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We propose and demonstrate a general method to calibrate the frequency-dependent response
of self-compensating noble-gas-alkali-metal comagnetometers to arbitrary spin perturbations. This
includes magnetic and non-magnetic perturbations like rotations and exotic spin interactions. The
method is based on a fit of the magnetic field response to an analytical model. The frequency-
dependent response of the comagnetometer to arbitrary spin perturbations can be inferred using
the fit parameters. We demonstrate the effectiveness of this method by comparing the inferred
rotation response to an experimental measurement of the rotation response. Our results show that
experiments relying on zero-frequency calibration of the comagnetometer response can over- or
underestimate the comagnetometer sensitivity by orders of magnitude over a wide frequency range.
Moreover, this discrepancy accumulates over time as operational parameters tend to drift during
comagnetometer operation. The demonstrated calibration protocol enables accurate prediction and
control of comagnetometer sensitivity to, for example, ultralight bosonic dark-matter fields coupling
to electron or nuclear spins, as well as accurate monitoring and control of the relevant system
parameters.

I. INTRODUCTION

Over two decades of development, self-compensating
noble-gas-alkali-metal comagnetometers have been used
for fundamental physics tests [1–4] and precise rotation
measurements with potential applications for navigation
in challenging conditions [4–8]. Recently, these systems
have gained attention as promising tools to realize long-
lived quantum memories [9–11]. In this case, the poten-
tial arises from the long coherence times of the noble gas
spins and efficient access to the noble gas via the alkali
species.

In a comagnetometer operating under the right work-
ing conditions, called the self-compensating regime, the
nuclear magnetization adiabatically cancels transverse 1

external magnetic fields experienced by the alkali-metal
spins. These conditions are achieved at the so-called
compensation point, at which the externally applied lon-
gitudinal magnetic field approximately cancels the total
field experienced by the electron spins of the alkali-metal
atoms [the precise definition of the compensation point is
provided in Eq. (2)]. It is noteworthy that the total field
includes not only the external leading magnetic field, but
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1 Conventionally, the field oriented along the pump beam propaga-
tion direction is called the longitudinal field and fields orthogonal
to the pump beam propagation direction are called transverse
fields.

also the effective field arising from rotations, exotic fields
coupling to spins, and collisional interaction of alkali and
noble-gas atoms [12].

In turn, at the compensation point, even though the
alkali-metal spins constitute a highly sensitive zero-field
magnetometer, the comagnetometer signal is insensitive
to drifts and fluctuations of external transverse mag-
netic fields at frequencies below the noble-gas Larmor
frequency.

As highly-sensitive atomic magnetometers are often
limited by the stability of the magnetic environment,
compensation of the slowly drifting fields makes the co-
magnetometers an attractive choice for applications that
require continuous measurement for long time periods
(e.g., hours or even days). Examples of such measure-
ments are dark-matter searches [2, 13] and measurements
of electric dipole moments (EDMs) of fundamental par-
ticles [14], as well as, as mentioned above, navigation
applications [15, 16]. To perform such applications, how-
ever, the frequency response of the comagnetometers to
the non-magnetic perturbations (e.g., rotations) has to
be accurately known, which requires a reliable method of
calibration.

In the search for exotic spin couplings, presently,
comagnetometer-based experiments provide some of the
most stringent limits on Lorentz invariance violation [17],
spin-dependent gravitational interactions [18] and spin-
dependent fifth forces [19]. Many proposed extensions of
the Standard Model (SM) predict the existence of new
ultralight bosons [20–23], which could explain dark mat-
ter. Such ultralight bosonic dark matter could interact
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with SM particles over a variety of portals [13, 24, 25],
leading to oscillations of fundamental constants and nu-
clear and electronic EDMs, as well as torques on spins.
The mass of these ultralight bosons could be anywhere
between 10−22 and 10 eV, which results in a large boson–
mass/coupling–strength parameter space to be explored.
To date, several searches of such interactions have been
published and more are on the way [13, 26–28].

For gradient-coupled axion-like particle dark matter
[13], self-compensating comagnetometers place the most
stringent limits in the frequency range from 0.01 to 10 Hz,
corresponding to a mass range between 4 × 10−17 and
4×10−14 eV [29, 30] (overall these are the most stringent
limits in any mass range). Other experiments are looking
even beyond this mass range [31–33]. In order to charac-
terize a signal due to exotic interactions or place mean-
ingful bounds, understanding the frequency response of
the system to exotic-physics-related fields is of utmost
importance.

