
fact that the transfer functions of the VCCS, the amplifier,
and the transformer were modeled using simple low- and
bandpass filters rather than their actual (and to us
unknown) electronic circuitry.
Besides their general behavior, the data in Figs. 3(a)

and 3(b) indicate an enhancement in bandwidth, as
observed from the 3-dB cutoff frequency. Specifically,
the cutoff frequency increases from 105 Hz in the open-
loop case, where the PID controller is bypassed, to 6.9 kHz
in the closed-loop case, where the PID controller is
incorporated.

3. Sensitivity

The sensitivity achieved by our magnetometer is illus-
trated in Fig. 4. For characterization, By is modulated at
various frequencies with an amplitude A ¼ 80 pT, corre-
sponding to a current of 1.4 μA on the By-coil provided by
VCCS1. The PID controller in Fig. 1(c) is bypassed, and
the measurement is performed in open loop. The ASD of
the magnetometer output signal [output voltage of the
balanced PD in Fig. 1(a)] is obtained using a lock-in
amplifier (HF2LI from Zürich Instruments). This measures

FIG. 3. ac magnetometer response. Characterization of the magnetometer transfer function in terms of Bode plots for (a) the
amplitude response and (b) the phase response, as measured in open- and closed-loop configurations (solid lines). Theoretical
predictions from Eqs. (14) and (15) are shown as colored dashed lines, based on fitting the open- and closed-loop amplitude responses
simultaneously with equal weight. The closed-loop PID-controller parameters are determined using the Ziegler-Nichols method [27].
The 3-dB cutoff frequency amounts to 105 Hz in the open-loop configuration and is extended to 6.9 kHz in the closed-loop
configuration.
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the signal power within a frequency interval
½fr − ΔfNEP; fr þ ΔfNEP�, where the noise-equivalent
power bandwidth is ΔfNEP ¼ 0.28 Hz in our measure-
ments. The reference frequency fr is tuned over the
frequency range of interest using 120 sample points.
The signal power within ½fr − ΔfNEP; fr þ ΔfNEP� is
characterized by mixing the output signal with a reference
signal of frequency fr and extracting its dc component
using a fourth-order low-pass filter with a cutoff frequency
ofΔfNEP. From the measured power andΔfNEP, the power
spectral density (PSD) and ASD are determined [21]. The
output voltage ASD is referred to the input magnetic field
ASD by the relation of the output voltage amplitude to the
input magnetic field amplitude of 80 pT. Since the
magnetic field By ¼ βyIy is directly given by the current
Iy, the current ASD can also be determined accordingly.
Figure 4 presents the ASD of both By and Iy. The noise

floor, which serves as a measure of the magnetometer
sensitivity, is found to be 139 fT=

ffiffiffiffiffiffi
Hz

p
or 2.46 nA=

ffiffiffiffiffiffi
Hz

p
.

This results in a root-mean-square current noise amplitude
of Irms ¼ 25 nA within the open-loop bandwidth of the
magnetometer. When compared to the maximum current
in the linear regime of the dc response in Fig. 2
(Imax;lin ¼ 200 μA), this corresponds to a dynamic range
of 20 log ðImax;lin=IrmsÞ ¼ 78 dB.
Furthermore, by normalizing the ASD of the noise floor

to the full-scale output current of the respective sources,
we define a relative metric for the full-scale-referenced

sensitivity of our magnetometer-based current sensing.
This yields values of 1.2 × 10−7 1=

ffiffiffiffiffiffi
Hz

p
for VCCS1 and

8.2 × 10−10 1=
ffiffiffiffiffiffi
Hz

p
for VCCS2.

Additionally, Fig. 4 shows the noise levels correspond-
ing to the illuminated- and dark-balanced PD, as well as
the noise contributions expected from the photon shot
noise of the probe beam and the electronic shot noise of the
photocurrent [28]. The noise level of the illuminated PD
closely matches the noise floor observed in our measure-
ments, indicating that the magnetometer sensitivity is
primarily limited by this factor. Since the noise level of
the illuminated PD is higher than that of the dark PD, this
suggests that the dominant noise source originates from the
probe beam, which could be attributed to either intensity or
polarization fluctuations.
The optimal noise floor is determined by the SQL as

expressed inEq. (10), yieldingΔBrms=
ffiffiffiffiffiffiffi
Δf

p ¼ 0.1 fT=
ffiffiffiffiffiffi
Hz

p
.

