


RESULTS

Principle
We focus on the exotic POSS interaction between electrons and
neutrons (Fig. 1), whose corresponding potential following the no-
tation in (2, 30) is given as (ħ = c = 1)

V11 ¼ �f 11½ðσ̂n � σ̂eÞ� r̂�
1

λr
þ

1

r2

� �

e�r=λ

4πme

ð1Þ

where σ̂e (σ̂n) is the total spin operator of electron (neutron), r̂ is the
unit vector directed from electrons to neutrons, r is the distance
between them, λ is the force range, and f11 is the dimensionless cou-
pling constant. The potential can be generated by the exchange of an
ultralight spin-1 boson Z whose mass mZ = λ−1 determines the
force range of the interaction (2, 30). The exotic POSS interaction
would exert a torque on the nuclear spin of the spin sensor, gener-
ating a pseudo-magnetic field B11 /�f 11� ðσ̂e � r̂Þ on the spin
sensor. The specific form of the pseudo-magnetic field is provided
in Methods. Note that the exotic field B11 acted on the mirror sym-
metrical spin sensor is in the opposite direction to the one before
parity transformation (Fig. 1), illustrating that the parity of the V11

interaction is broken.
Experimental searches for exotic spin-spin interactions are typ-

ically performed by positioning two polarized objects in close prox-
imity to each other, with one acting as a sensitive magnetic detector
( spin sensor ) to measure the exotic field produced by the other
polarized object ( spin source ). Objects with large polarization
number density are preferentially chosen as the spin source and
placed close enough to the spin sensor for maximizing exotic
signals. In our experiment, the spin sensor uses polarized neutron
spins of isotopically enriched polarized 129Xe gas, and the spin
source uses polarized electron spins of 87Rb atoms.

The experimental setup is shown in Fig. 2A. A 0.58-cm3 cubic
glass cell containing polarized 87Rb vapor with 600 torr of N2

buffer gas is used as the spin source and is positioned 50.7 mm
above the center of the spin-sensor vapor cell. The spin-source
vapor cell is heated to 180°C to obtain 87Rb number density (≈4.0
× 1014 cm−3). A laser beam generated with a tapered amplifier
system with a power of 0.34 W is tuned to the D1 transition of
87Rb and delivered to the spin-source vapor cell along ẑ with a
single-mode fiber. The laser beam is circularly polarized and ex-
panded to pump all the 87Rb in the spin-source cell to an average
electron polarization of >0.9, and the corresponding number of po-
larized 87Rb electron spins is about (2.1 ± 0.2) × 1014. Here, the elec-
tron polarization along ẑ defined as Pz = 2⟨Sz⟩ is determined by
numerical calculations, where all the required parameters (such as
87Rb number density and pump laser power) are experimentally cal-
ibrated (see section SIII.A for details). The uncertainty of the elec-
tron polarization is estimated from the uncertainties of the relevant
parameters. The spin sensor and the spin source are both enclosed
within a single-layer magnetic shield.

Quantum amplification technique
A quantum spin amplifier (5, 28) is introduced to resonantly
amplify the effect of the exotic field B11. The spin amplifier uses spa-
tially overlapping hyperpolarized long-lived 129Xe nuclear spins and
optically pumped polarized 87Rb spins (section SII). The 129Xe spins
are polarized by spin-exchange collisions with polarized 87Rb spins
(5, 28). A constant field B0ẑ is applied in the sensor, along with an
oscillatory transverse field Bac to be measured. When the oscillation
frequency of Bac matches the 129Xe Larmor frequency, the polarized
129Xe spins are tilted away from their polarization axis and generate
a transverse oscillatory magnetization. Because of Fermi contact in-
teractions (5, 28), an effective field B

n
eff generated by the transverse

magnetization is read out by the embedded 87Rb spins that act as an
in situ magnetometer. We find that the 129Xe spins can act as a
quantum preamplifier, which converts the external resonant field
into an amplified field j Bn

eff j�j Bac j without introducing addi-
tional noise.

