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Universal determination of comagnetometer response to spin couplings
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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 nonmagnetic perturbations such as 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.
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I. INTRODUCTION

During 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 quan-
tum memories [9-11]. In this case, the potential 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 working
conditions, called the self-compensating regime, the nuclear
magnetization adiabatically cancels transverse' external mag-
netic fields experienced by the alkali-metal spins. These

“michal.padniuk @doctoral.uj.edu.pl
"Deceased.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.
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.

2643-1564/2024/6(1)/013339(12) 013339-1

conditions are achieved at the so-called compensation point,
at which the externally applied longitudinal magnetic field ap-
proximately 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 mag-
netic field, but 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 comagnetometers an
attractive choice for applications that require continuous mea-
surement for long time periods (e.g., hours or even days).
Examples of such measurements are dark-matter searches
[2,13] and measurements of electric dipole moments (EDMs)
of fundamental particles [14], as well as, as mentioned above,
navigation applications [15,16]. To perform such applications,
however, the frequency response of the comagnetometers to
the nonmagnetic perturbations (e.g., rotations) has to be accu-
rately known, which requires a reliable method of calibration.

Published by the American Physical Society
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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 matter. Such ultralight
bosonic dark matter could interact with SM particles over a
variety of portals [13,24,25], leading to oscillations of funda-
mental constants and nuclear and electronic EDMs, as well as
torques on spins. The mass of these ultralight bosons could
be anywhere between 10722 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 axionlike particle dark matter [13],
self-compensating comagnetometers place the most stringent
limits in the frequency range from 0.01 to 10 Hz, correspond-
ing to a mass range between 4 x 107!7 and 4 x 1074 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 characterize a signal due to exotic
interactions or place meaningful bounds, understanding the
frequency response of the system to exotic-physics-related
fields is of the utmost importance.

Self-compensating comagnetometers also form the core of
the upgraded advanced version of the Global Network of Op-
tical Magnetometers for Exotic physics searches (GNOME)
[28,34-36]. GNOME is an international network of spin-state
sensors [37] (e.g., atomic magnetometers [38,39]), currently
with 14 stations, looking for spatiotemporally correlated sig-
natures of ultralight bosonic dark matter. The sought-after
signals could be generated by compact composite exotic
physics objects such as axionlike field domain walls [36,40—
42], axion stars [43], and gravitationally bound axion ha-
los [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
improved sensitivity of self-compensating comagnetometers
to nuclear spin couplings, which is three (proton) and six
(neutron) orders of magnitude better than that of previously
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
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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 experimentally demonstrate a
calibration method to infer the frequency response of a self-
compensating comagnetometer to general spin perturbations.
This calibration method and its experimental validation are
the main results of the present work.

The calibration method involves an easy-to-implement pro-
tocol to measure the magnetic field frequency response, fitting
it with an analytical model derived based on the results from
Ref. [49], and subsequently using the fit parameters to de-
duce the response to nonmagnetic couplings. To validate the
method, we built a self-compensating comagnetometer on a
rotation stage and directly measured the frequency response
to rotations. The experimentally measured results show ex-
cellent 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 interpreta-
tion of measurement results. In general, the method enables
comagnetometer-based searches for new physics and accurate
rotation sensing over a broad frequency range.

The paper is structured as follows: first we briefly lay
out the theoretical framework, relate the magnetic frequency
response to the frequency response of other perturbations,
and explain how to measure the magnetic frequency response
(Sec. I). Then we describe the experimental setup and proce-
dure (Sec. III) before presenting and discussing the obtained
results (Sec. IV). Finally, we conclude in Sec. V.

II. THEORY OF COMAGNETOMETER
FREQUENCY RESPONSE

The dynamics of two overlapping spin ensembles have
been actively studied since 2002 [50]. Although theoreti-
cal and experimental considerations regarding the frequency
response of the self-compensating comagnetometer system
to a magnetic field have been published in multiple refer-
ences [51-53], the theoretical considerations of the frequency
response to exotic spin couplings have been published in
Refs. [5,49].