In this context, the best slow-down factor is q ¼ 8 [3,18].
Furthermore, in an ideal Cs SERF magnetometer, the
relaxation rate is determined by Cs-Cs spin-destruction
collisions and is given by Γrel ¼ nv̄thσsd [1]. Here the spin-
destruction cross section is σsd ¼ 2 × 10−16 cm2 [1,29], v̄th
denotes the average relative thermal velocity, and n is the
atomic number density, both evaluated at the experimental
atomic temperature T ¼ 383 K.Moreover, in Eq. (10),N is
taken to be N ¼ nV, assuming an attainable probe volume
of V ¼ 1 cm3.
The noise level in Fig. 4 is currently limited by technical

noise of the probe beam, as indicated by the noise level of
the illuminated PD. Approaching an SQL-limited oper-
ation would therefore require improved stabilization of the
probe laser. Under the assumption that the relationship
between variations in the magnetometer PD output voltage
and variations in the applied magnetic field is largely
independent of the probe-beam laser power, the probe laser
must satisfy specific noise requirements. In particular, a
probe laser that is shot-noise-limited in the relevant
frequency range (sub-10 kHz), operated at an average
optical power on the order of 1 μW and exhibiting
polarization noise on the order of 10−7 deg =

ffiffiffiffiffiffi
Hz

p
, would

be sufficient to suppress probe-beam-induced noise below
the SQL.

B. Current noise suppression

Now we turn toward measurements regarding the
stabilization of a VCCS using the magnetometer. Here,
we investigate the dependency of the current noise
suppression on different experimental parameters, such
as the applied (open-loop) noise level and the dc offset of
the stabilized current.
Figure 5 presents the measured current noise in terms of

its ASD in both open- and closed-loop configurations for
different noise levels. The noise is artificially generated by
superimposing white noise onto the current of VCCS1
from Table I. The magnitude of this artificial noise is

FIG. 4. Magnetometer sensitivity. Amplitude spectral density
as measured with a lock-in amplifier at the output of the
magnetometer for different modulation frequencies (different
colors) of Iy. The measurement is performed in an open loop
with the output of the VCCS directly connected to the y-coil
of the magnetometer. The measurements determine the sensi-
tivity-defining noise floor to be 2.46 nA=

ffiffiffiffiffiffi
Hz

p
, corresponding to

139 fT=
ffiffiffiffiffiffi
Hz

p
(PD noise). Analyzing various technical and

physical noise sources (black dashed lines) suggests that the
magnetometer is limited by the illuminated PD. The fundamental
noise floor of our setup is given by the standard quantum limit
(SQL), which yields 1.75 pA=

ffiffiffiffiffiffi
Hz

p
, corresponding

to 0.1 fT=
ffiffiffiffiffiffi
Hz

p
.
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characterized by the root-mean-square value of the open-
loop current ΔIrms, as determined from the measured time-
resolved voltage drop at R1.
As shown in Fig. 5, increasing ΔIrms enhances current

noise suppression up to almost 2 orders of magnitude.
Furthermore, this analysis provides a measure for the
lowest noise level that can be effectively suppressed. At the
lowest noise ΔIrms ¼ 1.5 μA, the noise suppression in a
closed loop is only slightly below the open-loop level,
indicating the threshold of detectable noise. This corre-
sponds to an open-loop noise floor of 4.5 × 10−9 A=

ffiffiffiffiffiffi
Hz

p
,

or equivalently to 250 fT=
ffiffiffiffiffiffi
Hz

p
, which is close to the

characterized sensitivity of 140 fT=
ffiffiffiffiffiffi
Hz

p
shown in Fig. 4.

In addition, Fig. 5 (and also Figs. 6 and 7) shows horizontal
lines indicating the noise threshold of the measurement
system itself. This depends on the gain settings on the
amplifier and the scale setting at the oscilloscope and has
been characterized for a short-circuited input signal
(R1 ¼ 0) to the amplifier and converted into current noise
(cf. Appendix D).

