PHYSICAL REVIEW D 112, 103528 (2025)

Searching for axionlike dark matter by amplifying
a weak magnetic field with the quantum Zeno effect

Jing Dong ,1’2‘3’4 W.T. He,5 S.-D. Zou,1 D.L. Zhou,z’3 and Qing Ai 147
'School of Physics and Astronomy, Applied Optics Beijing Area Major Laboratory,
Beijing Normal University, Beijing 100875, China
*Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
3Universiz‘y of Chinese Academy of Sciences, Beijing 100049, China
4Key Laboratory of Multiscale Spin Physics, Ministry of Education, Beijing Normal University,
Beijing, China
5Quantum Dynamics Unit, Okinawa Institute of Science and Technology,

Tancha 1919-1, Okinawa 904-0495, Japan

® (Received 19 February 2025; accepted 27 October 2025; published 17 November 2025)

The enhancement of weak signals and the detection of hypothetical particles facilitated by quantum
amplification are crucial for advancing fundamental physics and its practical applications. Recently, it was
experimentally observed that a magnetic field can be amplified by using nuclear spins under Markovian
noise [H. Su et al., New constraints on axion-mediated spin interactions using magnetic amplification,
Phys. Rev. Lett. 133, 191801 (2024).]. Here, we theoretically propose amplifying the magnetic-field signal
by using nuclear spins by the quantum Zeno effect (QZE). Under identical conditions, we demonstrate that
compared to the Markovian case the amplification of the weak magnetic field can be enhanced by a factor
about e'/? under a Gaussian noise. Moreover, through numerical simulations we determine the optimal
experimental parameters for amplification conditions. This work shows that the combination of the QZE
and spin amplification effectively enhances the amplification of the weak magnetic field. Our findings may
provide valuable guidance for the design of experiments on establishing new constraints of dark matter and

exotic interactions in the near future.
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I. INTRODUCTION

According to astrophysical observations, roughly five
sixths of the matter in the Universe remains dark [1].
However, direct detection of its interactions with particles
and fields of the standard model remains elusive [2]. There
are a variety of particle candidates for dark matter, such as
quantum chromodynamics axion and axionlike particles
(ALPs) [3], new Z' bosons [4], new spin-1 bosons [5], and
dark photons [6,7]. Axions are prominent dark-matter and
dark-energy candidates, which are introduced as a compel-
ling solution to the strong-CP problem beyond the standard
model. However, it is insufficient to search for ALPs by
traditional particle-physics techniques with light quanta
such as the Large Hadron Collider [8,9]. Therefore,
experimental searches for axionlike dark matter are based
on their nongravitational interactions with particles and
fields of the standard model [8—15].

As known to all, quantum amplification plays an
important role in quantum metrology and finds applications
in the measurements of weak field and force [16—-19], and
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optical amplification [20] to search for new physics beyond
the standard model [10]. Besides, the magnetic-field ampli-
fication finds applications in a wide range of searching axion-
nucleon interactions, such as ALPs and axion bursts from
astrophysical events [21,22]. Under state-of-the-art experi-
ments, the sensitivity has exceeded astrophysical limits [23]
by several orders of magnitude. We note that both electron
and nuclear spins have shown great potential for realizing
signal amplification. For example, the overlapping spin
ensemble, e.g., '*Xe-8"Rb, is used in self-compensating
comagnetometers [24-26]. Recently, magnetic-field ampli-
fication using '*Xe noble gas overlapped with spin-polar-
ized 8’Rb atomic gas was demonstrated, which has achieved
a significant improvement in amplification of weak-field
measurements under the Markovian noise, i.e., a constant
spin relaxation rate [27].

