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ABSTRACT

Various theories beyond the Standard Model predict new particles with masses in the sub-eV range with very weak couplings to ordinary
matter. A new P-odd and T-odd interaction between polarized and unpolarized nucleons proportional to s+ # is one such possibility, where
7 = r is the spatial vector connecting the nucleons, and §is the spin of the polarized nucleon. Such an interaction involving a scalar coupling
gt at one vertex and a pseudoscalar coupling & at the polarized nucleon vertex can be induced by the exchange of spin-0 pseudoscalar bosons.
We describe a new technique to search for interactions of this form and present the first measurements of this type. We show that future
improvements to this technique can improve the laboratory upper bound on the product g~ & by two orders of magnitude for interaction

ranges at the 100 micron scale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174672

I. INTRODUCTION

The possible existence of new interactions in nature with
sub-millimeter ranges, corresponding to exchange boson masses
above 1 meV and with very weak couplings to matter, has been
discussed for some time."” The extended symmetries present in
many theories beyond the Standard Model" are typically broken at
some high energy scale, leading to weakly coupled light particles
with relatively long-range interactions.” The Goldstone theorem in
quantum field theory guarantees that the spontaneous breakdown
of a continuous symmetry at scale M leads to a massless pseu-
doscalar mode with weak coupling g to massive fermions m of order
g = m/M. The mode can then acquire a light mass (thereby becom-
ing a pseudo-Goldstone boson) of order my, = A*/M if there is
also an explicit breaking of the symmetry® at scale A. For example,
the axion, which was proposed to explain the strong charge-parity
(CP) problem’ and can generate spin-dependent interactions, can
be introduced through spontaneous symmetry breaking. The axion

. 6
mass m, can be determined as’ m, ~ 6 eVlofﬂ, where f, is the
2

axion decay constant related to the breaking energy scale.’

In this paper, we focus on one such possibility: a new interac-
tion from the exchange of a spin-0 pseudoscalar boson. Motivated
by their search for new methods to look for axions, Moody and
Wilczek” considered what new macroscopic forces could be induced
by axion exchange between and among electrons and nucleons.
They drew attention to the parity (P)-odd and time reversal (T)-odd
potential of the form,

Ve _ Non hz PO 1 1 —r/A 1
9+10_gsgpM(al'r) E+r7 e, (1)

referred to as a “monopole—dipole” potential, where g g is the
total coupling strength of this interaction to the spin-0 boson. g2
is the scalar coupling constant to an unpolarized nucleon, g is
the pseudoscalar coupling constant to a polarized nucleon with its
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mass my (neutron in the case of 129%e), A is the interaction length,
; are the Pauli matrices belonging to the spin of the polarized par-
ticle, and r is the distance between the polarized particle and the
unpolarized particle. Subsequent theoretical work'”'" recovered the
monopole-dipole potential as one of 16 linearly independent non-
relativistic potentials from the single exchange of a spin-0 or spin-1
boson composed of scalar invariants involving the spins, momenta,
interaction range, and possible particle couplings between nonrela-
tivistic spin-1/2 fermions. A recent review'” and a book chapter'’
have placed this work in the context of analogous investigations
using atomic measurements.

Il. SHORT-RANGE MONOPOLE-DIPOLE
INTERACTION EXPERIMENTS

The axion interaction on the spin §; with gyromagnetic ratio
y acts on particle spins such as a pseudo-magnetic field B,: Voy10
= AE, = hAv, = yho; - B,, where AE, is the energy shift of the corre-
sponding spin state leading to a change in the transition frequency
2Av, between two states with opposite spin orientation. When mod-
ulated, B, can act on the longitudinal magnetization such as a
classical B, NMR-field"*"* (largest when B, L By), or it can mod-
ulate the Larmor precession frequency of the spins' ' (largest when
Ba||Bo).

Two primary factors cause the existing experimental con-
straints on monopole-dipole interactions to degrade rapidly for
distance scales below 1 cm (as shown in Fig. 5). First, for shorter-
range interactions, the number of spin-polarized particles that can
be brought within the relevant interaction range becomes smaller
and smaller. In addition, it becomes more and more difficult to
maintain the required precision of the systematic background effects
from magnetic field distortions generated by test mass susceptibility
and magnetic impurities.

