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P H Y S I C S

Search for exotic spin-dependent interactions with  
a spin-based amplifier
Haowen Su1,2,3†, Yuanhong Wang1,2,3†, Min Jiang1,2,3*, Wei Ji4, Pavel Fadeev5,6, Dongdong Hu7, 
Xinhua Peng1,2,3*, Dmitry Budker5,6,8

Development of new techniques to search for particles beyond the standard model is crucial for understanding 
the ultraviolet completion of particle physics. Several hypothetical particles are predicted to mediate exotic 
spin-dependent interactions between standard-model particles that may be accessible to laboratory experiments. 
However, laboratory searches are mostly conducted for static spin-dependent interactions, with a few experiments 
addressing spin- and velocity-dependent interactions. Here, we demonstrate a search for these interactions with 
a spin-based amplifier. Our technique uses hyperpolarized nuclear spins as an amplifier for pseudo-magnetic 
fields produced by exotic interactions by a factor of more than 100. Using this technique, we establish constraints 
on the spin- and velocity-dependent interactions between polarized neutrons and unpolarized nucleons for the 
force range of 0.03 to 100 meters, improving previous constraints by at least two orders of magnitude in partial 
force range. This technique can be further extended to investigate other exotic spin-dependent interactions.

INTRODUCTION
Numerous theories extending beyond the standard model of parti-
cle physics predict the existence of new bosons that could mediate 
long-range interactions between two objects of the standard model 
(1–5). Such theories are related with the spontaneous breaking of 
continuous symmetries, yielding massless or light (pseudo) Nambu-
Goldstone bosons, such as axions (2, 3), dark photons (6), parapho-
tons (7), familons (8), and majorons (9). The exchange of such 
particles results in exotic spin-dependent interactions that may be 
accessible to laboratory experiments (10, 11). Various experiments 
have been conducted to search for exotic spin-dependent interac-
tions, making use of the torsion balance (12, 13), trapped ions (14, 15), 
geoelectrons (16,  17), spin-exchange relaxation-free magnetome-
ters (18, 19), comagnetometers (20, 21), nitrogen-vacancy diamond 
(22–24), and other high-sensitivity techniques (25–32). Recently, the 
approach based on nuclear magnetic resonance (NMR) (33–35) has 
been proposed to search for exotic interactions and could substan-
tially improve current experimental limits set by astrophysics, such 
as axion resonant interaction detection experiment (ARIADNE) (35).

The exotic interactions mediated by light bosons were intro-
duced by Moody and Wilczek (36), extended by Dobrescu and 
Mocioiu (37) with the inclusion of the terms dependent on the rela-
tive velocity between the two interacting particles, and revised in (5). 
In the latter work (5), the potentials were sorted by types of cou-
pling (scalar, vector, etc.), contact interactions were included, and 
coordinate-space representation was used. Sorting by spin-momentum 

form, there are 15 possible exotic interactions between ordinary 
particles that contain static spin-dependent operators, velocity-
dependent operators, or combinations of these. Some of them may 
break the charge, parity, and time-reversal symmetries or their com-
binations (11, 37); they were introduced to understand the symme-
tries of charge conjugation and parity in quantum chromodynamics 
(3). Many experiments have been performed to search for static 
spin-dependent interactions (12, 14–16, 20–23, 25, 26, 29, 31, 32), 
while the velocity-dependent interactions have been studied less ex-
tensively (18, 19, 24, 28, 30). Following the notation in (37, 38), the 
spin- and velocity-dependent interactions to be studied here are

	​​ ​V​ 4+5​​ =  − ​f​ 4+5​​ ​  ​ħ​​ 2​ ─ 8mc ​ [ ​  ​ · (v × ​   r ​ ) ] ​(​​ ​ 1 ─ 
r ​ + ​ 1 ─ 

​r​​ 2​
 ​​)​​ ​e​​ −r/​​​	 (1)

	​​ ​V​ 12+13​​ = ​ f​ 12+13​​ ​ ħ ─ 8 ​(​̂  ​ · v ) ​(​​ ​ 1 ─ r ​​)​​ ​e​​ −r/​​​	 (2)

where f4+5 and f12+13 are dimensionless coupling constant, c is the 
speed of light in vacuum, ​​  ​​ is the spin vector and m is the mass of 
the polarized fermion, v is the relative velocity between two inter-
acting fermions, ​​ ̂  r ​​ is the unit vector in the direction between them, 
and  = ħ(mbc)−1 is the force range (or the boson Compton wave-
length) with mb being the light boson mass. In particular, apart from 
common interests on the interaction V4+5 mediated by new bosons 
described in (37), the search for V4+5 could provide an experimental 
test for extensions of electrodynamics proposed by a recent study (39). 
Moreover, the search for V12+13 could provide a new source for 
parity symmetry violation (11, 37). Careful investigations on those 
interactions may give clues for understanding fundamental physical 
questions such as the matter-antimatter asymmetry of the universe.

