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Many terrestrial experiments have been designed to detect domain walls composed of axions or axionlike particles
(ALPs), which are promising candidates of dark matter. When the domain wall crosses over the Earth, the pseudoscalar
field of ALPs could couple to the atomic spins. Such exotic spin-dependent couplings can be searched for by monitoring
the transient-in-time change of the atomic spin precession frequency in the presence of a magnetic field. We propose here
a single-species cesium atomic comagnetometer, which measures the spin precession frequencies of atoms in different
ground-state hyperfine levels, to eliminate the common-mode magnetic-field variations and search for the exotic non-
magnetic couplings solely between protons and ALPs. With the single-species atomic comagnetometer, we experimentally
rule out the possibility that the decay constant of the linear pseudoscalar couplings of ALPs to protons is fp < 3.71 x
107 GeV. The advanced system has the potential to constrain the constant to be fop £10.7 x 10° GeV, promising to
improve astrophysical constraint level by at least one order of magnitude. Our system could provide a sensitive detection
method for the global network of optical magnetometers to search for exotic physics.

Keywords: atomic comagnetometer, atomic magnetometer, domain wall, axions and axionlike particles

PACS: 07.55.Ge, 07.55.Jg, 11.27.4d, 75.60.Ch

1. Introduction

It has been indicated by many astrophysical and cosmo-
logical observations that only ~ 5% of the universe is made
up of standard model (SM) matter, and the rest is dominated
by dark energy (73%) and cold dark matter (23%).!'! How-
ever, we have not yet been able to explore the characteristics of
dark matter in the laboratory. Dark matter is known to be non-
luminous and non-baryonic, and its interactions with SM par-
ticles are very weak.!”) Weakly interacting massive particles
(WIMPs) were thought to be the components of dark matter.
Nonetheless, WIMPs have not yet been found within the back-
ground limit set by neutrino interactions, and it is necesary
to consider other dark matter candidates.3 Ultralight spin-0
bosonic fields, such as axions and axionlike particles (ALPs),
are of another type of dark matter candidates.

Due to the self-interaction of the ultralight spin-0 bosonic
fields within the dark sector, dark matter may exist in the form
of stable macroscopic objects. In the initial field configuration
at the early cosmological time, dark matter may form from the
coherent oscillations around the minimum of ultralight spin-0
bosonic fields. The dark matter of such model is defined as
the topological defect dark matter (TDM), and according to
the dimension, it can be divided into different types: 0D for

DOI: 10.1088/1674-1056/abf132

monopoles, 1D for strings, and 2D for domain walls. In this
paper, attention is paid to the search for the domain walls.

Domain walls are the separation between adjacent do-
main structures. In the early universe, the vacuum expecta-
tion values of ultralight spin-0 bosonic fields distribute ran-
domly. With the expansion and cooling of the universe, the
domain structures come into being from the ultralight spin-0
bosonic fields with the same vacuum expectation value, which
are separated by domain walls.[*) The couplings between the
spin-0 bosonic fields B within domain walls and the spin of
SM fermions s can be linear (with Hamiltonian as H,j, o
s+ (B/ fin), fiin is the decay constant for linear coupling) or
quadratic (with Hamiltonian as Hgyaq o< s - (B/ fquad)z, Squad is
the decay constant for quadratic coupling). The astrophysical
constraints for linear couplings are |fii,| > 10° GeV,P! while
for quadratic couplings they are much weaker as |fguad| >
10* Gev. 1o

Many efforts have been taken in different experimen-
tal platforms to search for the interactions between ultralight
spin-0 bosonic fields and SM particles. The dark matter
spin-0 bosonic fields can be scalar B = a(r) and/or, which
is the topic of this paper, pseudoscalar (gradient) fields B =
Val(r).
time changes to the fundamental constants when the domain

The scalar interaction will bring some transient-in-
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wall passes through. These changes will desynchronize the
network of atomic clocks which were synchronized, (78] and
induce anomaly accelerations which can be detected by super-
conducting gravimeters.3! By detecting the transient-in-time
changes in the phase!®! or optical path!?) of a light beam, we
can witness the topological defects crossing over. The pseu-
doscalar interaction, which can be introduced by pseudoscalar
particles like axions or ALPs, will introduce a transient shift
in spin precession effects!!! and electric dipole moments. ']
The transient shift in spin precession frequency can be de-
tected in atomic magnetometers with good sensitivity. The
collaboration of the global network of optical magnetometers
(GNOME), 111 and further data analysis[12’13] are conducted
to better detect the passage of pseudoscalar domain walls. In
the GNOME, most of the sensors are atomic magnetometers
and the measured couplings are combinations between the
electrons and protons with axion or ALPs, which could be
highly suppressed by using passive shielding systems. 4]