Here, we review the main results from Ref. [49] and its sup-
plemental 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
P¢ and noble-gas polarization P" can be described with a
coupled system of two Bloch equations (also known as Bloch-
Hasegawa equations) [50,54],

=7,(B + ab + AMP¢) x P" + R*(P° — P") — R'P". 1

dpPe 1 1
- zaye(B + aecb + AM™P") x P° + 5[R§:(P” —P°) + (P§ — P)R‘],
dp”
dt

Here, y, and y,, are the gyromagnetic ratios of the free elec-
tron spin and the noble-gas nuclear spin, respectively. The

(

slowing-down factor of the alkali spins ¢, reduces the elec-
tronic gyromagnetic ratio y, due to the hyperfine interaction
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TABLE 1. Coupling constants o, and «, used in Eq. (1) to
parametrize spin couplings of different origin. Bey corresponds to
an additional external magnetic field transverse to external magnetic
field B, £ represents the angular velocity vector of a mechanical
rotation of the setup, =; denotes an exotic perturbation, and yx;
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 electronic polarization via the hyperfine
interaction. o,,, (o)) is the neutron (proton) fraction of the noble-gas
nucleon spin, and ¢ (o)) is the neutron (proton) fraction of the
nuclear spin of the alkali metal [57].

neu

Coupling type b o, oy,
Magnetic field Bext 1 1
Rotation 2 g 1
Yn Ye
Exotic neutron coupling % E neu (g—D2 % 1
. . ol Xp = w %p
Exotic proton coupling —L2E, (g—D2 ﬁ 1
Exotic electron coupling hxeg, q 0

Yn Ye

and redistribution of atoms over the hyperfine levels due to
spin-exchange collisions [55]. The collisional coupling con-
stant A = 2koo/3 is characteristic for a given mixture of
noble gas and alkali-metal vapor and is defined with vacuum
permeability o and spin-exchange enhancement factor .
The latter results from the overlap of the alkali electron wave
function and the nucleus of the noble gas [56]. M* represents
the electron magnetization, while M" represents the nuclear
magnetization 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
R (RY). R° represents the relaxation rate of the alkali-metal
polarization due to all relaxation processes, including these
related to the pump light. The equilibrium electronic polar-
ization P{ results from optical pumping by the pump light.
R" 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 exter-
nal magnetic field B sets the operation conditions (i.e., the

J

de Ve npn\ pe
7 = —l; (Olebl +)\.M PL)P” —
dPl’l

dtL = _iyn |:(Olan_ + )‘MePJe_)P\Tl -

where all vector quantities are separated into the real longitu-
dinal (]|) and complex transverse (L) parts in a similar manner
to polarization.” The total relaxation rates R, and R, take
into account all relaxation processes, including polarization
transfer due to spin exchange.

“For any vector x in the Cartesian coordinate system, x; = x, and
x| = x, + ix,, where we assume that the polarization axis is colinear
with z.

self-compensation mode). The vector b represents possible
perturbations with coupling constants ¢, and «,, where the
subscripts denote coupling to electron and nuclear polariza-
tion, respectively. The coupling constants «, and «,, differ for
magnetic fields, rotations, and exotic couplings and are given
in Table I.

We are interested in the frequency response of the system
to generic spin perturbations and an experimental way to test
this. For the first task, we derive an analytical expression
for the frequency response, assuming the system operates
near the self-compensating point. The chosen value of B is
determined by the equilibrium electronic 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 B, [50],

B, = —A(M"Pj + M°P}), )

where Pj = RYP(/(R" + RYY) is the equilibrium nuclear po-
larization. We are interested in the operation of the system
around the compensation point and introduce the field differ-

ence (detuning) Ap relative to the compensation point,
Ap =B. —B. 3)

Hereafter, we replace the vector quantity Ap by its z compo-
nent Ap , assuming that the other parts of the field are zero.
Furthermore, we separate P and Pg into longitudinal (P}, Py
and transverse (P}, P{) components. Close to the compensa-
tion point, the effective magnetic field experienced by each
spin species from the polarization of the other species and the
applied compensating fields are much larger (~nT) than the
considered external spin perturbations (~fT-pT). We utilize
the small-angle approximation, assuming the longitudinal po-
larizations to be constant and equal to their equilibrium values.
This allows us to linearize the coupled Bloch equations by
separating the constant longitudinal part and the time-varying
transverse part. This approximation, along with Eq. (2), result
in the following form of the Bloch equations:

