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Abstract. Various theories predict the possible existence of T-odd and P-odd short-

range forces between spin 1
2

fermions, proportional to S · r where S is the fermion spin

and r is the separation between particles. We use ensembles of polarized nuclei and

an un-polarized mass to search for such a force over sub-mm ranges. We established

an improved upper bound on the product gsg
n
p of the scalar coupling to particles in the

un-polarized mass and the pseudo-scalar coupling of polarized neutrons for force ranges

from 10−4 to 10−2 m, corresponding to a mass range of 2 · 10−3 to 2 · 10−5 eV for the

exchange boson [1].

Possible short-range (mm-µm) forces between polarized spin 1
2

particles and un-polarized masses

may exist beyond the Standard Model [2]. In particular a so-called monopole-dipole interaction would

couple to fermions through scalar and pseudoscalar vertices by the exchange of spin-0 bosons [3]. This

force has a Yukawa-type of interaction potential from one boson exchange

V(r) =
gsg

n
p~

2

8πmp

(σ̂ · r̂)(
1

rλ
+

1

r2
) exp

−r
λ (1)

where r̂ is the unit vector from the polarized particle to the unpolarized particle, σ̂ is the spin of the

polarized particle, mp is the mass of the polarized particle, gsg
n
p denotes the product of the couplings

of the scalar vertex in the unpolarized mass and pseudoscalar vertex in the polarized mass and λ is the

force range. Such a P-odd and T-odd interaction proportional to ~σ ·~r can cause a shift in the precession

frequency of the polarized particle in the presence of an unpolarized mass [4, 5]. This experiment

presents improved laboratory limits on gsg
n
p in comparison to a previous work [6] for force ranges

from 10−4 to 10−2m. These results can be interpreted in terms of the pseudoscalar coupling gn
p, since

the spin of the polarized 3He used in this work is dominated by the spin of its constituent neutron

[7]. The pseudoscalar coupling constant from the polarized mass is spin dependent whereas the scalar

coupling constant from the unpolarized mass is spin independent but fermion density dependent. This

work also represents to our knowledge the most sensitive measurement done with 3He at low energies

for T and P odd interactions.
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Spin Exchange Optical Pumping (SEOP) system was used to polarize 3He. A 7 amg high-pressure
3He glass cell with 250µm thick hemispherical glass windows at both ends based on the design of Ref.

[6] was used. Two identical NMR pickup coils A and B were used to detect the possible precession

frequency shift of the polarized 3He nuclei due to the presence of the unpolarized mass and to si-

multaneously monitor the magnetic holding field. To account for any holding field drift, measured

frequency in coil B was subtracted from A. The Helmholtz coil current produced a 23.8 kHz Larmor

frequency for 3He. A 24-kHz RF pulse was applied to tip the spin of the 3He. The induced emf in

the pickup coil A was recorded as time signal s(t) which was then Fourier transformed into frequency

domain, and the real R( f ) and imaginary parts I( f ) and were numerically calculated using Richard-

son extrapolation [8]. The resultant frequency domain signal amplitude was S ( f ) =
√

R( f )2 + I( f )2.

The precession frequency was determined by locating the maximum of S ( f ) by varying the reference

frequency with a 10−6 Hz step [9].

The experimental technique used two positions of the polarized 3He and the unpolarized mass

ensemble. The “mass out” state was defined as the absence of unpolarized mass near the polarized
3He glass cell and the “mass in” state has the mass right next to the cell. The two states were separated

by 60 seconds. Two non-magnetic, electrically insulating materials with low magnetic susceptibility

were used as the unpolarized test masses, Macor ceramic from Ref. [6] and a 1.02% Manganese

Chloride (MnCl2) salt solution in pure water. To avoid systematic errors from the linear and quadratic

time dependent drifts in the external magnetic field, we apply an analysis algorithm presented in Ref.

[10]. If the frequency with linear and quadratic time dependent drifts is f (t) ∝ at + bt2 ± c, where a, b

are arbitrary constants, ±c are frequency shift of mass in/out states, we apply the algorithm,

∆ f =
1

4
[ fin,1 − 3 fout,1 + 3 fin,2 − fout,2] (2)

Where fin/out,1/2 is the difference frequency measured in the pickup coil A-pickup coil B. In/Out denote

mass positions & 1,2 denote the number of cycles. A cycle defines one set of In and Out motions such

that,

=
1

4
[(aδt+bδt2+c)−3(a(2δt)+b(2δt)2−c)+3(a(3δt)+b(3δt)2+c)− (a(4δt)+b(4δt)2−c)] = 2c (3)

δt denotes the time step. Four different configurations of holding field direction (+B/-B) and 3He

polarization direction (+P/-P) give different ∆ f ’s in states +B+P, +B-P, -B+P and -B-P. Each of these

configurations should yield the same magnitude of the frequency shift due to a monopole-dipole

interaction. We analyzed two of these configurations +B-P and –B+P as the other two configurations

possessed low T2 relaxation time due to residual field gradients. For these configurations,

f+,± = fB ± ∆ fP + ∆ fS DS RF (4)

f−,∓ = fB ± ∆ fP − ∆ fS DS RF

∆ fS DS RF =
1

2
(∆ f+− − ∆ f−+)