Here, we demonstrate a search for the exotic spin- and velocity-
dependent interactions with a spin-based amplifier (40). The tech-
nique takes advantage of the resonant coupling between the rotation 
frequency of an unpolarized nucleon mass and a spin-based ampli-
fier with a matching spin-precession frequency. The signal from the 
pseudo-magnetic field produced by the exchange of light bosons 
can be amplified by at least two orders of magnitude. Using such a 
spin-based amplifier, we establish constraints on the spin- and 
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velocity-dependent interactions between polarized and unpolarized 
nucleons in the force range of 0.03 to 100 m. For f4+5, our work sets 
the most stringent constraints on f4+5 for the force range from 0.04 
to 100 m. For =1.0 m, our work improves over existing constraints 
by about four orders of magnitude (41,  42). Moreover, our work 
sets the most stringent constraints on f12 + 13 in the force range from 
0.05 to 6 m, at 0.45 m reaching 1.01 × 10−34 [95% confidence level 
(C.L.)], improving over previous laboratory limits by at least two 
orders of magnitude (43, 44).

We would like to emphasize the difference of resonant searches 
between this work and other existing works. Although, recently, 
there have been many works that propose the NMR resonant 
searches of the exotic spin-dependent interactions (33–35), their 
experimental demonstrations are ongoing. In contrast, our work 
demonstrates an experiment of the resonance detection method to 
search for exotic spin-dependent interactions and places new con-
straints on them. Moreover, previous works all consider the situa-
tion where the nuclear spins are measured from a distance with 
atomic and superconducting quantum interference device magne-
tometers; in this case, it is experimentally challenging to prepare 
high nuclear-spin polarization and maintain readout sensitivity. In 
contrast, our work uses a different scheme in which polarized nu-
cleons and the detector are spatially overlapping in the same vapor 
cell, offering two notable advantages (see section SIV): Nuclear 
spins can be directly hyperpolarized to achieve a polarization of 0.1 
to 0.3 by spin-exchange optical pumping, reducing the polarization 
loss during transporting nuclear spins to detection region; nuclear 
spin signals can be enhanced due to large Fermi-contact enhancement 
(on the order of 600), measured in situ with an atomic magnetometer. 
Using such a sensor, we immediately obtain new constraints on the 
spin- and velocity-dependent interactions.

RESULTS
Principle
Our experiment is to detect the pseudo-magnetic field produced by 
exotic spin- and velocity-dependent interactions. These interactions 
induce energy shift of 129Xe spins ​− ​​ Xe​​ · ​B​j​ exo​ = ​ V​ j​​​ (29), where Xe 
is the magnetic moment of 129Xe spin, Vj represents the potential 
that we measure (V4+5 or V12+13), and ​​B​j​ exo​​ is the pseudo-magnetic 
field. As is typical (18, 21), we assume that the coupling to unpolarized 
fermions is the same for neutrons and protons and is 0 for electrons 
in the unpolarized mass. We note that the contribution of neutrons is 
73% in 129Xe (45) and therefore set ​∣​​ Xe​​∣​B​j​ exo​ > ​ f​ j​​ 0.73A​, where A is 
the numerical factor from the integration over all the nucleons in 
the bismuth germanate insulator Bi4Ge3O12 (BGO) crystal (see Ma-
terials and Methods), and fj represents f4+5 and f12+13.

The pseudo-magnetic field is resonantly measured with the 
spin-based amplifier consisting of the spatially overlapping ensem-
bles of spin-polarized 87Rb and 129Xe, as shown in Fig. 1. 129Xe spins 
act as an amplifier for the signal from the oscillating pseudo-mag-
netic field. The field ​​B​j​ exo​​ slightly tilts 129Xe spins and induces an 
oscillating 129Xe transverse magnetization that is read out by 87Rb 
spins. The spin dynamics can be described by the coupled Bloch 
equations (19, 40, 46)

	​​  ∂ ​P​​ e​ ─ ∂ t  ​  = ​  ​​ e​​ ─ Q ​(​B​z​ 
0​​ ̂  z ​ +  ​M​0​ n​ ​P​​ n​ ) × ​P​​ e​ + ​ 

​P​0​ e ​​   z ​ − ​P​​ e​
 ─ ​T​ e​​ Q

  ​​	 (3)

	​​  ∂ ​P​​ n​ ─ ∂ t  ​  = ​ ​ n​​(​B​z​ 
0​​ ̂  z ​ + ​B​j​ exo​ +  ​M​0​ e ​ ​P​​ e​ ) × ​P​​ n​ + ​ 

​P​0​ n​​   z ​ − ​P​​ n​
 ─ {​T​ 2n​​, ​T​ 2n​​, ​T​ 1n​​} ​​	 (4)

where Pe (Pn) is the polarization of 87Rb electron (129Xe nucleus), e 
(n) is the gyromagnetic radio of the 87Rb electron (129Xe nucleus), 
Q is the electron slowing-down factor that originated from hyper-
fine interaction and spin-exchange collisions, ​​B​z​ 