To demonstrate the noise suppression at different dc-
offset currents and thus the functionality of the ac coupling
induced by the injection transformer, as shown in
Figs. 1(c) and 1(d), we measured the current noise from
source 1 at different dc-current levels. Figure 6 presents the
current noise suppression for various dc currents at a noise
level of ΔIrms ¼ 47 μA, which is applied as described
above. The results show that the attenuated current noise in
closed-loop configuration remains largely independent of
the stabilization current dc component, as long as it stays
below a certain threshold of 72 μA. Beyond this threshold,
the noise starts to increase in the low-frequency regime.
This behavior can be attributed to the nonideal character-
istics of the transformer, which does not completely
eliminate low-frequency current components but only
suppresses them.
The same measurement was repeated with VCCS2 from

Table I, this time without applying any additional noise. In
fact, characterization measurements (cf. Appendix D)
show that the intrinsic noise level of this source is
approximately equal to 2 × 10−7 A=

ffiffiffiffiffiffi
Hz

p
, which is higher

FIG. 5. Noise suppression for different noise levels. Current noise spectra in open loop (blue) and closed loop (turquoise) as measured
for different levels of applied (open loop) noise ΔIrms to VCCS1 from Table I. The horizontal dashed line in each plot corresponds to
the noise level of the voltage amplifier in the configuration used for the closed-loop measurements, that is with gain set to 40 dB and the
appropriate voltage scale at the oscilloscope, as measured for a short-circuited input signal and converted into current noise
(cf. Appendix D). All spectra lie above the lines, meaning that we are not limited by the noise of the measurement system itself.
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than the sensitivity of our setup and can therefore be
regulated. The measured spectra are displayed in Fig. 7,
which again confirms that the current noise reduction is
independent of the applied offset. However, this time the
regulation only involves the noise of the current source
itself, going beyond a mere proof of principles but
demonstrating the realization of a system with proper
technological applications.

V. DISCUSSION AND CONCLUSION

Using a SERF magnetometer within the feedback
branch of a closed-loop feedback system designed to
suppress the noise of a voltage-controlled current source
offers the advantage of perfect galvanic isolation as
compared to standard transimpedance amplifiers.
Furthermore, the circuit we propose for ac coupling,

featuring an ultralow lower cutoff frequency, effectively
enables the definition of the dc current supplied by the
current source. We validated its functionality with two
different current sources, each operating within totally
different dc-current ranges.
In the low-frequency regime, our setup provides

significant current noise suppression. However, the
achieved sensitivity of 2.46 nA=

ffiffiffiffiffiffi
Hz

p
, corresponding to

139 fT=
ffiffiffiffiffiffi
Hz

p
, is higher than that of ultra-low-noise tran-

simpedance amplifiers [30]. Nevertheless, as demonstrated
in this study, our setup was primarily limited by technical
noise, particularly polarization and intensity noise of the
probe beam. Eliminating these technical noise sources
would enable operation at the standard quantum limit,
yielding a magnetometer sensitivity of 0.24 fT=

ffiffiffiffiffiffi
Hz

p
,

which corresponds to a current measurement sensitivity
of 4.25 pA=

ffiffiffiffiffiffi
Hz

p
. This level of sensitivity is comparable

to the Johnson noise of the coil system resistance, given
by ΔIrms=

ffiffiffiffiffiffiffi
Δf

p ¼ 55 pA=
ffiffiffiffiffiffi
Hz

p
at room temperature.

Moreover, further improvements in sensitivity are, in
principle, attainable. By increasing the coupling parameter
βy and employing higher-resistance components to suppress
Johnson noise contributions, it should be possible to achieve
sensitivities in the fA=

ffiffiffiffiffiffi
Hz

p
regime for current noise

measurement and suppression.
While the demonstrated current sensitivity does not yet

surpass state-of-the-art transimpedance amplifiers, the
presented approach offers a key advantage in applications
where galvanic isolation is indispensable rather than
optional. Such contexts include biomedical instrumenta-
tion, where patient safety requires strict electrical isola-
tion; high-voltage and power-electronic systems, where
direct electrical coupling is impractical; and cryogenic or
quantum technological devices, where ground loops,
leakage currents, and thermal load from electrical con-
nections must be minimized. In these scenarios, magneti-
cally coupled current sensing combined with active noise
suppression provides a viable route toward low-noise
current control without compromising electrical isolation.
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FIG. 6. Noise suppression for different dc currents. Current
noise spectra for the 20-mA source (VCCS1) at different
stabilization currents, corresponding to different voltage offsets
from the PID controller. For all measurements, we use ΔIrms ¼
47 μA and a 40-dB gain at the voltage amplifier. Similar to
Fig. 5, the horizontal dashed line corresponds to the noise level of
the amplifier and oscilloscope used for measuring the current
noise. All spectra lie above the line, meaning that we are not
limited by the noise measurement system itself.