For several reasons, ensembles of polarized noble gas atoms
such as *He,' """ 1¥Xe,'”?"” and *'Xe’"** have been employed
to extend the search for monopole-dipole interactions to shorter
distance scales. The technology of laser optical pumping produces
macroscopic quantities of these atoms with high nuclear polariza-
tion. The weak interactions of the chemically inert, closed electron
shells of noble gas atoms help to isolate the nuclei from competing
external influences. Polarized noble gas technology has undergone
extensive development for a wide variety of scientific applications
in neutron scattering, medical imaging, and nuclear and particle
physics.”

Single-species magnetometers require extreme care to reduce
possible interference from stray magnetic fields, as it is difficult to
distinguish magnetic influences from potential axion-related effects.
A combined *He-"?’Xe system allows one to treat one of the polar-
ized species as the system to search for the monopole-dipole field
and the other to act as a co-magnetometer. This is possible since
the response of different polarized nuclei to the monopole-dipole
potential will not be the same. In the case of *He, experimental mea-
surements and theoretical calculations agree’® that, to an excellent
approximation, the polarization of the *He nucleus is dominated as
one would expect by the polarization of the neutron, and, there-
fore, any limit derived from monopole-dipole interactions in this
system can be directly attributed to a limit on neutron interac-
tions. Theoretical calculations of the neutron spin contribution to
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the nuclear angular momentum have also been performed for '**Xe
and B1Xe 228

One method is to simply measure the precession frequency of
the gas with the mass nearby or far away. The mass provides the
nucleons for the monopole-dipole potential. When the mass posi-
tion is moved relative to the cell, the interaction strength changes
between the mass and the spins. Any deviation in the resultant Lar-
mor frequency could indicate the presence of an axion field. This
method was pursued in various experiments'*'**"** with success.

Another approach under development will use a rotating
sprocket wheel as a test mass to modulate the monopole-dipole
field perpendicular to a static magnetic holding field. If the fre-
quency of the sprockets coming close to the polarized *He spins
matches the nuclear precession frequency, one can resonantly cou-
ple the monopole-dipole field energy into the nuclear spin system
and thereby tilt the total spin magnetization. The corresponding
transverse magnetization produced by the induced spin precession
is then measured by a sensitive magnetometer. This method was
proposed by Arvanitaki and Geraci and is the concept of the Axion
Resonant InterAction DetectioN Experiment (ARIADNE).' "

In this paper, we discuss another experimental approach,
the Axion Noble Gas Interaction in the Short-Range (ANGIS), a
frequency-modulated (FM) sideband magnetometry experiment fol-
lowing our idea of the “SIdeband in Larmor Frequency Induced by
Axions” (SILFIA) method.'® To do so, we employ a rotor with incor-
porated unpolarized germanium masses of high density in front of
a sample of spin-polarized '?Xe gas ensemble precessing about a
static magnetic holding field. Therefore, the '*Xe spins are subjected
to a frequency-modulated Vo.19 monopole-dipole interaction,
producing frequency modulation on the Larmor frequency.

lll. SIDEBAND SIGNALS
FROM FREQUENCY MODULATION

Generally, when the frequency of a sinusoidal signal is peri-
odically symmetrically modulated away from its center frequency
fc and analyzed by a Fourier transform, additional peaks appear
separated in frequency by kf  (with k € N > 1) away from f. and
equally spaced by the modulation frequency fm, ie., the inverse
time needed for the complete frequency sweep. These peaks are
known as sideband signals. The maximum change of the fre-
quency away from f is the modulation depth Af = 0.5(fmax — fimin)-
A frequency-modulated signal has a time-dependent frequency, as
given by

w(t) =2nf(t) = 27T(fc +Af cos(2mfm t)). (2)

The associated signal is calculated by integrating and taking the
cosine,

Sx(t) o< cos (/w(t)dt) = cos (27cht + ?f sin (anmt)). (3)

m
To understand the sideband signals in the frequency domain, the
time domain signal can be converted into the sum of cosines,

Se(t) o< i ]k(?(—f)cos(Zﬂ(fc+kfm)t), (4)
k=—oo m
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where the cosine coefficients ]k(f,—f) are the Bessel functions.