0​​   z ​​ is the applied bias 
field; ​​M​0​ e ​​ (​​M​0​ n​​) is the maximum magnetization of 87Rb electron 
(129Xe nucleus) associated with full spin polarizations, ​​P​0​ e ​​ (​​P​0​ n​​) is the 
equilibrium polarization of the 87Rb electron (129Xe nucleus), Te is 
the common relaxation time of 87Rb electron spins, and T1n (T2n) is 
the longitudinal (transverse) relaxation time of 129Xe spins. The 
Fermi-contact interaction between 87Rb and 129Xe pairs introduces 
an effective magnetic field ​​B​eff​ 

e,n​ =   ​M​0​ e,n​ ​P​​ e,n​​, where  = 80/3 
(40, 46, 47). The effective field generated by 129Xe spins is read out 
in situ with the 87Rb magnetometer.

We first consider the resonant response of the spin-based amplifier 
to a single-frequency component, for example, ​​B​ac​ 

exo​  = ​ B​ac​ 
exo​ cos (2t ) ​   y ​​ 

of the pseudo-magnetic field ​​B​j​ exo​​. In this situation, the bias field ​​B​z​ 
0​​   z ​​ 

is tuned to satisfy the resonant condition ​ = ​ ​ 0​​ = ​ ​ n​​ ​B​z​ 
0​ / (2)​. Be-

cause of negligible ​​B​eff​ 
e  ​​ and relatively strong bias field ​​B​z​ 

0​​   z ​​, 129Xe 
spins independently evolve without the influence of 87Rb spins. For 
small transverse excitations of 129Xe spins, we can derive the steady-
state solution of 129Xe transverse polarization from Eq. 4. A detailed 
derivation can be found in the Supplementary Materials (section 
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Fig. 1. Experimental setup. The 87Rb magnetometer uses a 0.5-cm3 cubic cell con-
sisting of 5 torr isotopically enriched 129Xe, 250 torr N2 as buffer gas, and a droplet 
of 87Rb. The vapor cell is placed inside a five-layer cylindrical -metal shield to re-
duce the ambient magnetic field. A bias field ​​B​z​ 0​​ ̂ z ​​ is applied along z to tune the 
129Xe Larmor frequency to 0 ≈ 4.995 Hz. The 87Rb spins are polarized by optical 
pumping with 795-nm D1 light. 87Rb-129Xe spin-exchange collisions polarize 129Xe 
spins to ~30% (40, 47). The x component of 87Rb spins is measured via optical rota-
tion of a linearly polarized probe beam (54–57), which is blue-detuned 110 GHz to 
87Rb D2 transition at 780 nm. The right inset shows the configuration of a bismuth 
germanate insulator [Bi4Ge3O12 (BGO)] mass and a motor. A single BGO mass at the 
end of an aluminum rod rotates with frequency 0 ≈ 4.995 Hz to generate the spin- 
and velocity-dependent interactions. BE, beam expander; LP, linear polarizer; /4, 
quarter–wave plate; PD, photodiode; PEM, photoelastic modulator; DAQ, data ac-
quisition; OS, optoelectronic switch.
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SIII) and (40). The corresponding transverse magnetization gener-
ates a measurable oscillating effective magnetic field on 87Rb mag-
netometer. As a result, the amplitude of the effective field is

	​ ∣​B​eff​ 
n  ​∣ =  ​ 4 ─ 3 ​ ​​ 0​​ ​M​0​ n​ ​P​0​ n​ ​​ n​​ ​T​ 2n​​  ∣ ​ B​ac​ 

exo​ ∣​	 (5)

We define a factor ​  = ​ 4 _ 3 ​ ​​ 0​​ ​M​0​ n​ ​P​0​ n​ ​​ n​​ ​T​ 2n​​​ that represents the ampli-
fication of the signal from the pseudo-magnetic field. This shows 
that the signal from the pseudo-magnetic field can be preamplified 
by the hyperpolarized long-lived 129Xe spins. Specifically, because 
of large Fermi-contact enhancement factor 0 ≈ 540 for 129Xe-87Rb 
system,  is estimated to be more than 100 (40). For 3He-K system, 
for which the spin-coherence time is much longer (∼1000 s) 
(20, 21, 48),  can reach 104.

We note that the overlapping spin ensemble (e.g., 129Xe-87Rb) is 
also used in “self-compensating” comagnetometers (20,  21,  49); 
however, the present spin-based amplifier is quite different from 
them (see section SIV). In contrast to comagnetometers that should 
operate in a specific near-zero bias field, the spin-based amplifier 
operates in a broad range of bias fields, leading to the difference in 
the explored frequency range and sensitivity. For example, the 
self-compensating comagnetometer is insensitive to normal mag-
netic field and is usually used to search for low-frequency exotic 
signals, whereas the spin-based amplifier remains sensitive to both 
magnetic field and pseudo-magnetic field ranging from 1 Hz to 1 kHz, 
which makes them attractive in searching for new physics predicted 
by numerous theories beyond the standard model, for example, ultra-
light axion-like dark matter (40).