In the present work, we propose to use the single-species
comagnetometer system based on alkali metal atoms!"! to de-
tect the axionlike domain walls. In the comagnetometer sys-
tem, by comparing the measured precession frequencies un-
der the same magnetic environment, the atomic spin-magnetic
couplings are shown as the form of the common-mode sig-
nal, while the non-magnetic spin-dependent interactions, such
as the couplings between atomic spins and dark matter, can
be distinguished with high sensitivity. Typical atomic comag-
netometers consist of overlapping ensembles of at least two
different species of atomic spins. In our system, the different
species of atomic spins come from the same atomic ensem-
ble in the same magnetic field, and therefore the impact from
the variations or gradients of the magnetic field on the system
sensitivity can be highly suppressed in common mode. Fur-
thermore, as shown in this paper, the single-species atomic
comagnetometer could suppress the effect from the electrons
and is solely sensitive to the couplings from protons (in linear
couplings, the contribution of electrons can not be suppressed
with this method in quadratic couplings).

2. Theoretical background
2.1. Characteristics of the axionlike domain wall

According to the detailed introduction of axion-like do-
main walls in Ref. [1], the pseudoscalar field within a domain
wall along the xy plane with the center at z = 0 takes the form
(we adopt the natural units, where i =c = 1)

a(z) = 4agp arctan[exp(m,z)],

2aom,
Va(z) = 20
a(z) cosh(m,z)’

ey

where ay is the field amplitude and m, is the ALPs mass. And
the characteristic thickness of the domain wall can be deter-

mined by the mass
d=—. 2)
my
For observers much farther than d away from, the domain wall
can also be characterized by the surface tension
__ mass

— 2 _ 2
o= —/dz\Va(z)| = 4dm,ag. 3)

For a domain with the average size of L, the energy den-
sity of the domain walls is related to the surface tension via
ppw = o /L. Combining Egs. (1) and (3), the pseudoscalar
field within the domain wall follows

Va(z) = v/ PowLm,

~ cosh(m,z)

“

Here the maximum of ppw is constrained by the energy den-
sity of dark matter ppym ~ 0.4 GeV/ cm’. Given that L is not
determined in any experiment or theory, we constrain the pa-
rameter L from an experimental perspective. In other words,
we assume that the average time interval between two suc-
cessive domain wall crossings should be less than 1 year, and
the average domain size should be L < 1073 ly, considering
the relative velocity between the solar system and the Galactic
frame (v ~ 1073).11

When the domain wall passes through the earth, the La-
grangian of the linear coupling between the pseudoscalar field
of ALPs and axial-vector current of a SM fermion J* =

WY YsY is given by
1 1
f f

where f is the corresponding decay constant of the SM

Lin=—J"19 9, 0" = — J* dya, ®)

fermion with the dimension of energy. And Ly, results in the
couplings of atomic constituents spin to the pseudoscalar field,
which is depicted by the Hamiltonian

o FVaE) 1 Jpolmese o
" Ffur fett  cosh(maa)

where F' is the total atomic spin angular momentum, fe¢r is
the effective decay constant dependent on the atomic sturcture,
and ¢ is the angle between the spin F' and the pseudoscalar
field Va(z).

2.2. Calculation of the effective decay constant f .

The effective decay constant f.¢ describes the strength of
the couplings between atoms and the axion-like field. It con-
sists of the electron part and nucleon part. The detailed cal-
culation methods for the effective coupling constant for spin-
dependent interactions are already presented in Ref. [16]. In
this part, we briefly retrospect the concept and summarize the
results for alkali metal atoms often used in optical magnetom-
etry.

According to Ref. [16], for exotic spin-dependent inter-
actions of which the atomic dipole moment takes the form as
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X = Xa - F, the effective coupling constant Y, is described by
the equation

(Se-F)  (I-F)
F(F+1) F(F+1)’
where Y. is the coupling constant of electron spin, and xn is
the coupling constant of nuclear spin. To be more specific, as
the single-particle model!!”! assumes that, for nuclei with an
odd number of nucleons (odd-A nuclei!'®l), the nuclear spin
comes from only one single valence nucleon spin, because ef-
fects of other paired nucleons sum to zero,'”) the coupling
constant for nuclear spin yn is calculated to be

<Sn.,p 1)
AN = Xn,p 1(1+ 1) )

Xa = Xe + AN @)

®)
|

where ,, is the coupling constant of neutron or proton spin,
I is the nuclear spin, and S, ;, is the spin of one necleon.