These coefficients are proportional to the amplitudes A of
the corresponding FM sidebands in the frequency domain at
f k = f c* kfm

For small modulations where Af <« fn, the ratio of the first-
order sideband amplitude A; to the central peak amplitude A. is
approximated as

A Af
a2 ()

We have checked numerically that when i—f <107%, as was the case

in our experiments, the approximation is accurate to the 1077 level.

IV. EXPERIMENTAL SETUP

All experiments were performed inside the Berlin Magnetically
Shielded Room-2 (BMSR-2) at the Physikalisch-Technische
Bundesanstalt (PTB), Institute Berlin, similar to previous
experiments. 1929731

A. Berlin Magnetically Shielded Room-2

After an upgrade phase between 2018 and 2020, BMSR-
2 consists of eight Mu-Metal layers and one aluminum layer.
The magnetic shielding factor was measured™ to be more than
7 x 10 at 10 Hz. The spin precession was measured by one SQUID
(Superconducting Quantum Interference Device) of a multichan-
nel vector system, housed in non-magnetic Dewars made of glass
fiber-reinforced plastics. This SQUID system has been used in sev-
eral experiments searching for exotic physics.'””” " The distance
between the lowermost sensor used for the spin-precession detection
and the lower Dewar surface is 28 mm and gives rise to a magnetic
noise level of about 3 fT/+/Hz around the two relevant frequencies of
2.5 and 32 Hz. To generate the Bo-field as well as the AC-excitation
(B1-field) for initiating the spin precession, a system of three crossed
Helmholtz coils with 1.6 m (By), 1.5, and 1.4 m (By), respectively,
was centered relative to the magnetic center of the BMSR-2. The
overall magnetic field gradients are in the order of 20 pT/cm at
By =2 uT. A complex tower to hold the gas sample cell, as well as
the wheel with the masses, was constructed and set underneath the
SQUID Dewar such that the gas cell was fixed in the center of the coil
system. The cell holder allowed fine adjustments such that the thin-
walled window of the cell could be aligned in parallel to the wheel’s
flat face, shimmed either by a piece of paper (80 ym) or plastic spacer
blocks of known thickness. Prior to measurement, the spacer was
removed [Fig. 1(a)].

B. Gas sample cell

Dedicated measurement cells are necessary to confine and her-
metically seal hyperpolarized '?Xe or other rare gases, as was the
case in other precision experiments utilizing hyperpolarized rare
gases.'””"’! One limitation in our primary experimental search for
a short-range spin-dependent interaction rapidly decreasing with
distance [Eq. (1)] was the utilization of a cylinder cell with rela-
tively thick windows'” (»2 mm). Another previous experiment'®
used hemispheric sub-mm “windows” at the cylinder ends, utilizing
a rather high pressure (7 amagat); however, due to the sphericity,

ARTICLE
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(a) Schematic of the central setup.

(b) Gas Sample Cell WK06

(c) Wheel rotated 60°

FIG. 1. Schematic of the experimental setup located in the center of BMSR-2, with
the gas sample cell (blue-transparent with red spin arrows inside) adjacent to the
rotating wheel (gray) incorporating the three source masses (green), both below
the Dewar (gray shaded), which contains the SQUIDs (a). Image of one of our
sample cells for storing the hyperpolarized '2°Xe gas (b). Sketch of the position of
the cell (blue circle) relative to the test masses when the wheel is rotated by 60°
(c). The external By holding field is oriented along the cell axis.

only a very small portion of the detected precessing spin-polarized
gas had the ability to probe the very short distances overall, reducing
the sensitivity. To allow for the highest sensitivity, the cylinder cell
with flat, thin windows has to maximize the nuclear spin-relaxation
time while minimizing frequency shifts due to the magnetization
of the hyperpolarized gas itself. A cylindrical cell with a height-to-
diameter ratio of 0.9065 has been shown to eliminate self-frequency
shifts.” To maximize relaxation times, our cells need to be baked
under a vacuum for inner wall surface cleaning. Hence, we had to
determine how thin a cylindrical window with an unsupported dia-
meter on the cm scale could be while still supporting at least one bar
of pressure difference.