FIG. 7. Noise suppression of commercial source. Current noise
spectra for the 3-A source (VCCS2) at different stabilization
currents, corresponding to different voltage offsets from the PID
controller. For these measurements, no artificial noise is applied,
and the gain at the voltage amplifier is set to 20 dB. Similar to
Figs. 5 and 6, the horizontal dashed line corresponds to the noise
level of the measurement system (amplifier and oscilloscope).
All spectra lie above the line, meaning that we are not limited by
the noise of the measurement devices.
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APPENDIX A: SERF REGIME

In the SERF regime, the condition ωL ≪ ΓSE must
be fulfilled. The Larmor frequency is given by
ωL ¼ gFμBB=ℏ, where B is the magnetic-field strength,
μB the Bohr magneton, ℏ the reduced Planck constant, and
gF ¼ 1=4 the Landé g-factor for the cesium D1 transition.
The spin-exchange rate is ΓSE ¼ nvrelσSE, with σSE ≈ 2.1 ×
10−14 cm2 the spin-exchange cross section for
Cs-Cs collisions. The atomic number density n follows
from the ideal gas law, n ¼ p=ðkBTÞ, where p ≈ 0.08 Pa is
the cesium vapor pressure, T the ensemble temperature, and
kB the Boltzmann constant. The mean relative velocity is
vrel ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16kBT=ðπmCsÞ

p
, with mCs the mass of a

cesium atom.
At our operating temperature ofT ¼ 383 K, these param-

eters imply the SERF condition requires B ≪ 500 nT.
Numerical simulations of the spin dynamics for an ensemble
of 1000 cesium atoms further show that at least 10—
preferably 100—spin-exchange collisionsmust occurwithin
a single Larmor period to ensure effective averaging and
suppressionof spin relaxation.This imposes amore stringent
requirement, namely B < 50 nT, or ideally B < 5 nT, to
maintain robust SERF conditions.

APPENDIX B: DYNAMICS FOR Bx =Bz = 0

For Bx ¼ Bz ¼ 0 and a perfectly circular polarized
pump beam aligned along the z axis, Eq. (1) couples Px
and Pz as follows:

Ṗx ¼ −ΩðtÞPz − ηPx

Ṗz ¼ ΩðtÞPx − ηPz þ ξ;
(B1)

with ΩðtÞ ¼ γeByðtÞ=q, ξ ¼ ΓOP=q, and η ¼ ðΓOP þ
ΓrelÞ=q. For the homogeneous differential equation system,
a fundamental matrix ΨðtÞ can be found:

ΨðtÞ ¼ e−ηt

0
B@ cos

�R
t
0 ΩðτÞdτ

�
− sin

�R
t
0 ΩðτÞdτ

�

sin
�R

t
0 ΩðτÞdτ

�
cos

�R
t
0 ΩðτÞdτ

�
1
CA:

Assuming
R
t
0 ΩðτÞdτ to be small, this matrix can be

linearized:

ΨðtÞ ¼ e−ηt
�

1 − R
t
0 ΩðτÞdτR

t
0 ΩðτÞdτ 1

�
: (B2)

Under the already made assumption of small
R
t
0 ΩðτÞdτ,

variation of constants leads to the general solution of the

nonhomogeneous differential equation

�
Px

Pz

�
¼ ΨðtÞ ·

�
cx
cz

�

þΨðtÞ ·
Z

t

0

ξ eητ1
�R τ1

0 Ωðτ2Þdτ2
1

�
dτ1:

:
(B3)

Here, the constants cx;z are defined by the initial
conditions. According to Eq. (4), the measured output
signal of the magnetometer is proportional to Px.
Assuming ΩðtÞ ¼ 0 for all t < 0 and the equilibrium
conditions Pxðt ¼ 0Þ ¼ 0 and Pzðt ¼ 0Þ ¼ ξ=η, it holds