The amplification effect can be quantitatively described by intro-
ducing an amplification factor (5, 28)

η ¼j Bn
eff j = j Bac j¼

4π

3
κ0γNMN

z TN
2 ð2Þ

where κ0 ≈ 540 is the Fermi contact enhancement factor, γN is the
gyromagnetic ratio of 129Xe nucleus, and MN

z and TN
2 are the initial

longitudinal magnetization and the transverse relaxation time of
129Xe, respectively. For the 129Xe-87Rb system used in this work,
the amplification factor is measured to be η ≈ 187.4. This shows
that the spin amplifier can enhance the effect of the exotic
pseudo-magnetic field by more than two orders of magnitude.

Similar resonant techniques based on nuclear magnetic reso-
nance have been recently introduced to search for exotic interac-
tions (13, 14, 31), and most of their experimental demonstrations
are still ongoing. Similar to the quantum spin amplifier, these res-
onant techniques measure exotic fields through measuring the re-
sponse of nuclear spins with an auxiliary magnetometer. In
contrast, 87Rb atoms in the spin amplifier act as an embedded mag-
netometer, enabling in situ measurement and continuous polariza-
tion of the 129Xe atoms. A notable advantage offered by in situ
measurements is the enhancement of the nuclear resonance
signals due to the large Fermi contact amplification factor. In addi-
tion, because 129Xe nuclear spins are polarized continuously by

Fig. 1. Illustration of POSS interaction. The exotic interaction between electrons

and neutrons involving the exchange of Z bosons can be described by the

Feynman diagrams (2). As a parity-odd interaction, the induced exotic pseudo-

magnetic field changes sign under a parity transformation as shown in the mirror.
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spin-exchange collisions with polarized 87Rb, the spin amplifier can
search for exotic fields with a 100% duty cycle. Because of these
unique advantages, the spin amplifier is suitable for ultrasensitive
continuous wave detection of exotic interactions (10, 11).

We calibrate the magnetic sensitivity of the quantum spin ampli-
fier, which is important for determining the sensitivity to the POSS
interaction. By scanning the frequency of the applied oscillatory
field, we obtain the frequency dependence of the sensitivity to mag-
netic fields along x̂ and ẑ, respectively depicted in Fig. 2B. The 129Xe
Larmor frequency is tuned to ν0 ≈ 10.0 Hz by setting the constant

magnetic field B0ẑ at 847 nT to avoid low-frequency noise. The
optimal magnetic sensitivity is 33.9 fT/H1/2 at the resonance fre-
quency, with the oscillatory field applied along x̂, while the off-res-
onance sensitivity is only 6.4 pT/Hz1/2. The spin amplifier is only
sensitive to a transverse oscillatory field, because fields along the po-
larization axis cannot induce a measurable transverse magnetiza-
tion. As a result, the residual sensitivity to ẑ fields (owing to the
Rb magnetometer) of (≈257.5 pT/Hz1/2) is about two orders of
magnitude worse than that to x̂ fields. Taking advantage of the sen-
sitivity anisotropy of the spin amplifier, it is possible to distinguish
spurious magnetic fields from the pseudo-magnetic field.

To resonantly search for the POSS interaction, we modulate the
polarization of the spin source, thus modulating the pseudo-mag-
netic field B11. The exotic signal is modulated by periodically block-
ing the pump laser beam, with a 50% duty cycle, with an optical
chopper. Once the chopping frequency matches the resonance fre-
quency (i.e., ν ≈ ν0 ≈ 10.0 Hz), the spin amplifier enables to reso-
nantly search for the exotic field with a sensitivity improvement of
about 200 (see Methods for details).