Experimental setup
Experiments are performed using a setup similar to that of (40, 46), 
depicted in Fig.  1. We experimentally calibrate the amplification 
factor  and the corresponding enhanced magnetic field sensitivity 
of 87Rb magnetometer. For example, the bias field ​​B​z​ 

0​​ is set as 423 nT, 
corresponding to 129Xe Larmor frequency 0 ≈ 4.995 Hz. An oscil-
lating magnetic field of 13.0 pT is applied along y to simulate the 
single-frequency pseudo-magnetic field ​​B​ac​ 

exo​ cos (2t ) ​ ̂  y ​​. By scan-
ning the oscillation frequency  near the resonance, the maximum 
value on resonance is determined as the amplification factor. As 
shown in Fig. 2A, the signal amplitude is well described by a single-
pole band-pass filter model (see inset) (40) (see section SIII), yield-
ing the full width at half maximum (FWHM) of 24 mHz. The 
maximum  ≈ 116 is achieved at  ≈ 0 ≈ 4.995 Hz. By taking the 
response of the spin-based amplifier into account, the magnetic 
sensitivity of 87Rb magnetometer is enhanced to ≈22 fT/​​√ 

_
 Hz ​​, 

whereas the off-resonance sensitivity of 87Rb magnetometer is only 
about 2 pT/​​√ 

_
 Hz ​​. Moreover, the enhanced sensitivity is far beyond 

that of the state-of-the-art magnetometers demonstrated with nu-
clear spins (50, 51), which are usually limited to a few picotesla 
sensitivity. Therefore, an atomic magnetometer enhanced with a 
spin-based amplifier is well suited for resonantly searching for ex-
otic spin- and velocity-dependent interactions.

The pseudo-magnetic field, for example, ​​B​j​ exo​ = ​ B​4+5​ exo ​​ is generat-
ed by the rotor (see Materials and Methods) in Fig. 1. For a source 
of unpolarized nucleons, we use a single 112.34-g BGO crystal with a 
high number density of nucleons (18). Driven by a servo motor, the 
single BGO crystal connected to a 48.76-cm aluminum rod rotates 
with frequency  ≈ 4.995 Hz in the xz plane. The rotation frequency 
can be measured through the triggered optoelectronic pulses. The 

center of the aluminum rod is located 58.32 cm away from the 
center of the 129Xe vapor cell. The rotating BGO crystal generates a 
pseudo-magnetic field ​​B​4+5​ exo ​  = ​ B​4+5​ y  ​​   y ​​ along y. As demonstrated in 
the Supplementary Materials (section SII), the field ​​B​4+5​ y  ​​   y ​​ can be 
decomposed into

	​​ B​4+5​ y  ​ =  ∑ ​B​ac​ 
(N)​ cos (2Nt)​	 (6)
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Fig. 2. Demonstration of the spin-based amplifier and basic principle of exotic 
interaction searches. (A) Sensitivity of the spin-amplifier–based magnetometer. 
The inset exhibits the frequency dependence of the amplification factor. The ex-
perimental data (black dots) are obtained by applying a calibration field along y. As 
demonstrated in the Supplementary Materials (section SIII), the red solid line is a 
theoretical fit of the data with ​A / ​√ 

_____________
   ​( − ​​ 0​​)​​ 2​ + ​( / 2)​​ 2​ ​​ (40), where the FWHM is ​​

√ 
_

 3 ​  ≈  24​ mHz. The enhanced sensitivity of the spin-amplifier–based magnetometer 
reaches ​≈ 22fT / ​√ 

_
 Hz ​​ at 4.995 Hz. (B) Three-dimensional diagram of the enhanced 

signals from ​​B​4+5​ y  ​​ with the spin-based amplifier. The x axis represents the frequency 
dependence of the spin-based amplifier [see (A) inset]. The y axis represents the 
decomposition of the pseudo-magnetic field ​​B​4+5​ y  ​​ generated by the single rotating 
BGO crystal. By scanning the resonant frequency 0 of the spin-based amplifier, 
there are three peaks of enhanced signals at harmonics of ​​B​4+5​ y  ​​ with matched fre-
quency 0 = v,2v,3v. The signal of the pseudo-magnetic field reaches maximum, 
colored with red, at 4.995 Hz.
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where N is the multiple frequency, and ​​B​ac​ 
(N)​​ is the corresponding 

field strength. For example, we consider the case of  = 1.0 m and ​​
f​ 4+5​ sim ​  =  1​ for V4+5 generated by the BGO crystal (see Eq. 1). On the 
basis of our numerical simulation (see Materials and Methods), the 
ratios of the field strengths at harmonic frequencies are ​​B​ac​ 