On the other hand, the quantum Zeno effect (QZE)
describes the phenomenon that a quantum system’s dynamic
evolution drastically slows down when measured frequently
enough [28-33]. The QZE plays a vital role in various
domains of quantum science. One of the applications of the
QZE is quantum measurements, which can suppress the
detrimental effects of decoherence [34,35]. By performing
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frequent error-correction measurements, the QZE helps
stabilize the quantum state of qubits, thereby prolonging
their coherence time and enhancing the reliability of quantum
computations. Both theoretically and experimentally, it has
been demonstrated that the QZE can enhance the quantum
metrology by using the maximum-entangled states [36-38].
So far, the QZE has been experimentally observed in a
number of physical systems such as trapped ions [39,40],
ultracold atoms [41-43], molecules [44], Bose-Einstein
condensates [45], nitrogen-vacancy centers [46], and super-
conducting quantum circuits [47-50].

To achieve the more significant amplification of external
magnetic fields, in this paper, we propose a magnetic-field
amplification using noble gas overlapped with spin-polarized
alkali-metal gas by the QZE, which can achieve an improve-
ment in the amplification of weak-field measurements as
compared to the Markovian case. In weak magnetic fields,
we obtain the analytical solution to the dynamics of '2°Xe
spins and amplification function, which present an enhance-
ment of e!/> compared to the Markovian case. In the case of
strong magnetic fields, we further examine the response of
the '*Xe spins by numerical simulations under various
conditions. Then, we provide the optimal measurement
parameters for the practical experiments, i.e., the detuning
between the Larmor frequency and the frequency of the
magnetic field, the decoherence time, and the magnitude of
the magnetic field. We anticipate that the present amplifica-
tion technique could stimulate possible applications in
applied and fundamental physics.

The rest of the paper is organized as follows: The model
is set up and the response of polarized '*’Xe spins to a
transverse oscillating magnetic field is derived in Sec. II.
Then, the response of polarized '>’Xe spins in the case of
weak magnetic fields is investigated in Sec. III. In Sec. IV,
the transverse polarization of the polarized '*’Xe spins is
studied and the optimal amplification is explored in the case
of strong magnetic fields. A summary is provided in Sec. V.
Non-Markovian open quantum dynamics is derived in
Appendix A. In Appendix B, we discuss how to prolong
the transverse relaxation time.

II. MODEL

According to Ref. [51], there are two cells containing
nuclear spins, i.e., the source and the sensor cells. In order
to tune the noble-gas Larmor frequency vy = y,By/2x to
match the oscillation frequency of the external transverse
field B,., a bias magnetic field with strength B is applied
along the z-axis. Here, y, is the gyromagnetic ratio of
129Xe. Due to the axion-mediated interaction between
polarized neutrons, the '??Xe nuclear spins are also subject
to a time-dependent transverse magnetic field. As a result,
the '?°Xe nuclear spin in a magnetic field is described by
the following Hamiltonian:

I:I = _YnB(t) ’ iv (1)

where B(7) = ByZ + B, cos(2zut)3 is the total field expe-
rienced by '?’Xe nuclear spins with v being the Larmor
frequency of the nuclear spins in the source cell, and y,, =
27 % 1178 Hz/pT [27] and 1 = (?x,?y,jz) are the gyro-
magnetic ratio and the angular momentum operators of
129X e, respectively. The spin Hamiltonian with the total
field reads explicitly

H = —y,Bol. —y,By cos(27wt)7y. (2)
According to the Heisenberg equation of motion, we can
obtain the dynamical equation for the nuclear spin angular

momentum as

dl,

= ynBOiy — ¥uBac cos(2m/t)7z, (3)
dl, .
Sy Bl 4
dt YnDolx ( )
di .
d_tz = y,Byc cos(2avit)l . (5)

The polarization of '*°Xe atoms can be defined as

P :@, (6)
Vo

where v;! is the atomic number density. The dynamics of
the three polarization components can be described by the
Bloch equations as [52]

dpP,
= YuBoPy = 7By cos(2avt) P, (7)
dP,
dl: = _ynBOPx’ (8)
dP
dtz = ypByc cos(2avt)P,. 9)