Unlike our recent work (10) using an unpolarized source for de-
tecting spin-mass velocity-dependent interactions, the polarized
spin source in this work inevitably generates an ordinary magnetic
field in addition to the exotic field. The existence of these magnetic
fields poses a large challenge for spin-spin interaction searches.
Large-size magnetic shields (15) or long-range detection (19) was
usually used in the previous search experiments, where the spin
source was thus far from the spin sensor. This sets a bottleneck
for improving sensitivity to the exotic signal in short force ranges
(∼1 cm) due to the exponential falloff of the signal. As a result,
most experimental studies on spin-spin interactions have focused
on meter-scale searches, corresponding to mediator masses less
than 10−4 meV. In our case, a notable dipole magnetic field of
about 1.5 pT would be produced by the polarized 87Rb spins
acting on the spin sensor if the source and the sensor were not en-
closed in additional shielding. We arrange the spin source directly
above the spin sensor (see Fig. 2A), where the dipole magnetic field
is mostly oriented along the insensitive axis of the spin amplifier.
However, because the spin source is not ideally positioned above
the spin sensor and volumetric effect of the spin source cannot be
ignored, there is still a transverse dipole magnetic field of about 0.27
pT. Therefore, two single-layer μ-metal shieldings are used for both
the source and the sensor with the total combined shielding factor
experimentally determined to be about 104. The component of the
magnetic field experienced by the spin sensor along the sensitive
directions is estimated to be about 10 aT (see section SIV for
details), which can be negligible with respect to the 0.12-fT magnet-
ic field detectable by the spin amplifier for 24 hours of operation.
Taking advantage of sensitivity anisotropy and small-size magnetic
shields, the magnetic field is suppressed by about five orders of
magnitude in total, enabling to test the POSS interaction at short
distance, down to about the millimeter range.

New constraints on parity-odd interactions
The experimental search for the POSS interaction consists in cali-
bration experiments and search experiments. We perform calibra-
tion experiments to determine the required parameters. Calibrated
parameters and corresponding values are summarized in the first
and second columns of Table 1, respectively. Calibrated parameters
are used to obtain a reference signal of the pseudo-magnetic field for

Fig. 2. Spin amplification setup and magnetic field sensitivity. (A) The 87Rb

atoms (the spin source) contained in a vapor cell with N2 buffer gas are polarized

with a circularly polarized laser beam. The spin-sensor cell containing enriched
129Xe, buffer gas N2, and a droplet of

87Rb is placed below the spin source. A cir-

cularly polarized beam along ẑ and a linearly polarized beam along x̂ are used to

respectively pump and probe the spin sensor. See section SI formore details on the

experimental setup. (B) The sensitivity of the spin amplifier along x̂ is measured to

be 33.9 fT/Hz1/2 at the resonance frequency and 6.4 pT/Hz1/2 off resonance. In con-

trast, the magnetic sensitivity along ẑ is only 257.5 pT/Hz1/2.

Table 1. Summary of calibrated parameters and systematic errors. The
corrections to f11 for λ = 0.1 m are listed.

Parameter Value Δf11( × 10−22)

Position of spin source x (mm) −1.41 ± 0.40 <0.01

Position of spin source y (mm) 50.67 ± 0.71 ±0.07

Position of spin source z (mm) 3.19 ± 0.01 <0.01

Number of polarized Rb (2.14 ± 0.24) × 1014 �0:17
þ0:20

Phase delay ϕa (°) 13.20 ± 0.54 þ0:71
�0:45

Calibrated constant α (V/nT)
1:99, 0:01

�0:17
, 0:01
þ0:19

Final f11( × 10
−22) 2.12 ±0.77 (syst)

(λ = 0.1 m) ±5.78 (stat)
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subsequent data analysis. During search experiments, data are col-
lected in records of 1 hour. The total duration of search data is 24
hours, and the weakest external resonant (pseudo-)magnetic field
being able to be sensed by the spin amplifier is obtained as B24h

≈ 0.12 fT.
Using the search data, we can obtain the coupling strength for a

total of 24 hours as f11 ≈ (2.1 ± 5. 8stat) × 10−22 for the force range λ =
0.1 m, as shown in Table 1. The corresponding systematic errors
caused by the uncertainty of each parameter are also listed in the
third column, in which the major systematic error comes from
the phase delay of the spin amplifier. By combining all the system-
atic errors in quadrature, which are assumed to be independent of
each other, the overall systematic uncertainty is derived as ±0.77 ×
10−22. Accordingly, for the force range λ = 0.1 m, we quote the final
coupling strength as f11 ≈ (2.1 ± 5. 8stat ± 0. 8syst) × 10−22, which
means that no POSS interaction is detected in our experiment.
The final constraint for λ = 0.1 m can be determined as 1.5 ×
10−21 at the 95% confidence level (see section SV for more details
about data analysis). By varying the force range λ and repeating the
above process, constraints for the entire explored force range are ob-
tained. We can constrain the gauge coupling of Z bosons as medi-
ators of the POSS interaction (2), whose existence arises in
numerous standard model extensions such as supersymmetric the-
ories and general hidden portal models (32). The POSS interaction
can be induced by exchange of a Z boson following the effective
Lagrangian as depicted by the Feynman diagrams in Fig. 1 (2, 30)