Self-compensating comagnetometers also form the core
of the upgraded advanced version of the Global Network
of Optical Magnetometers for Exotic physics searches
(GNOME) [28, 34–36]. GNOME is an international
network of spin-state sensors [37] (e.g., atomic magne-
tometers [38, 39]), currently with 14 stations, looking
for spatio-temporally correlated signatures of ultralight
bosonic dark matter. The sought-after signals could be
generated by compact composite exotic physics objects
such as axion-like field domain walls [36, 40–42], axion
stars [43], gravitationally bound axion halos [44–46], but
also bursts of ultralight bosons emitted by cataclysmic
astrophysical events (such as binary black hole mergers
[47]) and stochastic fluctuations of the ultralight fields
[33, 48]. The upgrade in the network is driven by the im-
proved sensitivity of self-compensating comagnetometers
to nuclear spin couplings, which is three (proton) and six
(neutron) orders of magnitude better than that of pre-
viously used alkali-vapor-only magnetometers. Here the
frequency response is crucial to understand how time-
dependent signals measured with the comagnetometer
differ from the predicted transient exotic field signals.

Previously, we theoretically studied the frequency
response of self-compensating comagnetometers [49].
However, a direct measurement of the frequency response
to exotic fields is so far impossible, since the fields have
not been observed. In this work, we propose and exper-
imentally demonstrate a calibration method to infer the
frequency response of a self-compensating comagnetome-
ter to general spin perturbations. The new calibration

method and its experimental validation are the main re-
sults of the present work.

The calibration method involves an easy-to-implement
protocol to measure the magnetic field frequency re-
sponse, fitting it with an analytical model derived based
on the results from Ref. [49], and subsequently us-
ing the fit parameters to deduce the response to non-
magnetic couplings. To validate the method, we built
a self-compensating comagnetometer on a rotation stage
and directly measured the frequency response to rota-
tions. The experimentally measured results show excel-
lent agreement with the model. Additionally, we discuss
how the frequency response changes as a function of the
applied leading magnetic field. We experimentally show
how errors in the assumed field dramatically affect the
interpretation of measurement results. In general, the
method enables comagnetometer-based searches for new
physics and accurate rotation sensing over a broad fre-
quency range.

The paper is structured as follows: first we briefly lay
out the theoretical framework, relate the magnetic fre-
quency response to the frequency response of other per-
turbations and explain how to measure the magnetic fre-
quency response (Sec. II). Then we describe experimen-
tal setup and procedure (Sec. III) before presenting and
discussing the obtained results (Sec. IV). Finally, we con-
clude in Sec. V.

II. THEORY OF COMAGNETOMETER
FREQUENCY RESPONSE

The dynamics of two overlapping spin ensembles have
been actively studied since 2002 [50]. Although theoret-
ical and experimental considerations regarding the fre-
quency response of the self-compensating comagnetome-
ter system to a magnetic field have been published in
multiple references [51–53], the theoretical considerations
of the frequency response to exotic spin couplings have
been published in Ref. [54, 55].

Here, we review the main results from Ref. [49] and its
supplemental material and utilize them to construct the
frequency response to rotations and exotic fields based
on the magnetic field frequency response.

The coupled evolution of the alkali-metal polarization
Pe and noble-gas polarization Pn can be described with
a coupled system of two Bloch equations (also known as
Bloch-Hasegawa equations) [50, 56]

dPe

dt
=

1

q
γe(B + αeb + λMnPn) ×Pe +

1

q
[Ren

se (Pn −Pe) + (Pe
0 −Pe)Re],

dPn

dt
=γn(B + αnb + λMePe) ×Pn + Rne

se (Pe −Pn) −RnPn.

(1)

Here, γe and γn are the gyromagnetic ratios of the free electron spin and the noble-gas nuclear spin, respectively.
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Coupling type b αe αn

Magnetic field Bext 1 1

Rotation Ω
γn

q γn
γe

1

Exotic neutron coupling
ℏσn

neuχneu

γn
Ξneu (q − 1) γn

γe

σe
neu

σn
neu

1

Exotic proton coupling
ℏσn

p χp

γn
Ξp (q − 1) γn

γe

σe
p

σn
p

1

Exotic electron coupling ℏχe
γn

Ξe q γn
γe

0

TABLE I. Coupling constants αe and αn used in Eq. (1) to
parameterize spin couplings of different origin. The nota-
tion used in the table is the following: Bext corresponds to
an additional external magnetic field transverse to external
magnetic field B, Ω represents the angular velocity vector of
a mechanical rotation of the setup, Ξi denotes an exotic per-
turbation and χi characterizes the coupling strength with the
subscript i being “neu” for neutrons, p for protons, and e for
electrons. Exotic couplings to nucleons also affect the elec-
tronic polarisation via the hyperfine interaction. σn

neu(σ
n
p ) is

the neutron (proton) fraction of the noble-gas nucleon spin,
and σe

neu(σ
e
p) is the neutron (proton) fraction of the nuclear

spin of the alkali metal [59].