Generally speaking, any quantum system inevitably suffers
from interaction with its environment. On account of a
Markovian noise, the dynamics of '?°Xe spins can be
described with the Bloch equations

dpP, 1
Fra YuBoPy = ¥4 Bac cos(2nvt) P, — T—ZPX, (10)
dpP, 1
—2 = —y,ByP,——P,, 11
dt YnDol x T2 y ( )
dP 1
£ =y,B, cos(2avt)P, — —P (12)

dt T, ©
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where T, (T,) is the longitudinal (transverse) relaxation
time of the '*’Xe spin. We consider the response of
polarized '>’Xe spins to a transverse oscillating magnetic
field. Considering a Gaussian noise here, the dynamics of
129X e spins can be described by the Bloch equation as [53]

dp, t
== YuBoPy = ¥y By cos(2avt) P, — T—%Px, (13)
dp, t
—= = —VuBoPr — 5 Py, (14)
dt 73"
dp t
= = y,Byc cos(2avt) P, — — P.. (15)

dt T?

To analyze the system more conveniently, we transform
it to the rotating frame defined by

U= eiZm/tiz. (16)

In the rotating frame, the effective Hamiltonian

2 aian ad oA
H=UHU-iU —U (17)
dt
can be simplified as
2 PO | R
H AL = y,Bul,. (18)

where A =2z(v—v) is the detuning, and we have
dropped the fast-oscillating terms by the rotating-wave
approximation [31,53]. Thus, the Bloch equations of '*°Xe
spins in the rotating frame read

& YnBac 3 % I -
P, =0 p L AP -~ P, (19)
X 2 Z y T% X
2 ~ r ~
Py = -AP - P, (20)
2
x 7/r1321<:~ I~
p.= p—LP. (21)
z D) x T% z

where P, (a = x,y, z) are the polarizations of '2°Xe spins in
the rotating frame. Now, we can define the effective magnetic
field in the rotating frame as B = (B,./2)) — (A/7,)Z.

When the Rb pump light is off, the effective magnetic-
field gradient induced by the Rb polarization is greatly
suppressed, resulting in 7, being close to 7| [51]. As a
result, we assume 7, ~ T, = T and thus we have

S ViBen p
P, ="%P + AP~ P (22)

Py =-AP, ——P,, (23)
5 InBac 5 1 3
Po= 2P, - 2P (24)

III. LINEAR RESPONSE

In practical applications, precise measurement of weak
magnetic fields is often of great interest, such as those
associated with precision medicine, deep-sea exploration,
cardiac activity, etc. [27]. When B, is weak enough, we
can ignore the first term in Eq. (24). In this case, the time
evolution of f’z is decoupled with P,, i’y, and B,., and P,
exhibits a linear dependence on B,.. Under the weak-field
approximation, Egs. (22)—(24) can be simplified as

2 14 B.. . ~ r -~
P, = "2 a P, + AP, — FPX, (25)
~ t -
P, =—-AP, ﬁPy, (26)
2 r -~
P, = —WPZ. (27)

When the polarization is initially along the z-axis, i.e.,
P(t =0) = (0,0, Py), the solutions to the above equations
can be expressed as follows:

- PyB _2
e
- PyB _2
P, = 0242&016 22 [cos(Ar) — 1], (29)
~ 2
P, = Pyer, (30)

Since the relation between the polarization in the rotating
frame and the laboratory frame is

P, (t) = P (1) cos(wt) — P, (1) sin(wr), (31)
P,(t) = P (1) sin(wt) + P,(t) cos(wt), (32)
P (1) = P(1). (33)

we can obtain the polarization in the laboratory frame as

PoBuyn —2

p. - 02720“6 27 [sin(Af — 1) + sin(wr)],  (34)
PoBuct 2

P, =~ ¢S cos(At - wr) — cos(wr)]. (35)

2
PZ = Poe_m. (36)
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Thus, the magnitude of the transverse polarization can be
expressed as

PyB 2 At
P, = OTaC}/" e 21 sin <7> . (37)

According to By = 8zkogMyP | /3, where k, = 540
denotes the Fermi-contact enhancement factor between
129Xe and ®Rb [27,54], the amplitude of the transverse
effective field is