LZ0 ¼ Z0
μ

X

ψ¼e;n

½ψγμðg
ψ
V þ g

ψ
Aγ5Þψ� ð3Þ

where ψ denotes fermion field (electron or neutron), g
ψ
Aðg

ψ
VÞ stands

for the axial (vector) coupling to the fermion ψ, and γμ and γ5 =
iγ0γ1γ2γ3 are Dirac matrices. The dimensionless coefficient f11
related to couplings constants g

ψ
A;V following the notation of equa-

tion (5.29) in (2) is given as

f en
11 ¼

1

2
ge
Vgn

A þ
me

2mn

ge
Agn

V ð4Þ

where 129Xe and 87Rb respectively contribute the neutrons and elec-
trons in our experiment. Here, the contribution of nucleon in 87Rb
is ignored (it is discussed below). The product of vector and axial
coupling constant gVgA can only be directly constrained by two
exotic interactions V11 and V12 + 13 (30). However, V12 + 13 as a
spin-mass interaction constrains the coupling constant between un-

polarized fermions and the electron spin ge
AgN

V . Here, N denotes un-
polarized nucleus. In contrast, the POSS interaction V11 can directly
constrain gVgA between two fermion spins.

Figure 3A shows the experimental constraints on the POSS cou-
plings between electrons and neutrons. For the force range λ > 103

m, the most stringent constraints were set by Hunter et al. (19) as
shownwith the black line, where the polarized electrons of the Earth
were used as the spin source. However, the work did not constrain
the couplings for the force range λ < 103 m, as their limits are expo-
nentially suppressed at short distances because the relative contri-
bution to polarized electrons from the Earth s outermost crust is
only 2% (19). For the force range λ < 3 × 10−3 m, the most stringent
limits on ge

Agn
V (blue line) were set from atomic parity-violation tests

by detecting the induced electric dipole transition (23). Our search-
es rely on centimeter-scale detection technique, bridging the gap

between atomic-scale and Earth-scale experiments. In consequence,
our result yields the most stringent constraints for 3 × 10−3 m < λ <
103 m (red solid line), improving over previous limits by up to five
orders of magnitudes.

Our experiment can also constrain the POSS coupling constants
between nucleons. We consider valence protons within the Rb
nuclei in the spin source. The valence proton is nearly fully polar-
ized (∼90%) due to the high polarization of 87Rb. The proton-
neutron coupling strength f11 can be redefined as

f
np
11 ¼

me

2mp

gn
Ag

p
V þ

me

2mn

gn
Vg

p
A ð5Þ

Our work also provides new experimental limits on gn
Ag

p
V (and

gn
Vg

p
A), as shown by the red solid line in Fig. 3B. Our work sets

the best constraints on the POSS coupling and reaches into the hith-
erto unexplored parameter space to test parity-odd interaction
between nucleons.

DISCUSSION

Astrophysical and cosmological observations can usually be used to
constrain the coupling strength between hypothetical bosons and
standard model particles. The coupling constant of spin-0 bosons
to electrons and nucleons are tightly constrained by astrophysical
limits, such as those from star cooling. It is the opposite for spin-
1 exchange interactions, where potential loopholes may exist in
the relevant theories (2, 27). As a result, our constraints from labo-
ratory direct search for the spin-1 exchange POSS interaction are the
most stringent, where astrophysical limits are relaxed.

There is still room for improvement in the present experiment.
We now modulate spin polarization by chopping circularly polar-
ized pump light; if instead we reverse the direction of the circular
polarization, then this will yield a gain of a factor of 2 in the
exotic field amplitude and, moreover, would allow to better subtract
possible systematic effect due to the apparatus imperfections. Such
systematics would be further suppressed by adding an additional
symmetrically located spin sensor and/or spin source (Fig. 1).
Such an arrangement would allow taking full advantage of all pos-
sible reversals implied by the form of the POSS interaction (Eq. 7).
In addition, searches with longer time than that in the present work
would further tighten the limits, where some systematic errors may
be eliminated by daily result analysis.