For alkali metal atoms often used in optical magnetome-
try, only one single valence proton contributes to the nuclear
spin. According to the Hamiltonian in Eq. (6) for the couplings
between the axion-like pseudoscalar field Va and atomic spin
F of alkali metal atoms, the effective constant fygf is

L_l<SC’F> i<SP'F>
feffifeF(F—‘,—l)Jrpr(F_i_l)? ©)]

the projection on F' of electron spin (S, - F') and proton spin
(Sp - F) follows

VI +1)+Se(Se+ 1) —Le(Le + DI[F(F+1)+J(J+1)—I(I+1)]

<Se'F> = s
4J(J+1)
() = LD )= e )i 1) o

where L. is the orbital angular momentum of electron, J is the
total angular momentum of electron as J = S. + L, and ¢ is
the angular momentum of proton.

The effective constants for ground-state alkali metal
atoms often used in optical magnetometry are listed in Table 1
by substituting L. = 0, S, = S, =J = 1/2 into Eq. (10). Due
to the hyperfine splitting, also the different coupling between
electron spin and nuclear spin, there are two hyperfine levels
with different F' in the ground state. For the two hyperfine
levels, the contributions to the effective constant from electron
spin are the same, but those from proton spin are different.

Table 1. The effective decay constants for alkali metal atoms often
used in optical magnetometry in different ground-state hyperfine levels
F=I+J.

Alkali metal atom [ (U820 1/ fpforF=1—J 1/fueforF=1+J
9K 3/2 2 7$(i+%p) %(ifﬁ)
87Rb 3/2 1 *%%*%) Hﬁ*ﬁ)
8Rb 5/2 3 (% %) é(i*%)
1330 7/2 4 _%(é'*%p) é(f]*e_%)

2.3. Observation of the proton—ALP linear coupling

When a domain wall passes through, atoms will interact
with the pseudoscalar field within the domain wall. The in-
teraction will induce the transient-in-time shift in the atomic
spin precession frequency, and atomic magnetometers can be
applied to search for the TDM by detecting the frequency
shift.[11213]1 However, for the same species, atoms in differ-
ent ground-state hyperfine levels will have different spin pre-
cession frequency shifts due to the different effective decay
constants discussed in Subsection 2.2.

For atoms immersed in the static magnetic field B, when
the domain wall-crossing event happens, the spin precession

frequencies f; | for atoms in two ground-state hyperfine levels
are given according to

1 v/ PpmLm, cos @

fi(E)=nB+ s cosh(mez)
1 v/ PpmLm, cos @
+)=yB 11
NE) =NBF o o cosh(mz) (11)

where 7 is the absolute value of gyromagnetic ratio for atoms
in the hyperfine level, the subscript “1”” denotes the hyperfine
level F =1+ J and “}” denotes the hyperfine level FF =1 —J.
On the left-hand side, the “+” indicates the direction of the
magnetic field, that is, the direction of the magnetic field sat-
isfying cos @ > 0 is defined as “+”. On the right-hand side,
the domain wall-induced frequency shifts for hyperfine levels
have opposite signs, which comes from the fact that the spin of
atoms in different hyperfine levels will rotate along the mag-
netic field in opposite directions.

To figure out the proton—ALP coupling, we need to mea-
sure the frequencies at magnetic fields with opposite directions
to offset the spin—magnetic coupling, and the frequencies of
different hyperfine levels to cancel out the electron—ALP cou-
pling. We can construct the parameter R as

ro ) A) (12)

f#) (=)
Substitute the results in Table 1 and Eq. (11) into the defini-
tion Eq. (12), we can get the decay constant of the coupling

between proton spin and the axion-like field f, from
')&B v/ PomLm, cos @ 4 1
— R~ X X —,
fr 2nfrcosh(myz) — 20+1 fy
where the approximation is conducted based on the fact that
YB>Va/f, f(+) =~ f(=), v, ® 1. For certain alkali-metal

R~

13)
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species with nucleon orbital angular momentum ¢, we can ob-
serve the proton-ALP coupling f,, from the product of spin
precession frequency f; in hyperfine level F =1+ J and the
frequency ratio parameter R.