The slowing-down factor of the alkali spins q, reduces
the electronic gyromagnetic ratio γe due to the hyperfine
interaction and redistribution of atoms over the hyper-
fine levels due to spin-exchange collisions [57]. The col-
lisional coupling constant λ = 2κ0µ0/3 is characteristic
for a given mixture of noble gas and alkali-metal vapor
and is defined with vacuum permeability µ0 and spin-
exchange enhancement factor κ0. The latter results from
the overlap of the alkali electron wave function and the
nucleus of the noble gas [58]. Me represents the electron
magnetization, while Mn represents the nuclear magne-
tization of the fully polarized spin species. The rates of
polarization transfer from the electronic to the nuclear
species (and vice versa) by spin-exchange collisions are
denoted by Ren

se (Rne
se ). Re represents the relaxation rate

of the alkali-metal polarization due to all relaxation pro-
cesses, including these related to the pump light. The
equilibrium electronic polarization, Pe

0, results from op-
tical pumping by the pump light. Rn is the relaxation
rate of the nuclear polarization of the noble gas. Generic
(i.e., magnetic or nonmagnetic) external perturbations
are introduced by B and b. The constant external mag-

netic field B sets the operation conditions (i.e., the self-
compensation mode). The vector b represents possible
perturbations with coupling constants αe and αn, where
the subscripts denote coupling to electron and nuclear po-
larization, respectively. The coupling constants αe and
αn differ for magnetic fields, rotations, and exotic cou-
plings and are given in Table I.

We are interested in the frequency response of the sys-
tem to generic spin perturbations and an experimental
way to test this. For the first task, we derive an analyt-
ical expression for the frequency response, assuming the
system operates near the self-compensating point. The
chosen value of B is determined by the equilibrium elec-
tronic spin polarization along the pump-beam axis, i.e.,
in the longitudinal direction. Since the measured signal
is determined by the transverse polarization, we restrict
our analysis to the response of the system to transverse
fields.

The comagnetometer is tuned to the self-compensating
regime by setting the constant external magnetic field B
to the compensation point Bc [50]

Bc = −λ(MnPn
0 + MePe

0) , (2)

where Pn
0 = Rne

seP
e
0/(Rn + Rne

se ) is the equilibrium nu-
clear polarization. We are interested in the operation
of the system around the compensation point and intro-
duce the field difference (detuning) ∆B relative to the
compensation point

∆B = Bc −B . (3)

Hereafter, we replace the vector quantity ∆B by its z-
component ∆Bz , assuming that the other parts of the
field are zero. Furthermore, we separate Pn

0 and Pe
0 into

longitudinal (Pn
∥ , P e

∥ ) and transverse (Pn
⊥, P e

⊥) compo-

nents. Close to the compensation point, the effective
magnetic field experienced by each spin species from the
polarization of the other species and the applied compen-
sating fields are much larger (∼ nT) than the considered
external spin perturbations (∼ fT–pT). We utilize the
small-angle approximation, assuming that the longitudi-
nal polarizations to be constant and equal to their equi-
librium values. This allows us to linearize the coupled
Bloch equations by separating the constant longitudinal
part and the time-varying transverse part. This approx-
imation, along with Eq. (2), result in the following form
of the Bloch equations

dP e
⊥

dt
= −i

γe
q

[(
αeb⊥ + λMnPn

⊥
)
P e
∥ −

(
∆Bz + λMeP e

∥
)
P e
⊥

]
− Re

q
P e
⊥

dPn
⊥

dt
= −iγn

[(
αnb⊥ + λMeP e

⊥
)
Pn
∥ −

(
∆Bz

+ λMnPn
∥
)
Pn
⊥

]
−RnP

n
⊥

, (4)

where all vector quantities are separated into the real lon- gitudinal (∥) and complex transverse (⊥) parts in a sim-
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ilar manner to polarisation 2. The total relaxation rates
Re and Rn take into account all relaxation processes, in-
cluding polarization transfer due to spin exchange.