Further improvement in experimental sensitivity to the POSS in-
teractions can be anticipated by replacing the Xe-Rb system in the
spin amplifier with a 3He-K system (5, 10, 12). As seen in Eq. 2, to
realize larger amplification, a prerequisite is to achieve long trans-
verse relaxation time and high polarized spin density of noble gas.
Specifically, the predicted amplification factor of a 3He-K system
can be better than the current one by at least two orders of magni-
tude (15). In addition to the amplification factor, K magnetometers
have higher magnetic sensitivity (a few femtotesla/hertz1/2) than Rb
magnetometers (15). In this case, the final magnetic sensitivity of
the spin sensor is limited by the Johnson-Nyquist noise caused by
small μ-metal shielding, which is estimated to be at the level of 10
fT/Hz1/2. However, using low electrical conductivity manganese
zinc ferrites would suppress the magnetic noise (33). Moreover,
the use of gradient detection can further eliminate the magnetic
noise by nearly two orders of magnitude without suppressing the
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exponential distance dependent POSS interaction (34). Overall, the
projectedmagnetic sensitivity of the spin sensor can be improved by
about four orders of magnitude over the current spin amplifier.

The number density of polarized spins in the source can be
greatly increased by using solid-state spin sources, such as nitro-
gen-vacancy centers in diamonds (35, 36) and pentacene-doped ter-
phenyl crystal (37, 38). Near-unity spin polarization can be realized
with optical pumping. For example, a crystal of p-terphenyl doped
with 0.1 mole percent (mol % ) fully deuterated pentacene can be a
good candidate for high-polarization spin sources, with polarized-
electron density reaching ∼1.5 × 1018 cm−3 under optical pumping
(37). The high nucleon polarization of synthesized deuterated p-ter-
phenyl-2 ,3 ,5 ,6 -d4 (∼34%) can be created by dynamic nuclear po-
larization at room temperature, which transfers the polarization
from the electrons of deuterated pentacene 0.05 mol% to the
protons of terphenyl, with the total number of polarized protons

achieved exceeding 3 × 1018 (38). Overall, using optically pumped
pentacene-doped terphenyl crystals, one could increase the strength
of exotic field by about four orders of magnitude. Combining the
enhanced spin amplifier based on 3He-K system discussed above
and highly polarized solid-state spin sources, the projected sensitiv-
ity is better than our present limits by about eight orders of magni-
tude (red dashed lines in Fig. 3). Over a wide force range, the
projected sensitivity would improve on the existing bounds, includ-
ing the limits from the Earth-geoelectron experiments (19, 20).

In this work, we have reported new constraints on gVgA between
electrons and neutrons by exploring the exotic POSS interaction
with a spin amplifier, improving previous limits by up to five
orders of magnitude. Moreover, by considering valence protons
of the Rb nuclei within the spin source, new constraints are
placed on the proton-neutron axial-vector coupling. Further im-
provement in experimental sensitivity can be anticipated by replac-
ing the 129Xe-Rb system in the spin amplifier with a 3He-K system
and using solid-state spin sources. In this case, the experimental
sensitivity to the POSS interaction can be further improved by
eight orders of magnitude. This makes it possible to discover new
physics on Z bosons with the ultrasensitive SAPPHIRE
experiments.