3. Experimental scheme

The synchronous measurement of spin precession fre-
quencies of two ground-state hyperfine levels in one atomic
ensemble can be implemented in the single-species atomic co-
magnetometer system. Compared to comagnetometers based
on the overlap of different species, the single-species comag-
netometer can highly suppress the systematic errors from gra-
dients and variations of the magnetic field when detecting the
non-magnetic spin-dependent interactions.

In our system, the single-species atomic comagnetometer
is refitted from an all-optical Cs (¢ = 4) atomic magnetometer,
for Cs has a larger atomic number density than any other alkali
metal atoms in the same temperature, which is beneficial for
achieving a larger signal amplitude. The experimental setup is
displayed in Fig. 1. The pump light (red beam) is emitted from
a distributed Bragg reflector (DBR) laser diode (Photodigm
PH895DBRO80TS). After the isolator (Thorlabs 10-5-895-
HP), the pump light is split into two branches by a polarization
beam splitting prism (PBS). One branch transmits into the fre-
quency stabilization system (orange shaded area) to lock the
light frequency at 150 MHz red-detuned to the center of the
Doppler-broadened Cs D1 F; = 3 — F. = 3. And the other
branch goes through an acousto-optical modulator (AOM, AA
Optoelectronic MT110-B5S0A1-IR, mod. freq. 110 MHz), of
which the first-order beam is discarded. The zero-order light is
split with a PBS, one branch is utilized in the power stabiliza-
tion system (green shaded area) to control the light power, and

Qequency stabilizatioy stabilization

“ o \mirror
: ‘“'.' PYZR
polarizer .

the first-order light passes through another AOM (ISOMET
M1250-T150L-0.5, mod. freq. 150 MHz). The frequency of
the first-order light is at the center of the Doppler-broadened
Cs D1 Fy =3 — F, = 3 (the red arrow in Fig. 2), and its
amplitude is modulated with a square wave generated from
a function generator. After passing through a polarizer and
quarter-wave plate, the circularly polarized pump light (peak
power 3.5 mW, area 4 mmz) illuminates the atomic ensemble.
Atoms in ground-state Fy = 3 are depopulated by the pump
light, and later repopulated due to spontaneous transition back
to ground-state F; = 3 & 4. The atomic population in each
Zeeman sublevel in the steady state is shown in the right part
of Fig. 2, and orientation (k = 1 polarization) can be generated
in both hyperfine levels due to the effect of atomic depopula-
tion, repopulation, and relaxation, when the peak power of the
pump light is 3.5 mW with the area of 4 mm? and the relax-
ation rates for F; =3 & 4 are 27 x 3.0 Hz and 27 x 1.5 Hz,
respectively.

The probe light is generated with a tunable external cav-
ity semiconductor laser (New Focus TLB-6817) with the fre-
quency at 5 GHz blue-detuned to the center of the Doppler-
broadened Cs D2 Fy; = 3 — F. = 4 to avoid the pumping effect.
After the isolator (Thorlabs I0-3D-850-VLP), the probe light
has its power stabilized at 1.5 mW with the area of 4 mm?
in the same way as the pump light does. There is a rotation
in the polarization plane of the linearly polarized probe light
when passing through the atomic vapor cell, and the rotation
is measured in the polarimetry system (purple shaded area).
The polarimetry signal contains the frequency information of
two hyperfine levels and is recorded with a multifunctional I/O
device (NI USB-6363) via a LabVIEW routine (sampling rate
rs =2 MHz).

2
R E ey

TIMING PLOT
1s t 1s 1s t 1s

n_rAan
Iz
A/2 PBS \/2

I -B(+) |
F, =4 modulation
F, =3 modulation

B(—) |
data acquisition
data processing

Fig. 1.

Experimental setup of the single-species Cs atomic comagnetometer.