Px ¼ − ξ

η

Z
t

0

ΩðτÞe−ηðt−τÞ dτ; (B4)

which can be understood as a convolution of ΩðtÞ with
e−ηt. Thus, by introducing the Laplace transforms

P̃xðsÞ¼L½PxðtÞ�ðsÞ and Ω̃xðsÞ¼L½ΩðtÞ�ðsÞ; (B5)

the frequency domain expression of Eq. (B4) becomes

P̃xðsÞ ¼
−ξ=η
sþ η

Ω̃xðsÞ: (B6)

Equation (B6) describes the simple behavior of a first-
order low-pass filter with η being the cutoff angular
frequency.

APPENDIX C: WORKING
WITH TRANSFER FUNCTIONS

For a linear and time-invariant system, there are two
equivalent ways of describing the system output as a
function of an arbitrary input. On the one hand, the system
can be described in the time domain, where it is charac-
terized by the impulse response gðtÞ. In this case, the
system output yðtÞ is given by the convolution of the input
xðtÞ and gðtÞ, namely yðtÞ ¼ ðg � xÞðtÞ. On the other hand,
the system can be described in the (complex-valued)
frequency domain, where it is characterized by the transfer
function GðsÞ, with s ¼ σ þ iω being the complex fre-
quency and GðsÞ ¼ L½gðtÞ�ðsÞ the Laplace transform of
gðtÞ. In the frequency domain, the relationship between
input and output is given by YðsÞ ¼ GðsÞXðsÞ, where YðsÞ
and XðsÞ are the Laplace transforms of yðtÞ and xðtÞ,
respectively.
If two subsystems with G1ðsÞ and G2ðsÞ are connected

in series, the total transfer function is given by
GðsÞ ¼ G1ðsÞG2ðsÞ. Moreover, if two signals are added
in the time domain, they are also added in the frequency
domain. Thus, for Fig. 1(a), the following holds:

YðsÞ ¼ GcðsÞEðsÞ þDðsÞ; (C1)
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EðsÞ ¼ XðsÞ − RðsÞ ¼ XðsÞ − GmðsÞYðsÞ; (C2)

and thus,

YðsÞ ¼ GcðsÞXðsÞ þDðsÞ
1þGmðsÞGcðsÞ

; (C3)

which defines the two transfer functions in Eq. (8).

APPENDIX D: DEVICES NOISE
CHARACTERIZATION

We present the characterization of the noise produced by
all the devices used in the feedback loop designed to
stabilize the current. These measurements are of particular
interest because they enable us to determine whether the
reduction in current noise is limited by these devices.
Specifically, all noise measurements presented in
Sec. IV B are performed by detecting time traces of the
signal of interest with an oscilloscope (PicoScope 5242D),
after amplification with a voltage amplifier (Femto
DLPVA-100-BD). Therefore, these devices must be char-
acterized to establish whether their noise affects the shown
measurements. As before, the noise is quantified by means
of the ASD, which corresponds to the square root of the
PSD, describing the spectral distribution of the noise.
The oscilloscope noise is estimated by short circuiting

the input and calculating the ASD of the voltage signal for
every voltage range of the device, obtaining the spectra
shown in Fig. 8. For the amplifier, we short-circuit pins 1,
2, and 3, corresponding to the noninverting input, the
inverting input, and the grounding, and connect the output
to the oscilloscope. From the raw data collected, we
calculate the equivalent input noise (EIN), which corre-
sponds to the output noise divided by the gain of the
amplifier, at every possible gain and for every voltage scale

FIG. 8. Oscilloscope noise. Voltage noise of the 5242D
PicoScope from Picotech for different voltage scales, as mea-
sured for a short-circuited input.