8 PyB _2 At
Beff = ?ﬂKoMOOTacyne 2778in <2> . (38)

Thus the transverse field is amplified by a factor

|Beff| _ 2}“Mn},n Sin <Al> _i’
Byl A

1=

where M, = MP, is the nuclear magnetization of '*Xe,
A = 4nxky/3. The optimal time ., can be obtained by
calculating I1/0#|,_, = 0, and thus yields tan (At /2) =
AT?/2t,,. Now we expand tan(Afy/2) to the third
order of Af,y and obtain the following expression:
(Atop/2)+(Atop/2)? /3=AT? /21,y The time required to
reach the maximum transverse polarization is determined by

6 1
fopt = \/P (—1 +4/1 +§A2T2>. (40)

Again by Taylor expansion, we can obtain

A2T?
toptzT<l— 4 ) (41)

Based on this finding, it is shown that the optimal time
becomes longer as 7 increases and A decreases, which will
be discussed in detail in the next section.

When the oscillation frequency of the external magnetic
field matches the '>’Xe Larmor frequency, i.e., A = 0, the
time required to reach the maximum transverse polarization
is Zop = T It should be noted that the optimal time should
be smaller than T in the nonresonance case, i.e., A # 0. The
optimal amplification factors for the Markovian and QZE
cases are IT = 2AM,y,Te~" [27] and TI = 2AM,y,Te""/?,
respectively. Therefore, the QZE can enhance the ampli-
fication of the weak magnetic field by a factor \/e.

IV. NONLINEAR RESPONSE

In the following, we obtain the response of the '*’Xe
spins without the weak-field approximation but by solving
Egs. (22)—(24) numerically. Figure 1 shows P, against
time in the QZE and Markovian cases [27], respectively. In

0.10

0.05

P, (au)

0.00 #
0.10

0.05

P, (au)

0 300 600 900 1200 1500

t(s)

FIG. 1. Time evolution of the transverse polarization P, vs B,
for (a) the Gaussian and (b) the Markovian noise, respectively.
Solid lines represent the profiles under the linear-response
approximation while symbols represent the profiles by the
numerically exact solution. The parameters 7 = 380 s and A =
2.5 mHz are used.

order to verify the validity of the weak-field approximation,
we compare the linear response with the nonlinear response
under different amplitudes of the magnetic field. The
approximated and the exact profiles almost overlap each
other when the measured field is 10 pT. However, as the
magnetic field increases, their difference becomes larger
and larger, which suggests that the approximation works
well in the case of weak fields. Most importantly, it is
clearly observed that the response under the Gaussian noise
is significantly larger than that under the Markovian noise,
indicating more effective magnetic-field amplification via
the QZE.

Figure 2 compares the optimal response P in the
Markovian case and QZE regime over a wide range of
coherence times. It is shown that the optimal responses in
both cases exhibit the same trend, gradually increasing with
T. Furthermore, the response increases with the magnitude
of the magnetic field for a given coherence time 7.
Interestingly, it is evident that the responses in the QZE
consistently exceed those in the Markovian case.

To evaluate the effect of detuning (A) on the amplification
of the magnetic field under the QZE versus the Markovian
regime, we numerically compare the optimal responses for
different B,.’s. This comparison is achieved by solving the
QZE dynamics Egs. (22)—(24) in Fig. 3(a) and the Markovian
dynamics Egs. (10)—(12) in Fig. 3(b) separately. As illus-
trated in both Figs. 3(a) and 3(b), the optimal response
decreases monotonically with increasing absolute value of
detuning for a fixed value of B,.. Therefore, in order to
achieve a larger amplification of the weak magnetic field, the
resonance between the driving field and Larmor frequency is

103528-4
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30pT ___ 40pT

0.3

P, (au.)

FIG.2. The optimal transverse polarization P as a function of
the coherence time T for different values of B, is presented for
both Markovian dynamics (dotted lines) and the QZE (solid
lines), respectively. The other parameters are the same as those
used in Fig. 1.

required. Furthermore, the optimal response shows a gradual
increase as the magnetic-field strength is enhanced for a
constant detuning. Itis obvious that the optimal responses are
always smaller than the counterparts in the QZE for all B,.’s.