\/2 WP BD

polarimetry
system

Notation: ISO=isolator; PBS =polarization beam splitting prism;

A /2 = half-wave plate; A /4 = quarter-wave plate; AOM = acousto-optical modulator; FG = function generator; PD = photodiode; WP = Wollaston prism;
BD = ballanced detector; PID = proportion-integral-differential controller. The timing plot of one comagnetometer run is shown in the blue shaded area.
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62P3/2 E?Eé_ ?i g F,=3
— F=4
62P ) /) e =~
- F=3
. F=4
6281/2 _<\”
A F,=3
F=3 mp —4

+2 43 +4

Fig. 2. On the left are the energy levels of Cs (not to scale). The red arrow refers to the pump light and the blue arrow refers to the probe light.
On the right is the steady-state atomic population in each Zeeman sublevel under experimental conditions. Orientation (x = 1 polarization) is

generated in both hyperfine levels.

The core of the system is a Cs atomic vapor cell im-
mersed in the static magnetic field, located at the center of
the magnetic shield. The cylinder cell (diameter = 2.5 cm,
length = 2.5 cm) is coated with paraffin inside to moderate
the relaxation rate of atomic spin polarization (27 x 3.0 Hz
for Fy = 3 and 27 x 1.5 Hz for Fy = 4, the difference comes
from the spin-exchange collisions!!3). The temperature in
the shield is ~ 22 °C and the atomic density in the cell is
n~3.5x 10'% atoms /cm>. The shielding factor of the 7-layer
magnetic shield (produced by Beijing Zero-Magnet Technol-
ogy Co., Ltd) is about 107>, The static magnetic field within
the shield is generated by a set of Helmholtz coils (the yellow
ring within the shield in Fig. 1) driven with a constant current
source (Krohn-hite Model 523 calibrator). In our system, the
applied magnetic field is By = 5772.7 nT along +Z, perpendic-
ular to the propagation directions of the pump beam (—=£) and
probe beam (—3).

The timing plot is listed in the blue shaded area in Fig. 1.
There are mainly 3 stages in acquiring the frequency informa-
tion — polarizing the spins, acquisiting the data, and analyzing
the data. It cost 1 s to polarize the atomic spins in both hy-
perfine levels. In this stage, the pump light (red thick line) is
turned on and has its amplitude modulated at the Larmor fre-
quency of hyperfine levels F =1+J and F =1—J (0.5 s for
each) successively. Later the pump light is turned off, and the
spin polarization in both hyperfine levels will decay at respec-
tive relaxation rates. The optical FID signal detected by the
polarimetry system takes the form

I(t)="Y e "MApsin(2ufrt + ¢r),
F=1]

(14)

where I is the relaxation rate, fr is the precession frequency
of atomic polarization, Ar is the amplitude of the polarization,
and ¢r is the phase of the precession. The signal is recorded
in the data acquisiting stage. In the last stage, Fourier trans-
form is conducted to the acquisited signal, in order to figure
out the precession frequency. The analyzed signal is fitted by
the overlapped Lorentzian profiles

2

L(f) =

(e
S 1+ a gy

27Re (f — fr)/TF 7\
T—fr 2 )
=t 1+ QregF)

where Ir and R are the imaginary and real parts of the mag-
netic resonance signal. This stage will take 1 s to get the
frequency information f;|(+). All these stages should be re-
peated in the inversed magnetic field to acquire the parameter
‘R. The total time to get one R data is determined by the ac-
quisition time ¢ for the optical FID signal, which is discussed

in the next section.

4. Results and analysis

Different with the analysis in detecting spin-gravity
interaction!'>?122] which may persist, to detect the spin-
axion-like field couplings which only exist transiently, [!-!1:23]
the ability to figure out the anomaly transient-in-time signal
depends on the duration 7 of the transient event, because such
parameter determines the intergral time of the signal. For a
domain wall with the thickness d, the duration to pass through

the earth can be acquired via Eq. (2)
d _2x10°

\% my

) (16)

and the resolution of the single-species comagnetometer for
the transient event is approximated

OR

m
Ra—==0R\|=—— 17
VT 2x 103’ a7
where 0R is the noise spectrum density (sensitivity) of the
parameter R with the dimension of Hz /2. Comparing

Egs. (13) and (17), we find the sensitivity of the single-species
Cs comagnetometer to the coupling constant of proton f, to be

1 2m-9cosh(maz) £ 8%
fo 4y/2x103ppyLcos @
279 SR. (18)

> "7
2 2 10 poL !

According to the definition of the parameter R in
Eq. (12), the sensitivity R is dependent on the sensitivities
of the four measured frequencies

SAN | (AESAHEH)N
f¢(+)> +( fi(+)? >

Ry = (
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N (5f¢()>2+ <f¢()5fT()>2. (19)
fi(=) fi(=)?