(1)​ : ​B​ac​ 
(2)​ : ​

B​ac​ 
(3)​  ≈  5.1 : 2.9 : 1.4  ​, as shown in Fig. 2B (y axis). Accordingly, we 

choose the dominant (N = 1) first harmonic ​​B​ac​ 
(1)​ cos (2t ) ​   y ​​ at 4.995 Hz 

to be measured. To this end, we set the operation frequency of the 
spin-based amplifier at 0 ≈ 4.995 Hz. In this situation, because of 
the relatively narrow bandwidth of the spin-based amplifier, only 
the signal at 4.995 Hz can be considerably amplified, and the other 
harmonics are negligible.

Considerable effort is made to reduce undesirable noise, such as 
air vibration, spurious magnetic noise, electronic cross-talk, etc., 
before search experiments. For example, the rotating aluminum rod 
can cause air vibration on the spin-based amplifier, leading to a 
noise peak at 2. To solve this, an enclosure for the spin-based am-
plifier setup is used to reduce the air vibration effect. Moreover, a 
single BGO crystal is used, which generates the exotic signal at the 
frequency of  and thus avoids the 2 air vibration effect. While 
the rotor system is mostly symmetric, the small imbalance due to the 
single BGO crystal can cause some mechanical vibration. However, 
we found that this vibration can be neglected in our experiment. We 
note that the aluminum rod is also a source of unpolarized nucle-
ons, which generates the pseudo-magnetic field consisting of even 
harmonics at 2N. The details are presented in the Supplementary 
Materials (section SII). Nevertheless, the potential pseudo-magnetic 
field from the aluminum rod can be neglected, because the sensitive 
frequency of the spin-based amplifier is set at the odd harmonics 
 ≈ 4.995 Hz. A commercial miniaturized atomic magnetometer is 
mounted in the vicinity of the vapor cell and used to monitor the 
spurious magnetic noise (see section SI). To suppress the electronic 
cross-talk caused by the motor and its control system, all equipment 
related to the setup of the spin-based amplifier is powered from a 
different circuit to eliminate all connections between them.

New constraints on V4+5 and V12+13
In our experiment, extracting the weak signal with a known carrier 
frequency from noisy environment is crucial in obtaining the signal 
from the pseudo-magnetic field. To do this, we use a “lock-in” anal-
ysis scheme, similar to the similarity analysis method described in 
(19). The signal is extracted through a reference signal cos (2t + 
) obtained from the simulated pseudo-magnetic field. The phase  
is the phase delay between the measured magnetic field and the out-
put signal of the spin-based amplifier. The detailed calibration is 
presented in the Supplementary Materials (section SV). The ex-
tracted coupling strength ​​f​4+5​ i  ​​ of one period T is

	​​ f​4+5​ i  ​  = ​   1 ─ 
 ​B​ac​ 

(1)​
 ​ ​ 
​∫0​ 

T
 ​​cos (2t +  ) S ​(t)​ i​​ dt

  ─────────────  
​∫0​ 

T
 ​​ ​cos​​ 2 ​ (2t +  ) dt

  ​​	 (7)

where  is the calibration constant, and S(t)i is the experimental 
signal. Here, ​​B​ac​ 

(1)​​ is the field strength corresponding to ​​f​4+5​ sim ​  =  1​ for 
the force range  = 1.0 m. To obtain the coupling strength f4+5 at a 
different force range, ​​B​ac​ 

(1)​​ should be accordingly recalculated (see 
Materials and Methods).

Histogram of experimentally measured coupling strength ​​f ​4+5​ i  ​​ for 
1 hour at 4.995 Hz is shown in Fig. 3. The fit with Gaussian distribution 

to the histogram gives the mean value and the SE of the coupling 
strength for 1-hour data (9.98 ± 0.83stat) × 10−19. The coupling 
strength collected for 5 hours is ​​f​CCW​ exp ​   ≈  (8.25 ± 0.3 ​5​ stat​​ ) × 1 ​0​​ −19​​ 
for counterclockwise rotation. We note that the mean value of the 
coupling strength ​​f​CCW​ exp ​​  is about 20 from 0, as shown in Fig. 3. To 
separate the signal from pseudo-magnetic fields from the spurious 
signal, we perform the velocity-dependent experiments, where three 
different frequencies  ≈ {4.114,4.552,4.995} Hz are chosen. By ex-
tracting the velocity-dependent signal, the velocity-independent 
spurious signal is greatly suppressed. To further eliminate the 
velocity-independent spurious signal, we compare the results between 
clockwise and counterclockwise cycles. After averaging over all 
rotating circles, the coupling strength is obtained f4+5 ≈ (1.08 ± 
2.48stat) × 10−20 and f12+13 ≈ (1.13 ± 2.24stat) × 10−35. The details are 
presented in the Supplementary Materials (section SV).