In Fig. 4, we present the optimal time 7,y to perform the
measurement as a function of the relaxation time 7 and
detuning A for the QZE, respectively. It is demonstrated that
Lopt 18 proportional to T for B,. = 10 pT, which is consistent
with Eq. (41). However, as B, increases, the time required to
achieve the optimal response decreases for a given 7. On the
other hand, when talking about the dependence of the optimal
measurement time on A, it turns out to be very complicated. It
requires the longest time to achieve the optimal response for
the resonance case, while 7, decreases as the detuning is
enlarged, which is predicted by Eq. (41). Notably, for
different magnetic fields, all curves coincide with each other
in the large-detuning limit. These findings suggest that
maximizing the relaxation time while minimizing the

0201 (a) : 1(0)
b ——10pT
B
0.15} g - -40pT
- e $0pT
s Ei ------ 100pT
& 0.0} 53
Qj HH
FIG. 3. The optimal transverse polarization P(ipt in (a) the

Gaussian noise and (b) the Markovian cases as a function of the
detuning A for different B, ’s. The other parameters are the same
as those used in Fig. 1.

500 ; 400
(@ ®)
/o —10pT
4004 —— 10pT a8 <= - 40pT
--=-40pT /0 3000 ER e 80pT
....... ?8STT "'0 “"'.. ) === 100pT]|
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FIG. 4. Dependence of the optimal time 7o, on (a) the relax-
ation time 7 with A = 2.5 mHz and (b) the detuning A with
T = 380 s for the QZE in different B,.’s.

detuning is crucial for expediting the amplification of the
weak magnetic field. Thus, careful control of these param-
eters is essential to enhance the efficiency and precision of the
measurement process.

Since in Fig. 3(a), the optimal responses increase as the
magnetic field is enlarged, it may be quite natural to ask
whether there exists a bound for the optimal response. As
depicted in Fig. 5, we explore the optimal response for
different sets of (B,., A). When the system is at resonance,
the optimal response will quickly be saturated as the
magnetic field is enlarged. As the absolute value of
detuning increases, the smallest magnetic field to saturate
the optimal response becomes lager and larger.

2000 I 03
- 0.2
g
= 1000
m«x
- 0.1
0 u 0.0
-0.1 0.0 0.1
A (Hz)

FIG. 5. Phase diagram of the optimal response P} vs B, and

A for T = 380 s.
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0 200 400 600
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FIG. 6. Phase diagram of the optimal response P(fl vs B,cand T
for A = 2.5 mHz.

To gain further insight into the effects of the amplitude of
the oscillating field B,. and the relaxation time 7 on the
optimal response P, we focus on the near-resonance case
and present the phase diagram of the optimal response for a
large range of T and B,. in Fig. 6. It is shown that the
optimal response can be achieved across the majority of the
parameter space (B,., T), which provides convenience for
measuring magnetic fields of various amplitudes. However,
it should be pointed out that the relaxation time 7 should be
sufficiently large, e.g., 7 > 60 s, in order to attain the
maximum optimal response larger than 0.28.

On the other hand, the realistic noble-gas coherence time is
much shorter than its intrinsic coherence time because of the
presence of the magnetic-field gradient in experiments [27].
There are several sources of the magnetic-field gradient,
including the inhomogeneity of the light intensity of the
pump beam, the edge of the vapor cell that is not illuminated,
the effective magnetic-field gradient from Rb polarization,
and the real magnetic-field gradient from the applied bias
field [27,51]. Therefore, we should try to avoid the influence
of these factors on the coherence time as much as possible.

In Fig. 7, we explore the optimal response in the
parameter space (A, T) for B,. =400 pT. The results
indicate that the optimal response is confined to a narrow
parameter region characterized by a large relaxation time 7'
and a small detuning A, as depicted by the red region.