R
(Ap. + )»MePlf)Pj} - ij,

(As, + AM"P")PE] — R,PY, “)

In this work, we are interested in the frequency response of
the comagnetometer to a generic spin perturbation. This can
be obtained by solving the Bloch equations (4) with oscillating
perturbation of the amplitude by at frequency w,

b = ibg sin(wt). (®)]

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

P{(t) = 5(P{" (@)e™

— P (w)e™"™), (6)

where the amplitudes of the transverse electronic polarizations Pj_i are given by

Pb
Pj_i(a)) _ _Ve | o

wn(ae - an) + (:tw + VnAB; - iRn)ae

In Eq. (7), w. = y.AM°P|/q and @, = y,AM"P}' are the Lar-
mor frequencies of the electron and nuclear polarizations at
the compensation point. Dividing the transverse electronic
polarization amplitudes by the applied perturbation amplitude
results in the frequency response

e

Floy= 22, ®)

bo
This gives the frequency response to the perturbation at a
single frequency w. A procedure for complete determination
of F(w) 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 comagnetometer
is linear in small external perturbations with respect to the
compensating field; therefore, to obtain the spectrum of the
response P¢(w), the frequency response of the system F(w) is
multiplied by the specific perturbation spectrum b(w),

Pi(w) = V21 F(w)b(w). 9)

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

One way to measure the frequency response is to excite
all possible frequencies by applying a step change of the
considered perturbation (magnetic field or rotation). A step
change in the time domain is described by the Heaviside theta
function ®(¢) and step amplitude by,

bres (1) = bo©(—1), (10)

which has the following spectrum:

biesi (@) = §lbrest (1)] = ——=— + bo\/73(w) Y

Applying this spectrally wide perturbation allows us to
determine the complete frequency response in a single mea-
surement. The spectral amplitude of the Heaviside theta
function changes with frequency, which has to be taken into

J

Fi(w) =

q (Fo+ o+ vAp/q—iR/q)(Fw+ wp —

(N

+]/nABZ —iR,) — wew, ’

(

account to get to the frequency response. We do this by per-
forming a numerical time derivative of the response data. In
Fourier space, this is equivalent to a multiplication with w
and appears simpler. Measuring the response to a perturba-
tion, performing a numerical time derivative of the data, and
applying a Fourier transform to the result yields the frequency
response of the comagnetometer projected onto the measure-
ment axis,

dt

where we took into account Egs. (9)-(11). Hence, the
frequency response of the system can be determined by calcu-
lating the Fourier transform of the (numerical) time derivative
of the data obtained from the system response to a step change
in the amplitude of the considered perturbation,

dPe(z)]

%[@] = iwP{(0) = by F (o), (12

Flw )=—%[ (13)

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

Equation (7) shows that the response to magnetic and
nonmagnetic perturbations is described with the same set of
parameters. When these parameters are known, the system
response to perturbations of an arbitrary nature and directions
can be constructed. Furthermore, the parameters are acces-
sible by measuring any specific (e.g., magnetic) frequency
response and fitting it with the appropriate model. In 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 Egs. (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 + iFm ) it = l(_/_':’(_1 — fT*)eiQ, (14)

out
where the star operator denotes the complex conjugate and 6
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 compo-
nents:

T + VnAB - llR |

(:l:a) + w. + AB V{/(/ - l|R |)(:|:6() + w, + VNAB

s5)

9
— WeWy

iRy ])

where fitting parameters are marked blue and predefined parameters are marked green. The predefined parameters are as follows:
¥, the gyromagnetic ratio of the noble-gas nuclear spin; y,: the electron gyromagnetic ratio; and ¢: the slowing-down factor
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approximated by a constant estimated prior to the calibration. The parameters used for fitting the magnetic response can then be
used to construct the response to any other perturbation along both transverse axes according to the following model:

Fr@) = (F — F)e /2, (16)

Fro (@) = (F 4+ F*)e'm), (17)

where 7, () is the response to fields applied along the primary sensitivity axis, i.e., parallel to the propagation direction of the

probe beam, and F,

sec

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

wn(ae - (X”) + (:tw + Vn AB, - i|Rn|)ae

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

FL=

where the coupling strength parameters marked in magenta
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. [58]. Briefly, a 20-mm-diameter
spherical vapor cell filled with 3 amg of *He and 50 torr
of N, is loaded with a drop of an alkali-metal mixture with
1% %'Rb and 99% natural-abundance K (molar fractions).
The cell is placed in an oven and heated to 185 °C with an AC

to lock-in

ﬂ beam expander ——= ,\/2
d photodiode == \/4

N polarizer

FIG. 1. Sketch of the experimental setup. A vapor cell containing
3He, N,, ’Rb, and K is situated inside a Twinleaf 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 lin-
early polarized probe beam detuned from the K D, line. The leading
field is sinusoidally modulated at 800 Hz to up-convert the magnetic
signal and suppress low-frequency noise. The polarization signal is
then demodulated with a lock-in amplifier. Inset: The directions and
polarizations of the laser beams, magnetic field modulations, and
the directions of the generated electronic (M¢) and nuclear (M")
magnetizations.

—d ; s )
(:l:(,() + w, + AB;V(‘/C/ - llReD(iw +w, + ]/nABl - l|Rn|) — WeWy

(18)

(

resistive heater. The oven assembly is mounted in a Twinleaf
MS-1LF magnetic shield. The Rb atoms are optically pumped
with about 70 mW (intensity of about 16 mW /cm?) circularly
polarized light tuned to the center of the rubidium D; line.
Potassium (and helium) atoms are then polarized by spin-
exchange collisions with the Rb atoms. The hybrid pumping
technique reduces inhomogeneities in the K polarization and
improves the efficiency of spin-exchange pumping of the
noble-gas atoms [59,60].

The comagnetometer readout is realized by monitoring
the polarization rotation of a linearly polarized probe beam
detuned about 0.5 nm towards the shorter wavelength of the
potassium D; line. Low-noise detection of the response to
perturbations along the y axis is achieved using lock-in de-
tection and parametric modulation of the B, field with a sine
wave (800 Hz, 35 nT peak-to-peak) [6,61]. The polarization-
rotation signal is demodulated with a lock-in amplifier (Zurich
Instruments HF2LI) using the first and second harmonics of
the modulation frequency. The first-harmonic signal features
a linear relationship to the y component of potassium polariza-
tion, while demodulation at the second harmonic corresponds
to measurements of potassium polarization along the x axis;
see, e.g., Appendix A in Ref. [58].

The comagnetometer is operated around the self-
compensation point with an equilibrium compensation field
of about 120 nT, achieved after optimization of the nuclear
polarization as discussed in Ref. [58]. At this level of the
compensation field, the decay rate of nuclear spins reached
20571

Our comagnetometer setup can be rotated about the y axis
to controllably generate nonmagnetic spin perturbations ex-
perimentally. 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 transmitted through fibers and the expanders are
attached to the shield, the alignment does not change during
rotation (see the inset in Fig. 1). With this configuration, the
applied rotation rate can be approximated by Q2,(¢) ~ v(t)/L,
where v(z) is the velocity of the translation 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.
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(a) Response to perturbations