Materials such as glass'’ or silicon,”' as well as Al,Os, were
previously used in-house and known to be suitable, if treated cor-
rectly, regarding the spin relaxation properties of the walls. Thus, we
tested Si wafers as well as precision sapphire windows. By putting
disks of those materials on top of an O-ring with comparable diam-
eters as the disks and by applying a vacuum from underneath,
burst-proof tests were performed. We successfully tested 50.8 mm
diameter sapphire (silicon) wafers with 0.3 mm (0.625 mm) thick-
ness, respectively. In addition, a 25.4 mm diameter silicon wafer with

1
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just 0.15 mm thickness did not break but instead bowed consider-
ably when the vacuum was applied from one side. Thus, we have
decided to use a sapphire window on one side of a Duran glass cylin-
der with a precision inner diameter of 25 mm and a length of 22.675
mm. As the hyperpolarized gas had to be refilled, we built the cell
with a 3.3 mm thick window comprising a central 1 mm diameter
hole on the opposite side. A glass valve with a PTFE (Polytetraflu-
oroethylene) stopcock was cut and put on top of the hole in the
thick window, such that almost no dead volume emerged. The join-
ing was done by simply stacking all four elements on each other and
applying Loctite® EA-1C high viscosity glue from the outside to the
connecting grooves; see Fig. 1(b). This cell showed *Xe longitudi-
nal spin relaxation times of T1 ~ 150 minutes ata 3 mT holding field.
Another cell with somewhat smaller dimensions (ID = 20.00 mm,
I =18.14 mm, and a silicon window of 0.625 mm) was also made
and used for the experiments.

C. Test mass design and movement

The axion-mediated potential [Eq. (1)] experienced by a spin-
polarized sample is proportional to the nucleon density of the nearby
mass. Our three test masses were incorporated into a Polyoxymethy-
lene (POM) wheel and consisted of pentagon-shaped germanium
blocks. The wheel is rotated between positions where germanium
or POM is near the cell [Fig. 1(a)].

POM was chosen as the housing material as its volume suscep-
tibility is close to that of germanium but has a substantially lower
nucleon density. To compare the susceptibilities of the Ge test mass
and different plastic materials for the wheel, MPMS measurements
(SQUID-based Magnetic Property Measurement System) were

TABLE . Density and measured susceptibility of various materials.

p (g/cm?) X, (107° ppm)
Germanium 5.32 -7.50
POM 1.41 -9.36
PEEK 1.32 -9.34
PE 0.92 -10.49
Air 0.001 23 0.36

0.00 0.05 0.10 0.15 0.20
time (s)

(a) Short time span of
time-domain data

signal/T
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performed at PTB (see Table I). A larger difference in density varia-
tion would have been achieved by using empty (air-filled) segments
instead of full POM material; however, this would have increased
the systematic susceptibility artifact. The germanium was cut from
single crystals. The choice of single-crystal material was made with
the hope that the same procedures used to create the single crystal
would also help to reduce the concentration of (possibly mag-
netic) impurities. All parts of the setup and the Ge test masses
were cleaned carefully, checked for magnetic contamination, and
degaussed before assembling. In an initial measurement with a pure
POM wheel in front of the cell, no side bands were present; however,
the same measurement at the end of our campaign did show side-
bands, implying that magnetic impurities were incorporated into the
setup.

The rotation of the test mass wheel was operated by a non-
magnetic pneumatic motor (a special ferrite-free version of the
pmo450, PTM Mechatronics, Germany) at the bottom of the cell-
mass tower, both of which were interconnected with a set of gears for
translating the rotation. By regulating the pneumatic pressure from
outside the BMSR-2, a control system driven by a computer control
program had the ability to adjust both the speed and direction of
rotation. Hold and movement times were recorded via an encoder
slide fixed to the wheel axis.