In this work, we are interested in the frequency re-
sponse of the comagnetometer to a generic spin pertur-
bation. This can be obtained by solving the Bloch equa-
tions (4) with oscillating perturbation of the amplitude
b0 at frequency ω

b = ib0 sin(ωt) . (5)

From the analysis of Eq. (4), one obtains that for such a
perturbation the transverse polarization oscillates at the
same frequency and hence can be written as

P e
⊥(t) =

1

2

(
P e+
⊥ (ω)eiωt − P e−

⊥ (ω)e−iωt

)
, (6)

where the amplitudes of the transverse electronic polar-
izations P e±

⊥ are given by

P e±
⊥ (ω) = −

γeP
e
∥ b0

q

ωn(αe − αn) + (±ω + γn∆Bz
− iRn)αe

(±ω + ωe + γe∆Bz
/q − iRe/q)(±ω + ωn − +γn∆Bz

− iRn) − ωeωn
. (7)

In Eq. (7), ωe = γeλM
eP e

∥ /q and ωn = γnλM
nPn

∥ are the

Larmor frequencies of the electron and nuclear polariza-
tions at the compensation point. Dividing the transverse
electronic polarization amplitudes by the applied pertur-
bation amplitude results in the frequency response:

F(ω) =
P e
⊥(ω)

b0
. (8)

This gives the frequency response to the perturbation
at a single frequency ω. A procedure for complete de-
termination of F(ω) at all frequencies via measurement
and fitting of a comagnetometer’s response to controlled
transverse magnetic field perturbations is the key result
of this work.

A. Measurement of the frequency response with a
pulse

The response of the self-compensating comagnetome-
ter is linear in small external perturbations with respect
to the compensating field; therefore, to obtain the spec-
trum of the response P e

x(ω), the frequency response of
the system F(ω) is multiplied by the specific perturba-
tion spectrum b(ω):

P e
x(ω) =

√
2πF(ω)b(ω) . (9)

Therefore, the frequency response allows a quantitative
calibration of the system and its parameters and can be
measured with a known perturbation.

One way to measure the frequency response is to ex-
cite all possible frequencies by applying a step change of
the considered perturbation (magnetic field or rotation).

2 For any vector x in the Cartesian coordinate system, x∥ = xz

and x⊥ = xx + ixy , where we assume that the polarization axis
is co-linear with z.

A step change in the time domain is described by the
Heaviside theta function Θ(t) and step amplitude b0

btest(t) = b0Θ(−t) , (10)

which has the following spectrum

btest(ω) = F[btest(t)] =
1√
2π

b0
iω

+ b0

√
π

2
δ(ω). (11)

Applying this spectrally wide perturbation allows us to
determine the complete frequency response in a single
measurement. The spectral amplitude of the Heaviside
theta function changes with frequency, which has to be
taken into account to get to the frequency response. We
do this by performing a numerical time derivative of the
response data. In Fourier space, this is equivalent to a
multiplication with ω and appears simpler. Measuring
the response to a perturbation, performing a numerical
time derivative of the data and applying a Fourier trans-
form to the result yields the frequency response of the
comagnetometer projected onto the measurement axis:

F

[
dP e

x(t)

dt

]
= iωP e

x(ω) = b0F(ω) , (12)

where we took into account Eqs. (9), (10) and (11).
Hence, the frequency response of the system can be de-
termined by calculating the Fourier transform of the (nu-
merical) time derivative of the data obtained from the
system response to a step change in the amplitude of the
considered perturbation

F(ω) =
1

b0
F

[
dP e

x(t)

dt

]
. (13)

B. From magnetic-field to the total response of the
comagnetometer

Equation (7) shows that the response to magnetic and
non-magnetic perturbations is described with the same



5

set of parameters. When these parameters are known,
the system response to perturbations of arbitrary nature
and directions can be constructed. Furthermore, the pa-
rameters are accessible by measuring any specific (e.g.,
magnetic) frequency response and fitting it with the ap-
propriate model. This way, the operating regime and the
generic frequency response can be determined solely by
measuring the magnetic frequency response.

The magnetic field response [Eq. (13)] is fitted with a
model obtained from Eqs. (6) and (7). Identifying the

real and imaginary parts of the response with the in- and
out-of-phase components allows one to define a complex
signal,

Fm = (Fm
in + iFm

out)e
iθ = i(Fm

+ −Fm∗
− )eiθ , (14)

where the star operator denotes the complex conjugate
and θ is a fitting parameter taking into account possible
phase shifts. The fitting model obtained from Eq. (7)
for the response to magnetic fields gives the following
relation for the components:

Fm
± (ω) = −a

±ω + γn∆Bz
− i|Rn|

(±ω + ωe + ∆Bzγe/q − |Re|)(±ω + ωn + γn∆Bz − i|Rn|) − ωeωn
, (15)

where fitting parameters are marked blue and predefined
parameters are marked green. The predefined parame-
ters are: γn – the gyromagnetic ratio of the noble-gas
nuclear spin, γe – the electron gyromagnetic ratio, and
q – the slowing-down factor approximated by a constant
estimated prior to the calibration. The parameters used
for fitting the magnetic response can then be used to con-
struct the response to any other perturbation along both
transverse axes according to the following model

Fr
pr(ω) = (Fr

+ −Fr∗
− )ei(θ+π/2), (16)