Considering the fact that the spin-magnetic interactions are
much stronger than exotic spin-dependent interactions, we as-
sume fr(+) ~ fr(—) ~ YrB. Besides, the sensitivity of fre-
quency is determined by the systematic SNR which should
not change when the magnetic field is inversed, and therefore
Ofr(+) = 8 fr(—). Taking these assumptions into Egs. (13)
and (19), the systematic sensitivity to couplings between ALPs
and proton spin is

Given that the optical FID signals are recorded and utlized in
our experiments, the estimation of the frequency sensitivity & f
is conducted differently with other magnetometers whose sig-
nal amplitude does not decay. To figure out the optimal acqui-
sition time ¢ for better sensitivity of searching for the domain
walls, we measured the dependence of the noise spectral den-
sity of the parameter R on the acquisition time for optical FID
signal . As shown in Fig. 3(a), when the acquisition time is

no more than 500 ms, the §R deteriorates obviously with the

5 8f, 2 v 8 2 decrease of the acquisition time. When the acquisition time is
(6R)" ~2 (f) +2 (f) ) (20) more than 600 ms, 8R is below 2 x 10~¢ Hz /2.
T LA}
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Fig. 3. (a) The dependence of the noise spectral density of the parameter R on the acquisition time for each optical FID signal. (b) The
measured R and (c) the noise spectrum density (sensitivity) 6R of 2000 consecutive measurements (about 10000 s in total) when the magnetic

field is By = 5772.7 nT and the acquisition time t = 600 ms.

Furthermore, the mass range of ALPs that the comagne-
tometer system can search for is determined by the bandwidth,
in other word, the total time to get one R data. According to
the timing plot in Fig. 1, we need to spend fo,; = 4 + 21 in get-
ting one comagnetometer data R, which means the Cs atomic
comagnetometer system can only respond to domain walls
whose crossing duration T > 2fy4, according to the Nyquist
theorem. Substituting it into Eq. (16), the upper limit on the
mass of the ALPs can be calculated as

2% 103
2ttotal .

ny >~

ey

To broaden the upper limit of the detectable mass range
of ALPs while maintaining a good sensitivity, the acquisition
time for the optical FID signal is ¢t = 600 ms in our system,
with the total time to get one R data of fi, = 5.2 s, and the
corresponding upper limit of the ALPs mass can be calculated
by Eq. (21) as

my, < 1.26 x 10713 eV. (22)

The lower limit is set by the assumption that the time interval
of adjacent domain wall crossings should be no more than 1
year (365x86400 s), and the corresponding mass limit is

2% 103

> ~417x107 VeV,
2 = 365 x 86400 % ¢

(23)

To test the performance of the single-species Cs atomic
comagnetometer in search for exotic spin-dependent cou-
plings, we run the experimental system for 2000 times succes-
sively. The results for parameter R are exhibited in Fig. 3(b),
and the noise spectral density 6R is shown in Fig. 3(c). The
average value of R deviates about —3 x 10~/ from 0, which
may be caused by the light shift induced by the linearly po-
larized probe beam. Furthermore, the drift of the probe light
frequency should be responsible for the fluctuation of mea-
sured R in the same way. Such a deviation and fluctuation
could be effectively reduced and eliminated by appropriately
setting and stabilizing the laser frequency.[??!

In our experiments, the sensitivity of parameter R is
calculated to be R ~ 2.0 x 107© @71/2 (the red line in
Fig. 3(b)). Substitute the sensitivity R into Eq. (18) assum-
ing that ppm ~ 0.4 GeV/cm?, L = 1073 ly, and the estimated
constraints on the axion-like couplings to proton spin for a do-
main wall passing along the direction of the magnetic field are

fo $3.71x 107 GeV,

which means that ALPs with proton coupling f, < 3.71 x

107 GeV could be excluded based on the current sensitivity.
The current excluding constraints are below the astro-

physical constraints for nucleons as fy < 10° GeV,P! and
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the range of ALPs mass is only a small part of the parameter
space not excluded by previous constraints. Therefore, to set
more stringent constraints on couplings between proton spin
and ALPs with a wider range of mass, we need to optimize
both sensitivity and bandwidth of our comagnetometer.