V. MEASUREMENT DESCRIPTION

A series of test measurements were taken in BMSR-2 using the
measurement set-up as shown in Fig. 1(a). The most sensitive mea-
surements were taken with the WKO06 cell [Fig. 1(b)] filled with a
gas mixture of ~1.2 bar total pressure containing hyperpolarized
enriched '®Xe (80%) at a partial pressure of 150 mbar aside from
the buffer gases nitrogen and helium as used within the '**Xe polar-
izer.** For an individual measurement, a cell of polarized 129%e gas
was transported from the polarizer lab within a battery-powered
solenoid”’ and placed inside the BMSR-2 in front of the wheel con-
taining the source masses with a known separation and was held
in a known stable magnetic field By (~0.21 pT and ~2.7 pT with
drifts below 10 pT/h). For a short period (~2 s), a transverse rotating
magnetic field was resonantly applied to tilt the spin magnetization
by 90° into the transverse plane, resulting in spin precession sig-
nals at Larmor frequencies either near 2.5 or 32 Hz being detected

L)
10—12 :
L4
it
10714 ::.
Paf %t
Lo-1iEama S Yhawaris, wa

32.68 32.70 32.72 32.74 32.76
f/Hz

(b) FFT of the 3000 seconds run.

FIG. 2. Example of data from one of the acquired runs. The mean frequency of this measurement is 32.46 Hz, and the mass modulation generates the sidebands 25 mHz

away, as shown in the fast Fourier transform.
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by the SQUID system with typical start amplitudes of* 25 pT
[see Fig. 2(a)].

During a measurement, the wheel containing the source masses
was rotated between the two distinct positions (POM or germa-
nium in front), as shown in Fig. 1. The wheel was briefly rotated
until it reached one of the positions and was held for some time.
Then it was rotated back to the prior position and held for an equal
amount of time. The transition time was typically 2.5 s, with the
total cycle lasting 40 or 56 s, resulting in a modulation frequency of
fm =25 and 17.8 mHz, respectively. During a typical measurement
lasting 3000 seconds, close to the typical transverse relaxation time of
T, ~ 2800 s, the mass-switching cycle was continuously repeated.
(See the supplementary material for the deduction of why a
measurement duration in thelength of T5 is giving the highest
sensitivity.)

In order to extract the carrier and sideband amplitudes from
the data, a Hanning window was applied to the full data before gen-
erating amplitude peak spectra via a set of DFTs (discrete Fourier
transforms). For the measurements with a spin precession frequency
of » 32 Hz using a sample rate’ of 610.4 Hz, a total of 19 DFTs were
calculated from the same data. Each consecutive DFT was performed
on a subset of the same data by subsequently deleting one data point
from the end of the ~795 k total sample points. Altering the num-
ber of time domain sample points before calculating the DFT shifts
the frequency bins in the spectral data, and thus, by merging all 19
DFTs into one data set, one overcomes the scalloping loss caused by
the spectral leakage effect and creates a smoothed representation, as
shown in Fig. 2(b).

Sidelobes arise from the windowing when performing a DFT.
The Hanning window is an appropriate compromise between the
increase in noise level and the strong roll-off of the sidelobes. To
avoid adding false effects, we ensured that the sidebands were far off
from the carrier frequency, such that the sidelobes at the sideband
position already fell below the noise level.

The central peak amplitude A and central frequency f. were
determined by applying a Gaussian fit-model to the joined DFT data,

2
(5()) =Acxexp(_UZWJf)), ©

where w is the characteristic width. Based on simulated data, we
found a Gaussian described the line-shape best when using a mea-
surement time of only one T and a windowing before the DFT
calculation. Due to the high SNR, the fit parameters for the cen-
tral peak were thus determined with high precision. However, due
to the much smaller SNR of the sideband signals, their frequencies
were not determined by a fit but rather calculated from the central
frequency and the modulation frequency, f1 = fc + fm. To determine
the sideband amplitudes, a fit with a Gaussian model was applied
only with the amplitude parameter A; as a free parameter, also
using the linewidth from the central peak. For each fit, a covariance
matrix was produced. The uncertainty for each peak was calculated,
attempting to account for fitting with data that are not statistically
independent due to merging the shifted Fourier transforms from
the same data set. To do so, a correction factor C, was applied to
the equation for standard deviation, 0; = Cs/Cov;;, where cov;; is
the corresponding value of the covariance matrix. This was tested

ARTICLE pubs.aip.org/aip/rsi

against two sets of simulated data, estimating the correction factor
Cyo=2 ::)%Z for our measurements at ~32Hz, where ng = 30 is the

number of data points from each individual Fourier transform used
for the fit (corresponding to a spectral range of 10 mHz restricting
each fit to the region of interest), n; = 19 * ng is the number of all
data points used, and m is the number of fit parameters.