Fr
sec(ω) = (Fr

+ + Fr∗
− )ei(θ+π), (17)

where Fr
pr(ω) is the response to fields applied along the

primary sensitivity axis, i.e., parallel to the propagation
direction of the probe beam, and Fr

sec is the response to
fields along the secondary sensitivity axis, i.e., orthogonal
to pump and probe beam. Fr

± has the following form
obtained from Eq. (7)

Fr
± = −a

ωn(αe − αn) + (±ω + γn∆Bz
− i|Rn|)αe

(±ω + ωe + ∆Bz
γe/q − |Re|)(±ω + ωn + γn∆Bz

− i|Rn|) − ωeωn
, (18)

where the coupling strength parameters marked in ma-
genta are set according to Table I.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1 and it is
based on the setup reported in Ref. [60]. Briefly, a 20mm
diameter spherical vapor cell filled with 3 amg of 3He and
50 torr of N2 is loaded with a drop of an alkali-metal mix-
ture with 1% 87Rb and 99% natural-abundance K (molar
fractions). The cell is placed in an oven and heated to
185 ◦ C with an AC resistive heater. The oven assembly
is mounted in a Tŵınleaf MS-1LF magnetic shield. The
Rb atoms are optically pumped with about 70 mW (in-
tensity of about 16 mW/cm2) circularly polarized light
tuned to the center of the rubidium D1 line. Potassium
(and helium) atoms are then polarized by spin-exchange
collisions with the Rb atoms. The hybrid pumping tech-
nique reduces inhomogeneities in the K polarization and

improves the efficiency of spin-exchange pumping of the
noble-gas atoms [61, 62].

The comagnetometer readout is realized by monitor-
ing the polarization rotation of a linearly polarized probe
beam detuned about 0.5 nm towards the shorter wave-
length of the potassium D1 line. Low-noise detection of
the response to perturbations along the y-axis is achieved
using lock-in detection and parametric modulation of the
Bz field with a sine wave (800 Hz, 35 nT peak-to-peak)
[6, 63]. The polarization-rotation signal is demodulated
with a lock-in amplifier (Zurich Instruments HF2LI) us-
ing the first and second harmonics of the modulation fre-
quency. The first-harmonic signal features a linear re-
lationship to the y-component of potassium polarization
while demodulation at the second harmonic corresponds
to measurements of potassium polarization along the x-
axis, see, e.g., Appendix A in Ref. [60].

The comagnetometer is operated around the self-
compensation point with an equilibrium compensation
field of about 120 nT, achieved after optimization of the
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795 nm

Probe
770 nm

to lock-in
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FIG. 1. Sketch of the experimental setup. A vapor cell con-
taining 3He, N2,

87Rb and K is situated inside a Tŵınleaf
MS-1LF magnetic shield. The Rb atoms are optically pumped
with circularly polarized light from a Toptica TA Pro laser on-
resonant to the D1 transition. K and He spins are pumped
by spin-exchange collisions with Rb. The readout is realized
by measuring the polarization rotation of a probe beam de-
tuned from the K D1 line with a photodiode. The leading
field is sinusoidally modulated at 800Hz to up-convert the
magnetic signal and suppress low-frequency noise. The po-
larization signal is then demodulated with a lock-in amplifier.
The inset shows the directions and polarizations of the laser
beams, magnetic field modulations and the directions of the
generated electronic (Me) and nuclear magnetization (Mn).

nuclear polarization as discussed in Ref. [60]. At this level
of the compensation field, the decay rate of nuclear spins
reached 20 s−1.

Our comagnetometer setup can be rotated about the
y-axis to controllably generate non-magnetic spin per-
turbations experimentally. To do so, the shield with the
comagnetometer is mounted on a breadboard attached to
a slewing bearing (iglidur®PRT-01). As shown in Fig. 1,
the system is rotated by actuating a 70.5(1)-cm-long arm
with a linear translation stage (Thorlabs MTS50-Z8).
Because in the experiment the laser beams are trans-
mitted through fibers and the expanders are attached
to the shield, the alignment does not change during ro-
tation (see the inset in Fig. 1). With this configura-
tion, the applied rotation rate can be approximated by
Ωy(t) ≈ v(t)/L, where v(t) is the velocity of the transla-
tion stage and L is the arm length. This is valid as long
as the rotation angle (hence the translation-stage travel)
is small enough. As the travel range of our translation
stage is limited to 50 mm, the maximum angle applied
to the system is about 64.61(9) mrad. With a maximum
velocity of 2.4(2) mm/s, the highest achievable rotation
rate is 3.4(3) mrad/s.