To further optimize the sensitivity, we need to calibrate
and later stabilize the power and the frequency of the two
laser lights. The most sensitive NMOR Cs atomic magne-
tometer in our laboratory?*! can reach the sensitivity of §B ~
20 fT/v/Hz (8§f ~ 7 x 107 /Hz). The corresponding ex-
cluding constraints set by the advanced Cs atomic comagne-
tometer can reach

(fo)ady S 10.7 x 10° GeV,

which is one order in magnitude more stringent than existing
excluding constraints on the couplings between ALPs and pro-
ton spin. These constraints are shown in Fig. 4.

To optimize the bandwidth, we need to cut down the time
to get one R data. The data processing can be executed in
the background and takes no time in the operation sequence of
the comagnetometer. Besides, the time consumed in polariz-
ing the atomic spin can be cut down by adding another laser
tuned to the center of the Doppler broadened Cs D1 transition
in F; =4 — I, = 4, similar to the double-pump scheme in
Ref. [25]. In the stage of polarizing the spins, the two pump
lights have their amplitudes modulated at the Larmor frequen-
cies of two hyperfine levels F = 3 & 4 respectively for 0.5 s in
total. Furthermore, the two hyperfine levels will have a better
orientation (k = 1 atomic polarization), thus better systematic
SNR, compared to those in the single-pump scheme.

—--advanced comagnetometer

101 — experimental comagnetometer E
1010 b e e e e
>
8 advanced co-magnetometer (p)
100
2

108k astrophysical constraints (np) 4

107k :

10-19 10-18 10-17 10-16 10-15 10-14
ALP mass (eV)

Fig. 4. The estimated parameter space for linear couplings of proton
spins with ALPs domain walls assuming that ppy ~ 0.4 GeV/cm3,
L = 1073 1y.[?] The purple dash-dotted line and green fill refer to
the estimated constraints when using the advanced single-species alkali
metal atomic comagnetometer with a magnetic-field sensitivity of about
20 fT/+/Hz.[?*! The black solid line and blue fill represent the existing
astrophysical excluding constraints on linear couplings of nucleon spins
with ALPs. %! The red solid line represents the excluding constraints set
by our comagnetometer.

If these improvements are implemented, then the total
time to obtain one R can be as short as 2 X (0.54+0.6) =2.2s,

and therefore the bandwidth is optimized to 0.227 Hz. The
corresponding upper limit on ALPs mass is m, < 2.99 x
10713 eV. The lower limit on ALPs mass is dependent on
the total running time of the system.

5. Conclusions and outlook

In this work, we present a scheme to search for 2D topo-
logical dark matter (the domain wall) via the linear couplings
between proton spin and the pseudoscalar field of axion-like
particles using a single-species atomic comagnetometer.1>->?]
The shift on the precession frequency of atomic spin po-
larization induced by domain wall crossings is different for
atoms in ground-state hyperfine levels due to different con-
tributions from nuclear spin. For alkali metal atoms, it is
the single valence proton that dominates the nuclear spin
in the nuclear-shell model. By measuring the two preces-
sion frequencies of two hyperfine levels in magnetic fields
with the same amplitude and opposite directions, the cou-
pling constant between proton spin and axion-like particles
can be deduced. For a single-species Cs atomic comagne-
tometer based on nonlinear magneto-optic rotation which ob-
tains the frequency information from optical free induction de-
cay signal, domain walls with axion-like particle mass rang-
ing within 4.17 x 10729 eV < m, < 1.26 x 10~'% eV can be
detected, and the excluding constraints on proton-axion-like
field couplings derived from the experimental results can reach
S S3.71x 107 GeV. Single-species Cs atomic comagne-
tometer has the potential to set more stringent constraints as
(fo)iim < 10.7 x 10° GeV if the systematic signal-to-noise ra-
tio is optimized. ¥

Measures can be taken to optimize the comagnetometer
system. The two-pump scheme!>! can be applied to halve
the time spend in polarizing the atomic spin and increase the
atomic polarization in both hyperfine levels, and the data pro-
cessing can be done in the background. These may help to
broaden the upper limit on the axion-like particles to m, <
2.99 x 10713 eV. Meanwhile, the frequency of the probe
light should be stablized to avoid the deviation of the mea-
sured R. Compared with the atomic magnetometers which
are currently running in the GNOME, 11121 which suppress
the coupling between the electron and ALPs by passive mag-
netic shielding systems,'*! our single-species atomic comag-
netometer has suppressed coupling between the electron and
ALPs, and in turn could provide a reliable reference for the
science run, data processing,!'3! and noise monitoring of the

GNOME project.
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