Equation (5) holds only for a sinusoidal modulation, but for
other modulation patterns, the energy transferred to the sidebands
is different. Due to the geometry of our wheel design, the result-
ing modulation in our setup closely represents a square wave with
a small transition period. Generally, a normalized square wave
decomposed into sinusoids is given as

Sq(t) = sin (27 nfmt), (7)

QA
|~

oo
2.
n=1

showing that the square wave holds 4/7 ~ 1.2732 times more energy
than the sine wave, thus the ratio of the sideband to central peak
amplitudes as derived for a pure sinusoidal modulation as given in
Eq. (5) has to be scaled,

A4 af
T (8)

To deduce the factor arising from our non-perfect square wave
modulation, we calculated the phase evolution for a pure sine
modulation as well as for our trapezoidal modulation and calcu-
lated the corresponding time domain signal using Eq. (3). From
these synthetic signals, the amplitude ratios A;/A. were derived as
described above by Fourier transformation, interpolation, and fit-
ting. With transition times in the range of 10% of the modulation
cycle, the increase in amplitude ratio is derived to be 1.27, just
slightly smaller than for a perfect square wave modulation. It was
also numerically proven that this holds for an exponentially decaying
signal.

As the modulation depth Af is defined as 0.5( fmax — fmin) and
a potential axion interaction from the source mass would shift the
Larmor frequency of the nuclei from fiax to fmin (or vice versa), only
half of the Vg, 10 introduced frequency change 2Av, between the two
spin states would be seen in the amplitude ratio. Therefore, we can
assign Vo119 to the amplitude ratio for our parameters as

zfm Al
Ve =hAvg =h————, 9
9+10 Va 127 A, 9

allowing us to deduce the axion coupling g g% with the use of Eq. (1)
from the sideband analysis.

VI. VOLUME INTEGRAL AXION
INTERACTION STRENGTH

Similar to the previous experiments,””” the Monte Carlo inte-
gration method is used to derive limits for the corresponding exotic
spin-dependent interaction. First, one has to integrate the potential
between the test mass volume and the detector cell volume. For each
corresponding interaction length A, the average contribution to the
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potential in Eq. (1), from which the distance-dependent integration
part of the potential can be calculated as

» f([7i-i')(%+riz)¢f'/)L &Er
9+10 = &

= f% [(ozé- (sin 6 cos ¢x + sin 8 sin ¢ + cos 6%))
,

x (% + iz)efp/l p* sin 0dpdfde
PP

_ [[-(sin 8 cos 0)(p +1)] dr'dBd¢
- [dr ’

where p,0, and ¢ are the radial distance, the polar angle, and the
azimuthal angle, respectively, in the spherical coordinate between
the points in the test mass and the detector cell, and v =e P
0, is the Pauli matrix, and it yields an eigenvalue of +1 (or —1) when
applied to the spin state of '*Xe. To apply this method, 2*° random
point pairs had to be generated, where each pair consisted of a point
in the volume of the test mass (Ge) and one in the measurement
cell. Next, after summing, averaging, and normalizing with the test
mass nucleon density N, the numerical integration of the distance-
dependent part of the potential could be calculated by summing
2% random point pairs as

(10

220

1
Pgi10 = NZWZ [—(sin 0; cos 9;)(/)1 + A)] (11)

As mentioned in Sec. IV C, our test sample was comprised of a
POM wheel with three inlaid germanium pentagons, whose effects
were all calculated by the Monte Carlo method. Thus, for the effec-
tive potential, the density difference between germanium, and POM
Nge — Npom has to be used for N = (3.182 — 0.843) x 10 m~3 in
the calculation of Poyjo. Along with Eq. (9) the volume averaged
potential (Voi10) = g&gﬁ,%%“o can be solved for the coupling

constants in terms of experimentally derived peak amplitudes,

2fm AL 16mm; 1

SN A R

. (12)
Py 10

VIl. SYSTEMATIC FALSE-EFFECTS

Classical effects changing the volume average magnetic field
(Bo) over the measurement cell correlated with the rotation of
the test-mass wheel would also introduce a frequency modulation
on the detected spin precession signal and consequently generate
sidebands, which might be interpreted as a false effect.