(a) (b)

(c) (d)

FIG. 9. Amplifier + oscilloscope noise. Equivalent input noise (EIN) of the Femto voltage amplifier DLPA-100-BD for different
gains, each at different voltage scales at the oscilloscope, as measured for a short-circuited input of the amplifier.
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of the oscilloscope. The results are shown in Fig. 9 for
amplifications of 20, 40, 60, and 80 dB. Both the
measurements for the oscilloscope and the amplifier show
that the noise level increases with an increasing voltage
range due to a decrease in the sensitivity of the oscillo-
scope for a fixed bit depth. At the same time, the EIN of the
amplifier decreases for increasing gain. Therefore, in all
noise measurements throughout this work, we set the
smallest voltage scale compatible with the chosen ampli-
fication in order to maximize the sensitivity of the
measuring devices to the input noise. The horizontal lines
in the corresponding plots represent the noise floor of the
amplifier EIN, as measured with the same gain and voltage
scale. We estimate this by integrating the relative spectrum
for all frequencies above 1 kHz. If the noise of the signal of
interest lies above this line, we state that the measurement
was not affected by the measuring devices.
Figure 10 shows the noise of the three current sources

used in this study: the low-noise current source from DM
Technologies (DMT) and the two VCCSs. For the mea-
surements, the output of the DMT source is set to 0, while
the control analog input of the VCCSs is short-circuited. In
each case, a high precision 10-Ω resistor is connected at the
output, and the voltage drop is amplified by the voltage
amplifier, whose output is connected to the oscilloscope.
The detected voltage signal is converted back into a current
taking into account the amplifier gain and the resistor, so
that the current noise can be calculated.An estimation of the
noise floor for different devices is obtained by integrating
the measured spectra for all frequencies up to 10 kHz,
resulting in 7 × 10−10 A=

ffiffiffiffiffiffi
Hz

p
, 3.3 × 10−9 A=

ffiffiffiffiffiffi
Hz

p
, and

2 × 10−7 A=
ffiffiffiffiffiffi
Hz

p
for the DMT source, the 20-mA source

(VCCS1) and the 3-A source (VCCS2), respectively.
Notice that the DMT source spectrum lies on the horizontal

line indicating the EIN level of the amplifier. This
means that the measurement was limited by the device
and that the actual current noise is lower (specified at
10 pA=

ffiffiffiffiffiffi
Hz

p
). The noise floor of the 3-A VCCS2 is

well above the estimated sensitivity of our setup
(2.46 × 10−9 A=

ffiffiffiffiffiffi
Hz

p
, cf. Sec. IVA), making it possible

to stabilize the output current.
Figure 11 shows the measured noise spectra for

the waveform generator from Agilent (outputting a dc
signal at null level), the PID controller from Stanford
Research System (setpoint set internally to 0 and P ¼ 1,
I ¼ D ¼ 0), the transformer from Omicron Lab, and the
adder used to add artificial noise (both with short-circuited
inputs). All the devices are directly connected to the
oscilloscope.

[1] J. C. Allred, R. N. Lyman, T.W. Kornack, and M. V.
Romalis, High-sensitivity atomic magnetometer unaffected
by spin-exchange relaxation, Phys. Rev. Lett. 89, 130801
(2002).

[2] I. K. Kominis, T. W. Kornack, J. C. Allred, and M. V.
Romalis, A subfemtotesla multichannel atomic magnetom-
eter, Nature (London) 422, 596 (2003).

[3] M. P. Ledbetter, I. M. Savukov, V. M. Acosta, D. Budker,
and M. V. Romalis, Spin-exchange-relaxation-free magne-
tometry with Cs vapor, Phys. Rev. A 77, 033408 (2008).

[4] J. Li, W. Quan, B. Zhou, Z. Wang, J. Lu, Z. Hu, G. Liu, and
J. Fang, SERF atomic magnetometer–recent advances and
applications: A review, IEEE Sens. J. 18, 8198 (2018).

[5] E. Boto et al., A new generation of magnetoencephalog-
raphy: Room temperature measurements using optically-
pumped magnetometers, NeuroImage 149, 404 (2017).

[6] F. Zheng et al., A compact triaxial SERF magnetometer
with high sensitivity and 1.1 kHz bandwidth for magneto-
encephalography, IEEE Sens. J. 24, 28722 (2024).

FIG. 10. Current sources. Current noise of the low-noise
current source from DM Technologies and the two VCCSs from
Table I. The horizontal dashed lines correspond to the noise floor
of the amplifier, converted into current noise, operating as in the
measurements for the different sources. The measured noise
level for the low-noise current source is limited by the noise of
the measuring device.