IV. RESULTS AND DISCUSSION

The frequency response to magnetic field and rotation
was determined based on the response of the comagne-
tometer to a step perturbation, using the procedure de-
scribed in Sec. II A. For magnetic fields, the response was
obtained by applying an 80-pT square pulse along the
y-axis. The pulse duration was chosen to be sufficiently
long (4 s) to reach the steady state regime before applying
the next field value By. The response to the falling edge
of the pulse was utilized to determine the frequency re-
sponse. The same routine was followed to determine the
rotation response. However, in this case, the square pulse
consisted of three steps: angular acceleration of the ro-
tation stage to a constant rotation rate, sufficiently long
(4 s) constant rotation to reach a steady state, followed
by a sudden stop of the motion. The motor driving the
rotation stage was accelerated to a speed of 2.0(2) mm/s,
corresponding to a rotation rate of Ωy = 2.8(3) mrad/s,
which translates to ≈ 14(1) pT of effective pseudomag-
netic field for the noble-gas spins 3.

A single dataset contains the response to magnetic
and rotation pulses. In total 71 datasets were collected
for different magnetic detunings from the compensation
point [Eq. (3)], ranging from −10 to 15 nT. A graphical
summary of the measurement sequence is presented with
a flow chart in Fig. 2(b). Figure 2(a) shows an exam-
ple time series of the response to magnetic and rotation
perturbations for three different leading field conditions:
below (upper plot), close to (middle plot), and above
the compensation field (lower plot). In the results pre-
sented, one can note the characteristic spin dynamics for
the self-compensating regime shown in the middle plot of
Fig. 2(a). It manifests as a strong damping of the mag-
netic field response, along with the highest response to
low-frequency rotation. This can be contrasted with the
dynamics away from the compensation point as shown in
the upper and lower plots of Fig. 2(a).

After the step perturbation, the time series data were
numerically differentiated, Fourier transformed, and di-
vided by the (known) transfer function of the lock-in am-
plifier to obtain the frequency response. The unit of the
frequency response is given in volts per tesla. Tesla refers
here to the unit of the effective magnetic field and is used
for all perturbations listed in Table I. The magnetic fre-
quency response obtained for each tested value of the
leading field was then fitted with the magnetic-field re-
sponse model [Eq. (3)].

The fitting results, along with the experimental data
obtained for the time series shown in Fig. 2, are presented
in the first and second columns of Fig. 3. The fitting

3 The term “pseudomagnetic” in this context means that the con-
sidered non-magnetic interaction affects the spin polarization ac-
cording to Eq. (1), and its amplitude can be expressed in mag-
netic field units according to the parameterization introduced in
Tab. I.
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FIG. 2. (a) Time series of the comagnetometer response to step changes in rotation and magnetic field under different
detunings from the compensation point: below the compensation point (top), at the compensation point (middle), and above
the compensation point (bottom). (b) A flowchart illustrating the experimental procedure used to study the response of the
comagnetometer to magnetic fields and rotations, for different detunings from the compensation point. Note that the acquisition
of the magnetic and rotation responses is separated (in time) by about 8 s. The gray-shaded area highlights the necessary steps
of the calibration procedure proposed and described in this work, see text.

routine, based on complex functions, accurately captures
both the phase and amplitude responses of the system,
as can be seen in the plots shown in the first column
of Fig. 3. The second column shows the fitted amplitude
response in a log-log plot to illustrate the good agreement
over the full range of frequencies.

The third column in Fig. 3 presents the directly mea-
sured frequency response to rotations and compares the
data with the reconstructed response based on the fitting
parameters derived from the measured magnetic response
and Eqs. (16) and (18).4 The rotation response recon-
structed from the magnetic field response agrees well with
the experimental data in the range from DC to 15 Hz.

4 Note, when comparing the form of Eqs. (14) and (16) to the plots
shown in Fig. 3, that the second and third columns show the
absolute value of the comagnetometer response. Furthermore,
the responses described by Eqs. (14) and (16) involve the sum of
complex terms given in Eqs. (15) and (18), respectively.

The comagnetometer exhibits its strongest response to
rotations at a frequency close to the noble gas Larmor
frequency when the field detunings are ∆Bz

= ±10 nT.
This response is observed under conditions where the
coupling between the noble-gas nuclear polarization and
the alkali-metal atoms is weaker. However, when the fre-
quency is lower than the noble gas Larmor frequency, the
response to rotations is significantly enhanced when the
leading field is tuned to the compensation point where
the coupling between the noble-gas nuclear polarization
and the alkali-metal atoms is strong. Additionally, the
magnetic response is strongly suppressed at the compen-
sation point. These characteristics demonstrate the key
features that enable the comagnetometer to function as
a magnetic-field-insensitive probe of rotations and exotic
fields.