(b) Experimental procedure
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R Ap. =10nT | |
> Lo g Magnetic response Rotation response
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° " ]
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e | ] | |
%—2 - . Time Derivative Time Derivative
~ - : (numerical) (numerical)
- [} -
—4 NN INEENNEENE ANEEEEENEE ERE NN NS RN
2 TTTT T T T T T T T T T T T T T T T T T T T T T T T T T T l l
L ]
= Fo! Ap, =0.02nT Fourier Transform Fourier Transform .
l i q
B L . 1 <
UM | 74 1 | e
2] B 1 .
§ - ! Fit [Eq. (15%] , E,,
8 -2 N —— Magnetic field | 7] _aABzwnweRnRe @]
~ B Rotation ] l
_4 7\ Ll | I ] A I T I I \7 Normalization Normalization
2_HH:\HHHH|HH\HH|\HHHH|H\HHH_ toperturb. ampl bO toperturb, ampl bo
—~ ! 10nT
> : !
E 0 Reconstruction
Q i 1 | arbitrary freq. responses
g F 1 | (fit parameters & Tab. 1)
& o5 1 _
‘é 2r | 4 Calibration | procedure
L ] Comparison
S e .
—4 7\\H:\HHHH'HH\HH'HHHH\|HHH\H7 (SeeFlg.?))
0 1 2 3 4
Time (s)

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.

With a maximum velocity of 2.4(2) mm/s, the highest achiev-
able 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 comagnetometer to a
step perturbation, using the procedure described in Sec. IT 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 B,. The response
to the falling edge of the pulse was utilized to determine the
frequency response. The same routine was followed to deter-
mine the rotation response. However, in this case, the square
pulse consisted of three steps: angular acceleration of the
rotation stage to a constant rotation rate, sufficiently long (4 s)
constant rotation to reach a steady state, followed by a sud-
den 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 €2, = 2.8(3) mrad/s, which translates to

~14(1) pT of effective pseudomagnetic field for the noble-gas
spins.?

A single dataset contains the response to magnetic and ro-
tation 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 example time series of the
response to magnetic and rotation perturbations for three dif-
ferent leading field conditions: below (upper plot), close to
(middle plot), and above (lower plot) the compensation field.
In the results presented here, 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 magnetic field response, along with the highest response
to low-frequency rotation. This can be contrasted with the

3The term “pseudomagnetic” in this context means that the consid-
ered nonmagnetic interaction affects the spin polarization according
to Eq. (1), and its amplitude can be expressed in magnetic field units
according to the parametrization introduced in Table I.
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FIG. 3. Frequency response to magnetic and rotation perturbation for three different values of the magnetic field detuning Ap . 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 15 Hz, 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].

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 nu-
merically differentiated, Fourier transformed, and divided by
the (known) transfer function of the lock-in amplifier 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 frequency response obtained
for each tested value of the leading field was then fitted with
the magnetic field response model [Eq. (3)].

The fitting results, along with the experimental data ob-
tained for the time series shown in Fig. 2, are presented in the
first and second columns of Fig. 3. The fitting 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 illus-
trate the good agreement over the full range of frequencies.
The third column in Fig. 3 presents the directly measured fre-
quency response to rotations and compares the data with the
reconstructed response based on the fitting parameters derived
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from the measured magnetic response and Egs. (16) and (18).*
The rotation response reconstructed from the magnetic field
response agrees well with the experimental data in the range
from DC to 15 Hz. The comagnetometer exhibits its strongest
response to rotations at a frequency close to the noble-gas Lar-
mor frequency when the field detunings are Ap. = £10 nT.
This response is observed under conditions where the cou-
pling between the noble-gas nuclear polarization and the
alkali-metal atoms is weaker. However, when the frequency
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 compensation 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 dominated
by the noise floor of the instrument. We verified that these
resonances are related to mechanical vibration modes of the
magnetic shield assembly triggered by a sudden stop of ro-
tation. The complete set of the results for magnetic field
and rotation responses is presented as color maps in Fig. 4.
As shown, the reconstructed rotation response agrees qual-
itatively 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 ob-
servation that the measurement of the magnetic frequency
response enables us to infer the frequency response to all other
spin perturbations 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 implemented
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 exotic spin couplings of neutrons,
protons, and electrons in Fig. 4.