Table  1 summarizes the systematic errors at  = 1.0  m in our 
experiment. The details of calibrating the experimental parameters 
and obtaining the systematic errors are presented in the Supple-
mentary Materials (section SV). In our experiments, there are two 
factors leading to the fluctuation of the calibration constant : (i) 
the intrinsic instability of the spin-based amplifier and (ii) the ex-
ternal instability of the rotor rotation frequency. The intrinsic insta-
bility caused by the fluctuation of the laser beam or temperature is 
≈ ± 0.06 V/nT. Because of the narrow bandwidth of the spin-based 
amplifier, the instability of the rotation frequency is the dominant 
fluctuation of the calibration constant, reducing the amplification 
factor and the corresponding calibration constant. The frequency 
difference ≈0.004 Hz results in ≈14% of the reduction of the cali-
bration constant ≈ − 0.28 V/nT. The overall systematic uncertainty 
is derived by combining all the systematic errors in quadrature. 
Accordingly, we quote the final total coupling strength f4+5 as (1.08 ± 
2.48stat ± 0.82syst) × 10−20. Similarly, f12+13 ≈ (1.13 ± 2.24stat ± 
0.94syst) × 10−35 is obtained.

Figure  4 shows the constraints on V4+5 and V12+13 set by this 
work. Dark areas represent excluded values with 95% C.L. corresponding 
to 1.96 times the quadrature of the statistical error and systematic 
error (see section SV). The previous constraints of f4+5 were estab-
lished with a cold neutron reflectometer (41) ( < 0.04 m) and a 
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Fig. 3. The histogram of the potential experimental coupling strength ​​f​4+5​ i  ​​. 
Distribution of the experimental coupling strength ​​f​4+5​ i  ​​ of 1-hour data at 0 ≈ 
4.995 Hz for counterclockwise rotation. The red solid line is a fit to a Gaussian distri-
bution. The 2 ≈ 1.07 represents a valid fitting.
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slow neutron polarimeter (42) ( < 0.01 m). In contrast, our work 
sets the most stringent constraints on f4+5 for the force range from 
0.04 to 100 m, as shown in Fig. 4A. For =1.0 m, our work improves 
over previous constraints by about four orders of magnitude. f4 + 5 
can be the combination of the scalar neutron coupling with the 
scalar nucleon coupling. Our work constrains the axion mass 
10−6 eV≲ma ≲ 7 × 10−6 eV, which is within the important axion 
window (52). In Fig. 4B, our work constrains f12 + 13 in the force 
range from 0.03 to 100 m. Recent works placed constraints with a 
cold neutron beam (43) ( < 0.06 m) and polarized 3He (44) ( > 4 m). 
Comparing with them, our work sets the most stringent constraints 
in the force range from 0.05 to 6 m, at 0.45 m reaching 1.01 × 10−34 
(95% C.L.), improving over previous laboratory limits by at least 
two orders of magnitude.

DISCUSSION
As demonstrated in (5,  37), the spin-dependent interactions be-
tween two fermions can be mediated by a massive spin-1 boson Z′. 
The effective Lagrangian of the light boson is

	​​ ℒ​ Z'​​ =  Z ​'​ ​​ ​∑ 

​ ​​​_ ​ ​​​ ​(​g​v​ 

​ + ​​ 5​​ ​g​A​  ​ ) ​	 (8)

where  is the fermion field, and , 5 are Dirac matrices. On the 
basis of the effective Lagrangian, we can link the coupling strength 
f4+5 and f12+13 to the appropriate property of the new bosons, i.e., 
the product of interaction coupling constants (37)

	​​ f​4+5​ ​Z ′ ​  ​ =  − ​ 1 ─ 2 ​ ​ 
​g​A​ n ​ ​g​A​ N​

 ─ ħc  ​ − ​ 3 ─ 2 ​ ​ 
​g​V​ n ​ ​g​V​ N​

 ─ ħc  ​​	 (9)

	​​ f ​12+13​ ​Z ′ ​  ​ =  4 ​ 
​g​A​ n ​ ​g​V​ N​

 ─ ħc  ​​	 (10)

where ​​g​A​ n ​​ (​​g​A​ N​​) is the axial-vector interaction coupling constant, and ​​
g​V​ n ​​ (​​g​V​ N​​) is the vector interaction coupling constant for neutrons 
(nucleons).

We note that some spin-spin–dependent interactions (e.g., V11 
and V3) could also constrain the spin-1 bosons. However, because 
of the difficulty in preparing polarized nuclear spins with large 
number and shielding itself from spurious dipole magnetic field, 
several experiments, so far, addressed the spin-spin–dependent 
interactions between nucleons, and their search sensitivity was limited 
(49). In contrast, benefiting from the availability of the unpolarized 
nucleons, the search for V12+13 to constrain the spin-1 boson is of 
experimental interests. We can extract the most stringent limits 
from direct measurement using the interaction V12+13 for spin-1 
bosons ​​g​A​ n ​ ​g​V​ N​​ for the force range from 0.05 to 0.6 m, not yet compet-
ing with combined limits on ​​g​A​ n ​​ (49) and ​​g​V​ N​​ (53) for these ranges.