A temporal change in nearby non-magnetic materials, in our
case, the change from Ge to POM with different susceptibilities,
deforms the local magnetic field and implies a frequency shift
9/2m(ABsus). Similarly, a magnetic spot-impurity sitting on the front
of the test-mass wheel would generate y/27(ABimp). Thus, the mea-
sured modulation depth Af between the two wheel positions is the
sum of all three effects,

_1

Af 2 %((ABsuQ + (ABimP>) +24v,|. (13)
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TABLE IlI. Sensitivity of A f with respect to changes in the three effects described by
Eq. (13) (x indicates sensitive to changes).

ABsys ABimp Av,
By amplitude x
By orientation
Test-mass separation X
Different sets Ge/POM X

Variations of experimental parameters that have or have no influ-
ence on the susceptibility or impurity effect should allow us to
differentiate between those and a potential axion interaction. For
this, one may think of the variation of By field strength, By field
orientation, free space distance between wheel and cell, and cell vol-
ume, using different sets of Ge/POM. As listed in Table II, these
parameters are sensitive in different ways to the three parameters of
Eq. (13). For example, variation in the By field should not touch any
spin-dependent new forces or the effect of magnetic impurities but
should change the susceptibility effect, where its magnitude and ori-
entation matter. A larger free space between the mass and the inner
volume of the cell will reduce all three effects. The signs of ABimp
and Av, are unknown but should not depend on the By orientation.
This was utilized in a specific experimental design, as described in
the supplementary material.

Prior to the experiments, a finite element simulation (FEM) was
performed to quantify the expected susceptibility effect using COM-
SOL Multiphysics®, applying the geometry of our setup and using
the WKO06 cell at its closest position (i.e., with a 0.1 mm separation).
This has shown a linear dependence of the volume average magnetic
field change (ABqys) over the sample cell in dependence of the Ge
susceptibility. For the change between POM and Ge, we determined
a volume average field change of Afs/Bo ~ 1.6 yHz/uT.

Consequently, this linear dependence of Af was seen in all
our field dependent measurements when analyzing the modulation
depths, while the intercept at By = 0 can arise from the combina-
tion of any spin-dependent exotic forces and magnetic impurity

WKO06 Cell 0.1mm Separation

Af/uHz

Bo/uT

FIG. 3. Modulation depth Af as defined in Eq. (13) of measurements taken with
0.1 mm separation between the WK06 cell and wheel and a linear fit to the
function |aBy + b|. The slope a = (1.80 + 0.17) uHz/uT arises from magnetic
susceptibility-related effects, while the y-offset b = (2.49 + 0.37) pHz comes from
any remaining magnetic impurity effects or other spin-dependent forces.
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WKO06 Axion+Impurity Contribution

b

Af/uHz
N

0 2 4 6 8 10 12
Cell-Mass Separation/mm

FIG. 4. Residual modulation depths after accounting for field-dependent effects.
Each point in this figure is deduced from linear fits, as shown in Fig. 3. The best-fit
y-intercept with uncertainty at By = 0in Fig. 3 is plotted by the left-hand most data
point at 0.1 mm in this figure.

effects (see Fig. 3 and three more in the supplementary material). For
this measurement, the sum of all spin-dependent effects is zero for
By ~ —1.4 uT, with the susceptibility effect equal and opposite to all
impurity and axion-related interactions. The derived slopes from the
two measurements with two different sets of POM and Ge positions
using a WKO06 cell close to the wheel were (1.80 +0.17) uHz/uT
and (1.58 £0.16) uHz/uT, both in good agreement with the value
derived from the FEM simulation.

We compare the resulting field-independent effects by vary-
ing the separation between the cell and mass, as shown in (Fig. 4).
The distance-relationship of a typical magnetic dipole impurity with
a 1/r scaling and the effect from the axion will differ, with the
axion potential having the Yukawa falloff of Eq. (1). However, due
to insufficient data at distance scales below 4 mm, we were not able
to discern the axion-related effects of a magnetic impurity. With a
more thorough elimination of magnetizable spots on the test-mass
wheel beforehand and measurements at even greater distances, this
should be possible.