FIG. 11. Other devices. Voltage noise of the function generator
from Agilent, the PID controller from Stanford Research System,
the transformer from Omicron Lab, and the adder used to add
artificial noise to the control circuit. The horizontal dashed lines
correspond to the noise floor of the oscilloscope with the voltage
scale used for the measurements.

TOBIAS MENOLD et al. PHYS. REV. APPLIED 26, 014042 (2026)

014042-12

https://doi.org/10.1103/PhysRevLett.89.130801
https://doi.org/10.1103/PhysRevLett.89.130801
https://doi.org/10.1038/nature01484
https://doi.org/10.1103/PhysRevA.77.033408
https://doi.org/10.1109/JSEN.2018.2863707
https://doi.org/10.1016/j.neuroimage.2017.01.034
https://doi.org/10.1109/JSEN.2024.3435882


[7] Y. Yang, M. Xu, A. Liang, Y. Yin, X. Ma, Y. Gao, and X.
Ning, A new wearable multichannel magnetocardiogram
system with a SERF atomic magnetometer array, Sci. Rep.
11, 5564 (2021).

[8] S. Su et al., Vector magnetocardiography using compact
optically-pumped magnetometers, Heliyon 10, e29092
(2024).

[9] M. J. Brookes, J. Leggett, M. Rea, R. M. Hill, N. Holmes, E.
Boto, and R. Bowtell, Magnetoencephalography with
optically pumped magnetometers (OPM-MEG): The next
generation of functional neuroimaging, Trends Neurosci.
45, 621 (2022).

[10] P. A. Koss, A. R. Durmaz, A. Blug, G. Laskin, O. S. Pawar,
K. Thiemann, A. Bertz, T. Straub, and C. Elsässer, Optically
pumped magnetometer measuring fatigue-induced damage
in steel, Appl. Sci. 12, 1329 (2022).

[11] K. Thiemann, A. Blug, P. Koss, A. Durmaz, G. Laskin, A.
Bertz, F. Kühnemann, and T. Straub, Using optically
pumped magnetometers to identify initial damage in bulk
material during fatigue testing, in Proc. SPIE 12133,
Quantum Technologies 2022 (SPIE, 2022), Vol. 12133,
pp. 83–89.

[12] L. Shen, R. Zhang, T. Wu, X. Peng, S. Yu, J. Chen, and H.
Guo, Suppression of current source noise with an atomic
magnetometer, Rev. Sci. Instrum. 91, 084701 (2020).

[13] P. A. Koss, R. T. Dinani, L. Bienstman, G. Bison, and N.
Severijns, Optical-magnetometry-based current source,
Phys. Rev. Appl. 16, 014011 (2021).

[14] Q. Guo, T. Hu, C. Chen, X. Feng, Z. Wu, Y. Zhang, M.
Zhang, Y. Chang, and X. Yang, A high sensitivity closed-
loop spin-exchange relaxation-free atomic magnetometer
with broad bandwidth, IEEE Sens. J. 21, 21425 (2021).

[15] L. Jia, X. Song, J. Li, Y. Suo, T. Long, Z. Wu, and X. Ning,
Comprehensive analysis of the magnetic field closed-loop
control system in SERF atomic magnetometer, Sens.
Actuat. A 367, 115043 (2024).

[16] Z. Liu, J. Li, X. Li, Z. Wang, J. Sheng, and J. Lu, A
performance-enhanced closed-loop SERF atomic magne-
tometer, IEEE Sens. J. 24, 36617 (2024).

[17] I. M. Savukov, Spin exchange relaxation free (SERF)
magnetometers, in High Sensitivity Magnetometers, edited
by A. Grosz, M. J. Haji-Sheikh, and S. C. Mukhopadhyay
(Springer International Publishing, New York, 2017),
pp. 451–491.

[18] S. Appelt, A. Ben-Amar Baranga, A. R. Young, and W.
Happer, Light narrowing of rubidium magnetic-resonance
lines in high-pressure optical-pumping cells, Phys. Rev. A
59, 2078 (1999).

[19] W. Happer and B. S. Mathur, Effective operator formalism
in optical pumping, Phys. Rev. 163, 12 (1967).

[20] L. Keviczky, R. Bars, J. Hetthéssy, and C. Bányász, Control
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