Although demonstrated for the spin- and velocity-dependent 
interactions, the spin-based amplifier is well suited to searching for 
other exotic interactions, for example, the spin-spin-velocity inter-
actions (V6+7, V8, V14, V15, and V16). The resonantly oscillating 
pseudo-magnetic fields can be generated by modulating the relative 
speed between the source and 129Xe amplifier. Combining our cur-
rent 129Xe-based amplifier and recently developed SmCo5 spin 
sources (19,  20), the sensitivity to ∣f6+7∣<10−20,∣f14∣<10−31, 
∣f15∣<10−4,∣f16∣<10−4 can potentially reach into unexplored 
parameter space for the force range from 0.01 to 100 m, while for 
∣f8∣<10−23, this is the case for the force range from 0.01 to 1 m. A 
further improvement of the experimental sensitivity to spin-dependent 

Table 1. Summary of systematic errors. The corrections to ​​f​ 4+5​ exp ​​ at  = 
1.0 m are listed. 

Parameter Value ​ ​f​4+5​ exp ​(× 1 ​0​​ −20​)​

Mass of BGO (g) 112.34 ± 0.02 ∓0.0002

Position of pivot x 
(mm) −3.4 ± 0.5 ​​​​+0.0108​ −0.0114​​

Position of pivot y 
(mm) 6.0 ± 0.3 ±0.0001

Position of pivot z 
(mm) 583.2 ± 1.1 ±0.0051

Length of aluminum 
rod (mm) 487.6 ± 0.7 ∓0.0025

Phase delay  (°) 79.1 ± 6.0 ​​​​+0.6533​ −0.6648​​

Calib. const.  (V/nT) ​1.9 ​1​−0.28​ +0.06​​ ​​​​+0.1837​ −0.0274​​

Final f4 + 5( × 10−20) 1.08 ±2.48 (statistical)

( = 1.0 m) ±0.82*

*The origin of coordinates was at the center of the vapor cell.
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B

Fig. 4. Constraints (95% C.L.) on f4+5 and f12+13. %  In (A), the dashed lines repre-
sent bounds of f4 + 5 from (41, 42). Our work (solid line) sets the most stringent con-
straints on f4 + 5 for the force range from 0.04 to 100 m. In (B), the dashed lines are 
from (43, 44). The solid line is the constraint of f12 + 13 established by our work, 
which set the most stringent constraints in the force range from 0.05 to 6 m.
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interactions can be anticipated by using 3He noble gas as the spin-
based amplifier, which has much longer spin-coherence time and 
larger gyromagnetic ratio than those of 129Xe (49). Using 3He-K sys-
tems, the projected magnetic sensitivity to those spin-dependent 
interactions can be improved by four orders of magnitude (40). 
The details are presented in the Supplementary Materials (see 
section SVI).

In this work, we have reported new constraints, based on a spin-
based amplifier, on exotic spin- and velocity-dependent interactions. 
Using our spin-based amplifier technique, we anticipate that our 
work will stimulate interesting new research for new nuclear physics 
predicted by numerous theories beyond the standard model, for ex-
ample, the searches for axion-like particles (40) and dark photons (6).

MATERIALS AND METHODS
Experimental setup
The exotic spin- and velocity-dependent interactions V4+5 and V12+13 
are generated by a single cube-shaped BGO crystal with 25.0 × 
25.0 × 25.0 mm3 total volume. The 112.34-g BGO crystal is mounted 
in a box at one end of a symmetric aluminum rod (see Fig. 1). 
The center of the 48.76-cm aluminum rod is located 58.32 cm away 
from the center of the 129Xe vapor cell. The center of the aluminum 
rod is connected to a servo motor fixed on a stable aluminum plat-
form, through a cylindrical titanium rod. Driven by the motor, the 
BGO cystal and the aluminum rod rotate with a frequency  ≈ 
4.995 Hz in the xz plane. To precisely determine the rotation fre-
quency , a bronze needle is fixed on the titanium rod to trigger 
pulses when passing through the optoelectronic switch. Specific de-
sign details and the schematic figure of the rotor can be found in the 
Supplementary Materials (section SI).