VIII. PROJECTED SENSITIVITY

The sensitivity of a sideband measurement primarily depends
on the separation from the source mass and the gas nuclei, the
SNR of the sidebands, and the effects of magnetic impurities. Source
mass density and geometry, gas density, gas polarization, relaxation
time, and measurement time will all contribute to the overall sen-
sitivity. To best estimate the possible sensitivity of a sideband-style
axion measurement, we will consider the results of ANGIS with a
few improvements. The first improvement assumes a source mass
without any magnetic impurities or another method for mitigating
the effects of any magnetic impurities. These effects could be mit-
igated through magnetic shielding, the use of a co-magnetometer
(e.g., SHe-'¥Xe!?), or precise characterization of the impurities.

The second major improvement is in the distance separating
the polarized gas sample from the source mass. We will assume a
cell with identical inner dimensions to the WKO06 cell [Fig. 1(b)],
but with a front window that is only 100 ym thick. The separation
between the cell and mass is assumed to be 50 ym, for a total of
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mass (eV/c?)
1072 1073 1074 10-°

—— Pethukhov,2010
---- Chu, 2013
——- Bulatowicz, 2013
-------- Tullney, 2013
—— Feng, 2022
---- Guigue, 2015
Lee, 2018
=== Projected Sensitivity

FIG. 5. Estimated sensitivity of a sideband-style measurement with 150 um spin-
mass separation plus conditions as mentioned in the text compared to pre-existing
experimental results (gray area).

150 pm between the test mass and the nearest portion of polarized
gas.

To estimate the sensitivity, we begin with the results of the
ANGIS measurement campaign. Across all measurements, the mean
statistical uncertainty in modulation depth was o(Af) = 0.405 yHz.
With an improved setup without the effects of magnetic impurities,
we would expect a statistical distribution of values with a similar
uncertainty but a near 0 frequency difference. With a measurement
campaign of 100 runs, the statistical uncertainty would be reduced
by a factor of 10,

0.405
o(Af) = —— uHz = 0.0405 yHz (14)

/100

Combined with the simulated results and Eq. (12), we can
then estimate the calculated g & coupling constants for each dis-
tance scale. The contribution of the neutron to the '*Xe spin is
estimated using the expected shell model value.”” Taking the 95%
confidence interval results in improved experimental sensitivity for
sub-millimeter distance scales, as shown in Fig. 5.

Further improvements should be possible in several ways. The
relatively short T times of #2800 s in these glued cells were limiting
our total measurement time. T times of up to 8.5 h for '’Xe as were
achieved in blown glass cells within the BMSR-2" would allow to
decrease the uncertainty within Eq. (14) by another factor of approx-
imately three. With longer measurement durations, longer intervals
for the stop positions of the wheel would also be possible, leading to
much smaller modulation frequencies fi, and linearly increasing the
sensitivity of our method. The problem of the increasing power of
the sidelobes from the carrier signal could be addressed by an even
better-adapted filter function before applying the DFT. In principle,
our data would also allow for applying the global phase fit method,*’
which does not suffer from the sidelobe problem; however, one has
to cut the data into small blocks and, thus, should have an over-
all lower sensitivity. Furthermore, the interaction strength could be
increased by using materials whose densities differ more greatly than
those of POM and germanium. Another more simple option would
be to alternate between a high-density mass and air. As this would
elevate the susceptibility effect, we excluded this approach. How-
ever, we have shown that this effect can be precisely simulated and
experimentally studied. Only working with one piece of high-density
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mass should also make it much easier to precisely clean it and, thus,
eliminate effects from magnetized impurities.

SUPPLEMENTARY MATERIAL

In the supplementary material, more information is given
on: (I) the influence of the transverse decay time T, and the
noise floor level on the optimal measurement duration, (II) all
measurements and experimental variations performed during the
first test campaign, and (III) the three other distance dependence
results.

See the supplementary material for the deduction of why a
measurement duration in the length of T, is giving the highest
sensitivity.
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