The presented color maps provide insights into the dynam-
ics of the coupled evolution of noble gas and alkali-metal
polarizations. For large detunings from the compensation
point, the Larmor resonances of both electron and nuclear
polarizations are well resolved and their center frequencies
depend linearly on the applied magnetic field. However, near
the compensation point, the strong interaction between the
polarizations merges both resonances into a hybrid response.
In particular, one can note the canonical self-compensating
mechanism: around the compensation point, the response to
low-frequency magnetic perturbations is minimal, while the
amplitude of the response to nonmagnetic couplings is maxi-
mal. It is of interest to note that the hybrid electron-nuclear

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

resonance occurs at a magnetic field not precisely at the
compensation point, but rather at Ag, ~ —2 nT, where the ef-
fective 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, rows two and three)]. This similarity arises
due to the similar relative coupling strength between the
alkali-metal and noble-gas polarizations 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 neutrons affects only the noble-gas spins. This results in
a difference in the response of these two couplings visible at
high frequencies. The bottom left plot in Fig. 4 shows the in-
ferred frequency-dependent response of the comagnetometer
to oscillating exotic couplings to the electrons’ polarization.
Clearly visible are the Larmor resonances of the electron
spin for large absolute detunings, the broad resonance width,
indicating the strong damping of the electron polarization, the
nuclear resonances that become visible due to being driven by
the modulated electron polarization, and the avoided cross-
ing between electron and nuclear polarization close to zero
detuning. These features are similar to those observed in the
magnetic response.

The presented calibration method provides information
about the detuning from the compensation point since it is
one of the fitting parameters (Ag,) in the model, as seen in
Eq. (15). Figure 5 presents the results for the fit parameter
Ap, as a function of the applied leading field B;. For small
detunings from the compensation point (|Ag | < 2.5 nT), the
experimental results scale linearly with the applied leading
field. The data are fitted linearly around the compensa-
tion 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 comagne-
tometer are in agreement. This is an important crosscheck on
the correct calibration of the system and the fit parameters. For
larger detunings (|Ap,| = 2.5 nT), the slope deviates from the
linear behavior 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 equilibrium nuclear polarization. This
phenomenon is discussed in Ref. [58].

V. CONCLUSION

Here we have described a calibration procedure to reliably
predict the frequency-dependent response of a noble-gas—
alkali-metal comagnetometer to any spin perturbation, be it
magnetic or nonmagnetic in nature. The calibration procedure
utilizes measurements of the response of the comagnetometer
system to magnetic perturbations in conjunction with a fit
to a multiparameter 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 comagnetometer to rotations agreed well with the directly
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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 Ap_ 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, and 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, and 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 ©V/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.

measured comagnetometer response to rotations for a wide
range of detunings from the compensation point. The calibra-
tion procedure is valid as long as the system response 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 comagnetometers both in
fundamental physics tests and applied quantum gyroscopy,
particularly due to the technical simplicity of applying well-
controlled magnetic perturbations to a comagnetometer.

The demonstrated calibration routine outperforms calibra-
tion methods using a constant calibration factor in multiple
ways. In particular, it provides the complete frequency

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 important difference because,
as shown in Fig. 3, the frequency response is far from uniform,
especially for frequencies beyond the nuclear Larmor fre-
quency and for magnetic fields away from the compensation
point (a condition that can easily occur during the course of a
long-term experiment due to drifts). It should be stressed that a
false estimation of the frequency response to exotic couplings
results in false exotic-field parameters in the case of discovery
and misplaced limits for a null result. For gyroscopy, the con-
sequences of an under- or overestimation of the measurement
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FIG. 5. Fit parameter Ap, as a function of the applied external
field B,. The data are fitted with a quadratic function, which repro-
duces the data well. Inset: The magnified 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.

results in navigation errors with potentially catastrophic con-
sequences. Furthermore, the demonstrated calibration method
requires no changes to the main system parameters. A small
step in the transverse magnetic field and a few seconds of data
acquisition suffice. The system remains in equilibrium work-
ing conditions during the entire calibration procedure. This
is of particular importance for long-term searches for exotic
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 com-
pensation point allows acquisition 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 determines a complete set of system parameters. This
can be used to monitor the system performance over time and
control the parameters in a feedback loop. In 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 utilize a
global network of comagnetometers to search for evidence of
exotic physics. The calibration procedure will enable reliable
long-term operation of the comagnetometer network to pro-
duce 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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