Simulation of the pseudo-magnetic fields
To obtain the reference signal for lock-in analysis scheme, we sim-
ulate the pseudo-magnetic fields ​​B​4+5​ exo ​​ and ​​B​12+13​ exo ​​  before data analy-
sis. The pseudo-magnetic field ​​B​4+5​ exo ​​ can be obtained by integrating 
over the whole volume of the BGO crystal

	​​​ B​4+5​ exo ​  = ​ f​ 4+5​​ ​  ​ħ​​ 2 ​ ─  8mc ∣ ​ ​ Xe​​ ∣
 ​ ∭ (r) (v × ​   r ​ ) ​(​​ ​ 1 ─ 

r ​ + ​ 1 ─ 
​r​​ 2​

 ​​)​​ ​e​​ −r/​ dr​​	 (11)

where (r) is the BGO crystal’s nucleon density at location r, and m 
is the mass of a neutron. The pseudo-magnetic field ​​B​4+5​ exo ​  = ​ B​4+5​ y  ​​ ̂  y ​​ is 
not a pure trigonometric function containing the harmonics of  
(i.e., , 2, and 3). In our experiment, because of the relatively nar-
row bandwidth ≈24 mHz of the spin-based amplifier, only the first 
harmonic [i.e., ​​B​ac​ 

(1)​ cos  (2t ) ​   y ​​] can be resonantly amplified, and 
other harmonics can be neglected. Hence, we filter the simulated 
signal and obtain the first harmonic ​​B​ac​ 

(1)​ cos(2t +  ) ​   y ​​ as the refer-
ence signal, which is demonstrated in the Supplementary Materials 
(section SII).

The pseudo-magnetic field ​​B​12+13​ exo ​​  can be derived by the same 
method demonstrated above

	​​ ​B​12+13​ exo ​   =  − ​f​ 12+13​​ ​  ħ  ─ 8 ∣ ​ ​ Xe​​ ∣
 ​∭ (​   r ​ ) (v ) ​(​​ ​ 1 ─ r ​​)​​ ​e​​ −r/​ dr​​	 (12)

In contrast to ​​B​ 4+5​ exo ​​, the pseudo-magnetic field ​​B​ 12+13​ exo ​  = ​ B​ 12+13​ x  ​​ ̂  x ​ + ​
B​ 12+13​ z  ​​ ̂  z ​​ contains two components along x and z. We note that the 

spin-based amplifier is insensitive to the oscillating field along z, 
because the oscillating field along z cannot induce 129Xe transverse 
magnetization. Therefore, only the x component of the pseudo-
magnetic field ​​B​12+13​ x  ​​   x ​​ should be considered. Considering the band-
width of the spin-based amplifier, we filter the simulated signal and 
obtain the first harmonic ​​B​ac​ 

(1)​ cos(2t +  ) ​   x ​​ as reference signal, 
which is demonstrated in the Supplementary Materials (section SII).

Data analysis
In our experiment, the lock-in analysis scheme is applied to extract 
the coupling strengths f4+5 and f12+13. The experimental signal S(t) 
is filtered around the resonance frequency and separated into seg-
ments of one period S(t)i. The reference signal of one period is ob-
tained by applying the same filter to the simulated pseudo-magnetic 
field. After performing the lock-in analysis scheme and extracting 
the coupling strength ​​f​ 4+5​ i  ​​, the histogram of all the experimental 
coupling strengths is obtained. The fit with Gaussian distribution to 
the histogram gives the mean value and the SE of the coupling 
strength for 1-hour data. By averaging the five coupling strengths 
and calculating the uncertainty propagation, we obtain the coupling 
strength for 5-hour data.

It is important to separate the exotic signal generated by spin-
dependent interactions from the spurious signal. First, to eliminate 
the velocity-independent spurious signal, we perform velocity-
dependent experiments by changing the rotation frequency  of the 
BGO rotor. According to the mathematical structure of V4+5, V12+13, 
the signal from the pseudo-magnetic fields should be proportional 
to the rotation frequency. Therefore, after obtaining the coupling 
strength ​​f​CCW​ exp ​​  at different frequencies  ≈ {4.114,4.552,4.995} Hz, the 
coupling strength fCCW for counterclockwise cycles is extracted 
by using a theoretical fit. After the fit, we extract the velocity-
dependent signal including the signal from spin-dependent interac-
tions and the velocity-dependent spurious signal. To further 
eliminate the spurious signal, we compare the results between 
clockwise and counterclockwise cycles. On the basis of the lock-in 
analysis scheme, the coupling strength is independent of rotation 
direction, whereas the velocity-dependent spurious signal is reversed 
for counterclockwise and clockwise cycles. If the velocity-dependent 
spurious signal dominates, we should observe that fCCW and fCW 
have reversed sign. The coupling strength of clockwise and counter-
clockwise cycles shows a reversed sign as expected, for example, fCW ≈ 
(2.41 ± 0.34stat) × 10−19 and fCCW ≈ (−2.19 ± 0.35stat) × 10−19 for the 
force range  = 1.0 m. After averaging over all rotating circles, the 
coupling strength is obtained f4+5 ≈ (1.08 ± 2.48stat) × 10−20. In 
the same way, f12+13 ≈ (1.13 ± 2.24stat) × 10−35 can be obtained. The 
detailed process is presented in the Supplementary Materials 
(section SV).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi9535
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