For higher frequencies, the experimental spectrum is
masked by a series of resonances before being domi-
nated by the noise floor of the instrument. We verified
that these resonances are related to mechanical vibra-
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FIG. 3. Frequency response to magnetic and rotation perturbation for three different values of the magnetic field detuning ∆Bz .
The y axis shows the comagnetometer response in voltage (in mV) normalized to the applied perturbation (in pT). The first and
third rows are below and above the compensation point, respectively, while the middle row is very close to the compensation
point. The magnetic frequency response is fitted for each magnetic detuning. The resulting parameters are used to predict
the response to the rotation frequency [Eq. (18)], which is then compared to the measured rotation frequency response, shown
in the third column. Note that both the second and third columns show the absolute value of the comagnetometer response,
while the first column shows the signed, phase-dependent response. The prediction shows excellent agreement up to about
15Hz, beyond which acoustic resonances of the setup and the noise floor dominate the spectrum. The dashed lines illustrate
the conventional constant frequency response estimation, see for example [51].

tion modes of the magnetic shield assembly triggered by
a sudden stop of rotation. The complete set of the results
for magnetic field and rotation responses is presented as
color maps in Fig. 4. As shown, the reconstructed rota-
tion response agrees qualitatively and quantitatively with
all visible features of the rotation response measurement
up to around 15 Hz for all magnetic detunings from the
compensation point. The observation that the measure-
ment of the magnetic frequency response enables us to

infer the frequency response to all other spin perturba-
tions is the key result of this work. The protocol for this
method is summarized in the flowchart in Fig. 2. Apart
from rotation sensing, this also plays an important role
in determining the sensitivity of dark-matter experiments
and has, to the best of our knowledge, not been fully im-
plemented in any experiment so far. As an example of
the generality of this method, we provide the inferred
response of the measured comagnetometer system to ex-
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otic spin couplings of neutrons, protons, and electrons in
Fig. 4.

The presented color maps provide insights into the dy-
namics of the coupled evolution of noble gas and alkali-
metal polarizations. For large detunings from the com-
pensation point, the Larmor resonances of both electron
and nuclear polarizations are well resolved and their cen-
ter frequencies depend linearly on the applied magnetic
field. However, near the compensation point, the strong
interaction between the polarizations merges both reso-
nances into a hybrid response. In particular, one can note
the canonical self-compensating mechanism: around the
compensation point, the response to low-frequency mag-
netic perturbations is minimal while the amplitude of
the response to non-magnetic couplings is maximal. It is
of interest to note that the hybrid electron-nuclear res-
onance occurs at a magnetic field not precisely at the
compensation point but rather at ∆Bz

≈ −2 nT, where
the effective magnetic field experienced by the electron
polarization crosses zero.

The predicted response for exotic proton coupling
(third row, middle plot) is similar to the response to
rotations [Fig. 4 (second column, row two and three)].
This similarity arises due to the similar relative coupling
strength between the alkali-metal and noble-gas polar-
izations for both interactions (see Table I). The bottom
right plot of Fig. 4 shows the ratio between the proton
coupling and the rotation response. The ratio differs
from unity only at high frequency and large detunings.
For the chosen alkali species, the exotic coupling to neu-
trons affects only the noble-gas spins. This results in
a difference in the response of these two couplings visi-
ble at high frequencies. The bottom left plot in Fig. 4
shows the inferred frequency-dependent response of the
comagnetometer to oscillating exotic couplings to elec-
trons’ polarization. Clearly visible are the Larmor reso-
nances of the electron spin for large absolute detunings,
the broad resonance width, indicating the strong damp-
ing of the electron polarization, the nuclear resonances
that become visible due to being driven by the modulated
electron polarization, and the avoided crossing between
electron and nuclear polarization close to zero detuning.
These features are similar to those observed in the mag-
netic response.

The presented calibration method provides informa-
tion about the detuning from the compensation point,
since it is one of the fitting parameters (∆Bz ) in the
model, as seen in Eq. (15). Figure 5 presents the results
for the fit parameter ∆Bz as a function of the applied
leading field Bz. For small detunings from the compen-
sation point (|∆Bz

| ≤ 2.5 nT), the experimental results
scale linearly with the applied leading field. The data are
fitted linearly around the compensation field, shown in
the inset, resulting in a slope value of −0.9953(2). This
means that the leading field derived from the current
through the coil and the dynamics of the comagnetome-
ter are in agreement. This is an important cross-check on
the correct calibration of the system and the fit param-

eters. For larger detunings (|∆Bz
| ≥ 2.5 nT), the slope

deviates from the linear behaviour and is well described
by a quadratic function (see fit in Fig. 5). We associate
this deviation with a drift of the nuclear polarization due
to the leading field change that in turn alters the equilib-
rium nuclear polarization. This phenomenon is discussed
in Ref. [60].