METHODS

Pseudo-magnetic field
The exotic POSS interaction generates a pseudo-magnetic field
acting on the spin-sensor nuclear spins. To obtain the specific
form of the pseudo-magnetic field, we first rewrite the POSS poten-
tial V11 as

V11 ¼ �f 11½σ̂n� ðσ̂e � r̂Þ�
1

λr
þ

1

r2

� �

e�r=λ

4πme

ð6Þ

By analogy with the Zeeman Hamiltonian Ĥ ¼ �μ�B, we obtain
the form of the pseudo-magnetic field generated by the potential
V11 as

B11 ¼ f 11ðσ̂e � r̂Þ
1

λr
þ

1

r2

� �

e�r=λ

4πμXeme

ð7Þ

where μXe ¼ μXeσ̂n. In our experiment, the spin-source electron
spins are polarized along the ẑ axis, and the spin source is posi-
tioned directly above the spin sensor along ŷ (Fig. 2A), so the
exotic field is primarily along x̂. However, because of the close prox-
imity of the spin sensor and the spin source, the volume shape and
polarization gradient of the spin source cannot be ignored. Consid-
ering all the spins and their spatial distribution in the spin source,
the pseudo-magnetic field is obtained by integrating over the
volume of the spin source

B11 ¼

ð

V

ρðrÞf 11ðσ̂e � r̂Þ
1

λr
þ

1

r2

� �

e�r=λ

4πμXeme

dr ð8Þ

where V represents the integration volume of the spin-source cell
and ρ(r) is the number density of the polarized electron spins.
The calibration of ρ(r) is provided in section SIII.A.

Fig. 3. Constraints on POSS coupling strengths. After a 24-hour search, the

weakest magnetic field able to be sensed by the spin sensor is 0.12 fT. The red

solid line represents the experimental limits at the 95% confidence level as a func-

tion of the force range λ and the boson mass (top axis). The red dashed line is

projected sensitivity obtained by combining the proposal 3He-K spin amplifier

with a highly polarized solid-state spin source. (A) The vertical axes on the left

and right represent the constraints on geVg
n
A and g

e
Ag

n
V , respectively. The black

solid (19) and green dashed (20) lines indicate the constraints from the measure-

ment of V11 and V16, respectively, using polarized electrons in the Earth. The blue

line stands for the constraints on geAg
n
V from combining results of the Cs and Yb

parity-violation experiments (23, 39). (B) The vertical axis on the left and right rep-

resent the limits on gnVg
p
A and g

n
Ag

p
V , respectively.
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Modulation technique and resonant search
To resonantly search for the exotic POSS interaction, we modulate
the pseudo-magnetic field B11 by modulating the polarization of the
spin source. As shown in Fig. 4A, the exotic signal is modulated by
periodically blocking the pump laser beam, with a 50% duty cycle,
with an optical chopper. The modulated pseudo-magnetic field as a
function of time can be represented as

B11ðtÞ ¼ B
0
11 �

1

2
þ
S½sinð2πνt þ ϕÞ�

2

� �

;

¼
X

N¼odd

B
ðNÞ
11

sinð2πNvt þ ϕNÞ

2
þ C

ð9Þ

where B0
11 is the pseudo-magnetic field produced by the spin source

under pumping, S stands for the signum function, ϕ is the initial

phase of the exotic signal, and j B
ðNÞ
11 j¼j B0

11 j� 4=ðπNÞ is the peak-
to-peak amplitude of the Nth harmonic, ϕN is the corresponding

phase, and C ¼ B
0
11=2 is the dc component of the signal. Here, we

ignore the rising edge and falling edge of the exotic square-wave
signals, because the transient of the source polarization, which is
faster than the relaxation time of electrons (∼1 ms), is much
shorter than the pumping period (∼100ms). Once the optical chop-
ping frequency matches the resonance frequency (i.e., ν ≈ ν0 ≈

10.0 Hz), the spin amplifier enables to resonantly search for the
exotic field with a sensitivity improvement of about 200.

We experimentally test the sensitivity of the resonant measure-
ment by applying a square-wave (real) field to the spin amplifier to
simulate the modulated exotic field with an amplitude of j B0

11 j,
whose Fourier transform spectrum contains only odd harmonics
(Fig. 4B). As the primary component of simulated exotic fields,

the first harmonic with peak-to-peak amplitude of j B
ð1Þ
11 j is

about 1.27 times larger than the signal B0
11. The resonance frequen-

cy of spin amplifier is tuned to match the frequency of the

modulated field. Only the first harmonic of the field is amplified
by the spin sensor, and the effects of other harmonics are negligible
(Fig. 4C).

Supplementary Materials
This PDF file includes:

Sections SI to SV

Figs. S1 to S5
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