Another application of the QZE lies in the investigation of
a broad range of exotic interactions using such a quantum
spin amplifier, which is introduced to resonantly amplify the
effect of the exotic field B,.. ¥’Rb and '*’Xe are polarized in
both the spin-sensor cell and spin-source cell. The nuclear
spins between two cells can generate an exotic spin-depen-
dent interaction mediated by axions. The fractional compo-
sition of the '?°Xe nuclear spin arising from neutrons (n) and
protons (p) is 0.73 and 0.27, respectively [55]. According

0.1 l—a3
- 0.2
N
= 0.0
<
- 0.1
0.1 - 1 : 1 - 0.0
0 200 400 600

T(s)

FIG. 7. Phase diagram of the optimal response P(ft vs Aand T
for B,. = 400 pT. The other parameters are the same as those in
Fig. 1.

to Refs. [56-59], the interaction between the polarized
neutrons is

- glralsggs ~ ~ mg 1
Vos—ps = ~T6xm,m, [ﬂso "Oge (7 + 3

 oiin o fm> 3m, 3
_(O—so'r>(ose'r) <T+ r2 +F>:|e_mur’ (42)

where 21 = ¢ = 1, gp, is the pseudoscalar coupling constant
of the neutron, m,, (m,) is the mass of the neutron (axion), 6,
(64) is the spin operator in the source (sensor) cell, and ¥ =
r7 is the distance vector between two interacting neutrons.
Because of the energy shift of the nuclear spins in the spin
sensor caused by such exotic interaction, the pseudomagnetic
field By.64, = —Vps—ps/Uxe 1S experienced by the nuclear
spins in the sensor cell, where vy, is the magnetic moment of
the nuclear spin in the sensor cell, and

GpsIps (1 1 A
B r =m———————— e —_— —_ .
we(T) 167m,,m, v, ou\ 2 + r Hou-7)

13 3\] _
X<%+F+F>:|e //1, (43)

where 4 is the Compton wavelength. It is useful to set a new
constraint |ghgps| by searching for interactions V.
Consequently, '*Xe constitutes a natural advantage in
searches for neutron spin-dependent couplings.

Figure 8 shows the obtained constraints on |gp ghs| /4 set
by this work together with the limits from the previous
experimental searches [26,51,60,61]. The excluded values
of the coupling-constants product of the previous results are
presented as the light-gray areas and the result of this work
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107 3 ————y

Ramsey,1979

107

Axion mass (pueV)

FIG. 8. Constraints to the coupling-constants product | GpsIps |/4
within the axion window. The black curves represent the
constraints on exotic interactions between protons from the
previous experiments of Ramsey [61], Glenday er al. [60],
Vasilakis et al. [26], and Su et al. [51] as a function of the
axion mass. The red line represents the new constraints on axions
or ALPs obtained from our theory, which establishes an improved
bound by a factor about ¢!/ due to the QZE.

is presented as the dark-gray area. The first constraint of
exotic spin-spin interactions was derived by Ramsey [61] and
presented as the black dashed line. The black solid and dotted
lines respectively represent the constraints on |gp.ghs|/4
placed by the maser [60] and the comagnetometer [26]
experiments. The black dashed-dotted line represents the
laboratory constraints on |gpgp|/4 placed by the '*Xe
magnetometer [51]. As mentioned above, we enhance the
amplification of the weak magnetic field by a factor e'/?
based on their work. Accordingly, we effectively estimate the
most stringent constraint on |gpgp|/4 by utilizing the QZE
from a theoretical perspective and present it as the red solid
line, part of which reaches into the unexplored parameter
space within the axion window. For the mass range from 3.2
to 24.3 peV, we improve the previous constraint on neutron-
neutron spin coupling by a factor about e'/? for the mass
range from 3.2 to 24.3 peV. The major improvement in the
constraint comes from the QZE. In addition, our theoretical
approach can also be utilized to search for other exotic spin-
dependent interactions, such as those between the polarized
electrons, and between a polarized electron and an unpolar-
ized nucleon. Since it has not yet been implemented in the
experiments, we not only provide the optimal measurement
parameters but also obtain optimal amplification, i.e., about
8900, and the corresponding time for the practical experi-
ments, which can effectively guide a related experiment in
this work. We hope that the experiment can be realized in this
overlapping spin ensemble by the QZE in the near future,
contributing to the detection of exotic interactions and ALPs.