V. CONCLUSION

Here we have described a calibration procedure to reli-
ably predict the frequency-dependent response of a noble-
gas-alkali-metal comagnetometer to any spin perturba-
tion, be it magnetic or non-magnetic in nature. The cal-
ibration procedure utilizes measurements of the response
of the comagnetometer system to magnetic perturbations
in conjunction with a fit to a multi-parameter model
based on the Bloch equations as described in Ref. [49] and
presented here in Eq. (14). The accuracy of the procedure
was experimentally verified by successfully using it to
predict the comagnetometer response to rotations. The
predicted frequency-dependent response of the comagne-
tometer to rotations agreed well with the directly mea-
sured comagnetometer response to rotations for a wide
range of detunings from the compensation point. The
calibration procedure is valid as long as the system re-
sponse remains in the linear regime (small angles between
alkali and noble-gas polarizations and leading field). The
method is useful for applications of self-compensating co-
magnetometers both in fundamental physics tests and
applied quantum gyroscopy, particularly due the techni-
cal simplicity of applying well-controlled magnetic per-
turbations to a comagnetometer.

The demonstrated calibration routine outperforms cal-
ibration methods using a constant calibration factor in
multiple ways. In particular, it provides the complete fre-
quency response to any kind of spin perturbation rather
than a single number that is estimated for the whole
frequency-range with the other method. This is very im-
portant difference, because, as shown in Fig. 3, the fre-
quency response is far from uniform, especially for fre-
quencies beyond the nuclear Larmor frequency and for
magnetic fields away from the compensation point (a con-
dition that can easily occur during the course of an long-
term experiment due to drifts). It should be stressed
that false estimation of the frequency response to exotic
couplings results in false exotic-field parameters in case
of discovery and misplaced limits for a null result. For
gyroscopy the consequences of an under- or overestima-
tion of the measurement results in navigation errors with
potentially catastrophic consequences. Furthermore, the
demonstrated calibration method requires no changes to
the main system parameters. A small step in the trans-
verse magnetic field and a few seconds of data acquisition
suffice. The system remains in equilibrium working con-
ditions during the entire calibration procedure. This is
of particular importance for long-term searches for ex-
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FIG. 4. Directly measured frequency responses of the comagnetometer to magnetic field and rotation, along with the fit of the
magnetic response and the reconstructed responses to rotation and exotic spin perturbations. The reconstructed responses were
estimated on the basis of the results of the magnetic field response fitting. The plots present the results obtained for different
magnetic field detunings from the compensation point ∆Bz with the compensation point at ≈ −120 nT. The first row (from
left to right): the results of the directly measured response to magnetic field, the results of the directly measured response to
rotation, the unknown exotic spin coupling (the question mark in the third column represents the absence of experimental data
for yet unknown exotic spin couplings). The second row (from left to right): the fitted magnetic response, the results of
the estimated response to rotation, the results of the estimated response to neutron perturbation. The third row (from left
to right): the predicted response to electron exotic perturbation, the predicted response to proton exotic perturbation, and
the ratio between proton and rotation response. The color bar for all maps is expressed in µV/pT with the exception of the
map for the ratio between rotation and proton coupling. Here, the numerical scale is the same as in the other plots, but the
presented quantity is unitless.

otic physics and navigation tasks for two reasons. First,
the system requires a long time to reach stable working
conditions. If the calibration protocol results in a loss
of nuclear magnetization it can take hours to get back to
equilibrium. Second, the calibration protocol is fast. The

strong damping at the compensation point allows acquisi-
tion of all required data within seconds. This maximizes
the duty cycle and the up-time of the system. And last
but not least, the demonstrated calibration method de-
termines a complete set of system parameters. This can
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FIG. 5. Fit parameter ∆Bz as a function of the applied exter-
nal field Bz. The data are fitted with a quadratic function,
which reproduces the data well. The inset shows the mag-
nified central region around the compensation point, where
the data are fitted with a linear function. The slope of this
function is close to −1. These two parameters are completely
independent and therefore an important indication for the
quantitative agreement between model and experiment.

be used to monitor the system performance over time and
control the parameters in a feedback loop. This way, for
example, the magnetic field detuning can be stabilized.

An immediate application of this calibration procedure
is to the Advanced GNOME experiment, which will uti-
lize a global network of comagnetometers to search for
evidence of exotic physics. The calibration procedure
will enable reliable long-term operation of the comagne-
tometer network to produce well-characterized data that
can be used to search for a variety of transient signals
heralding beyond-the-Standard-Model physics [28].
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