V. CONCLUSION

In this paper, we propose a noble-gas spin evolution in the
dark and amplify the measurement of the weak magnetic field
by the QZE. Recently, there has been significant progress in
amplifying the weak magnetic field with mixtures of nuclear-
spin-polarized noble gases and vapors of spin-polarized
alkali-metal atoms, such as '*Xe — 8Rb [5,27,62]. This
technique can also be applied to various alkali-metal atoms
and noble gases, including K-'>Xe, K-*He, 3'Rb — 2'Ne, etc.
In experiments, '>°Xe gas overlapping 8’Rb gas can be used
in the same vapor cell, wherein the atomic system is
inherently subjected to the Gaussian noise in the short-time
regime. It can be interpreted from a quantum-mechanical
perspective; i.e., the dynamics of an arbitrary open quantum
system begins with a Gaussian decay, and transitions to
Markovian dynamics, and ultimately ends in a power-law
decay in the long-time regime [63,64]. The short-time
domain has long attracted considerable attention due to its
role in generating the QZE under specific physical con-
ditions. Nevertheless, the Zeno dynamics is commonly
ignored, owing to its behavior on short timescales in such
atomic systems. For example, the free-induction-decay
signal of polarized *He reported in Ref. [65] clearly exhibits
a Gaussian-type decay characterized by the Zeno dynamics.
Actually, the QZE is not limited to open quantum systems but
extends universally to closed quantum systems, representing
an intrinsic quantum manifestation arising from the unitarity
of quantum evolution. If the QZE is applied to this technique,
this kind of experiment will be enhanced with a more-
significant magnetic-field amplification effect. Thus it can be
used to search for axions, dark photons, axion-mediated spin-
dependent interactions, etc. Since the results of this work
provide more significant magnetic amplification, we hope
that our studies will stimulate experiments on establishing
new constraints of dark matter and exotic interactions by this
method.

In summary, we exploit the magnetic amplification
considering the QZE through effective fields from colli-
sions between alkali-metal atoms and noble-gas atoms,
increasing the magnetic magnification by up to about 1.65-
fold relative to the Markovian noise. Based on our analysis,
we obtain the optimal time required to reach the maximum
transverse polarization and thus the optimal response under
different combinations of the parameters. Our results
indicate that the amplification of measuring the weak fields
can be further enhanced by the QZE as compared to the
Markovian case. This indicates that our research can further
improve the accuracy of weak-field measurements.
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APPENDIX A: DYNAMICS IN NON-MARKOVIAN
ENVIRONMENTS

In this section, we provide the dynamics of the transverse
polarization theoretically as follows. Taking the interaction
of the system with the environment into account, the '°Xe
nuclear spin in a magnetic field is described by the
following Hamiltonian:

H=H;+ Hgp, (A1)

where
Hg = —y,Bol. — 7,By cos(2m/t)7y, (A2)
(A3)

Agp = Zwkalak + nglx(ak +ajp),
% x

where B and B, are the experienced field by '?°Xe nuclear
spins along the Z-axis and Y-axis respectively with v being
the Larmor frequency of the nuclear spins in the source cell.
For the resonance case, in the rotating frame the spin
Hamiltonian with the total field reads explicitly

I_:I 711 ac 1/ + Z 27”/ k

+ ng Toa, +1.a7). (A4)
k

In the subspace of single and zero excitation, we assume
that the wave function is

(1)) = 0). (A5

Inserting Eqgs. (A4) and (AS5) into the Schrodinger
equation id|y(t))/dt = H|y(t)), we can obtain

1)+ ngﬁk 0,

alr) - “ % (A6)

ﬂk<r>+z(“f“+w m)ﬂku) ga() =0. (A7)

We can calculate a(7) = ¢(t)a(0) + >, di(¢)p(0) under
the initial conditions ¢(0) = 1,d,(0) = 0, where c¢(¢) is
determined by

B t
e(t) - 7125 o1 —/ Fli—t)c(t)de =0, (A8)
0
Then, if we take the Markovian approximation to have
¢'(t) = ¢/(t) and replace [} dr by [ dr, we can obtain
o) = elt3 =84, (A9)
where A =P [ J(w)/(yB,. + @ — 27v)dw is the Lamb
shift due to the bath k = nJ(2nv — yB,.). The coupling is
characterized by the Lorentzian spectral density
J(w) = ag/n(¢> + @?*), where a > 0 regulates the cou-
pling strength. However, if we only take the half Markovian
approximation to have ¢(r) ~ ¢/(¢), we can obtain

c(f) = elF=R)=1(0) (A10)

where [36]

10 = s =1+

; (Al1)

for t > 0 and g > 0. In the short-time regime, i.e., gt < 1,
we have

. (A12)

8
T, =1/—. Al3
= (A1)
In the long-time regime, i.e., gt > 1, we have
at
1)~ —. Al4
i~ (A14)
Thus, the Markovian time reads
4
Ty =2, (A15)
a

(A16)

For a fixed pair of a and g, T, is proportional to T),. In
other words, we can prolong 7, when T, is prolonged.

APPENDIX B: QUANTITATIVE ESTIMATION OF
THE RELAXATION TIME

The traverse relaxation time of spin-polarized noble gas
can be expressed as
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1 87 RYVB|* 1

T, 175D 2T, (B1)
in the spherical cell of radius R subjected to a gradient
along the z-axis [66], where |VB,|? is the bias magnetic-
field gradient along the z-axis, and D is the diffusion
constant of noble gas atoms in the atomic cell. In Ref. [27],
the Rb polarization-induced effective magnetic-field gra-
dient is greatly suppressed when the Rb pump light is off,
resulting in the effect of the magnetic-field gradient being
ignored. Thus, we assume 1/T, ~ 1/2T, at first. The
relaxation rate of noble gas 1/7, can be expressed as
[67-72]

1 1 1 1

RS HAN RS Tl o
where 1/TY represents the relaxation rate due to the
magnetic-field inhomogeneity, and 1/7V4! which arises
from interaction with the container surface, is typically
observed to be proportional to the surface-to-volume ratio
[68], i.e., 1/T}3 = 5S/V. In glass vessels, T} has been
successfully increased to above 100 h [73]. Consequently,
the second term of Eq. (B2) can be neglected. 1/79~4 arises
from the magnetic dipole-dipole interaction associated with
binary atomic collisions, i.e., 1/7T974 = (3600)~'n/817n,
[73]. Under standard conditions with the noble-gas pressure
being 1 bar, we have n = ny = 2.687 x 10%. 1/TY can be
expressed as [74,75]

1 0.14VT

=— 7 (VB> +|VB,]*),
TV  P,B} ! Y

(B3)

where T is the temperature within the gas cell, and P,
represents the pressure of noble gas in bars. This pressure
can be expressed as P, = nkgT, where n is the particle-
number density of the noble gas in bars, and kg is the
Boltzmann constant. VB, and VB, are the gradients in the
transverse components of the magnetic field. The expres-
sion for T, is simplified as

1007

— ~——" (VB + |VB,[?).
7o~ s (VB VB

(B4)

The Zeno time was found to be 170 ms in the experiment
[65]. To achieve a Zeno time on the order of 10% s, the
transverse relaxation time 7, should also be increased to
the order of 10% s according to Eq. (A16). If B, is increased
by a factor of 10, and the temperature 7 is raised by 2 times,
and the particle-number density n is enhanced by 5 times,
and the magnetic-field gradient is reduced by a half, the
value of T, can be enhanced by a factor of 2830. At present,
we can obtain 7974~ 1.45 x 107 s and T} ~ 2600 s, and
we also find that the conditions 7} > TY and T¢~¢ > TY
are satisfied. Therefore, the second and third terms of
Eq. (B2) are also negligible. According to Eq. (A16), the
Zeno time T, can be enhanced from 170 ms to 480 s, and
then the Zeno dynamics could be observed with current
experimental setups.
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