Where the first and second subscripts in the first two equations’ left sides denote the direction of B

and P respectively. fB is the magnetic field dependent precession, which includes contribution from

the holding field as well as the possible contribution from the magnetic susceptibility of the mass. ∆ fP

is the precession due to the polarization and ∆ fS DS RF is the precession due to the monopole-dipole

interaction. ∆ f+− and ∆ f−+ are the frequency differences between the mass in and mass out states

and the frequency measured in the pickup coil A minus the pickup coil B of each configuration. The
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Table 1. Average frequency difference between mass-in and mass-out states for the corresponding

configurations of B and P after subtracting the frequency measured by coil B from coil A.

sample ∆ fB,P:+,− (10−5 Hz) ∆ fB,P:−,+ (10−5 Hz) ∆ fS DS RF (10−5 Hz)

Macor Ceramic 0.6 ± 1.3 -4.6 ± 3.1 2.6 ± 1.7

MnCl2 Solution -3.3 ± 0.8 -1.7 ± 5.2 -0.8 ± 2.6

uncertainty in the measured frequency shift is given by, σ = 1
2

√

σ2
+− + σ

2
−+. For every configuration

of each mass, 1000 cycles of data were taken. The data of both the MnCl2 solution and the Macor

are shown in Table 1 and the plots of the frequency difference for both are in Fig 1 (left), which show

that the average frequency difference for both of these samples are consistent with zero. We use this

result to constrain the force range and the coupling strength as shown in Fig 1 (right). The precession

frequency shift due to the monpole-dipole interaction for each polarized 3He nucleus in the target

chamber was calculated by numerically integrating Eq. (1) over the unpolarized mass as,

∆ f (~z, λ, gsg
n
p) =

2N

2π~

∫

vol

V(~r −~z)dr3, (5)

where N is the particle number density of the unpolarized mass, ~z the distance between the surface of

the mass and the polarized 3He and vol denotes the volume of the unpolarized mass. For the pickup

coil, the precession signal detected is,

s(t) ∝

∫

(~Bcoil ·
∂ ~M

∂t
)dr3, (6)

where ~Bcoil is the field profile of the pickup coil calculated from [11] and ~M is the magnetization vector

of 3He. In terms of the precession frequency shift ∆ f and the Larmor frequency f0 of 3He, the signal

can be written as, s(t) = C
( ∫

−Bx ·( f0+∆ f ) sin(2π( f0+∆ f )t)+By·( f0+∆ f ) cos(2π( f0+∆ f )t)dz
)

, where

f0 =
γB0

2π
is the Larmor frequency,

γ
2π
= -3.24 Hz/mG is the gyromagnetic ratio of 3He, d is the 3He

glass cell thickness and C is a constant. The signal above can be Fourier transformed into frequency

domain power signal, P( f ′) = C

(

( ∫

( f0+∆ f )Bxδ( f0+∆ f − f ′)dz
)2
+
( ∫

( f0+∆ f )Byδ( f0+∆ f − f ′)dz
)2
)

.

From this we get the average frequency in the pickup coil, f̄ ′ = (
∫

f ′P( f ′)d f ′)/(
∫

P( f ′)d f ′) and the

desired frequency shift can be obtained from the Larmor frequency f0 and the average frequency f̄ ′

∆ f̄ (λ, gsg
n
p) = f̄ ′ − f0. (7)

Our frequency differences in mass in and out states are consistent with zero within 1.5 standard de-

viations as plotted in Fig 1 (left) for both Macor and MnCl2 solution. Our constraint on the coupling

constant product gsg
n
p and the force range is plotted in Fig 1 (right). Our upper bound is a factor of

10-30 improvement compared to previous work corresponding to the mass range of 2 · 10−3 to 2 ·

10−5 eV for the pseudoscalar boson and the force range of 10−4 to 10−2 m. More recent results from

an Indiana University/Northup Grumman/University of Wisconsin collaboration which used a similar

technique of analyzing NMR frequency shifts in a 129Xe and 131Xe co-magnetometer in the presence

of zirconia to look for an ~S · ~r interaction over similar range [12] is also included in Fig 1 (right). By

comparing the frequency shifts in these two species of Xe, one can distinguish between the frequency

change due to a monopole-dipole interaction and the background magnetic field changes. Another

recent constraint from Ref [13] which looked for ~S · ~r interaction over similar range is also plotted in

Fig 1 (right).
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Figure 1. (Left) Plots of frequency differences for Macor ceramic (top) and MnCl2 solution (bottom) for 1000

cycles. The average ∆ fS DS RF is consistent with zero for both. (Right) Constraints on the coupling constant

product gsg
n
p as a function of the force range λ and corresponding mass of the exchange boson. The dashed curve

is from [4], dash-dotted from [14], solid black from [1], solid red (below) from [12] and double dash from [13].

We plan to concentrate in future work on the shorter range (< 10−3 m) region with future improve-

ments in the sensitivity of this experiment. We plan to use a thinner glass window for the polarized 3He

cell, a more uniform holding field, improved magnetic shielding, and higher density test masses. Spe-

cial thanks to M. Souza, T. Averett, Y. Zhang, S. Jawalkar, T. Gentile, M. Yu. Khlopov and P. Fayet

for help with the appratus and useful insight regarding the experiment. This work was supported

by Duke University, the U.S. Department of Energy under Contract DE-FG02-03ER41231, and the

U.S. National Science Foundation through Grant No. PHY-1068712. The work of K. Li, R. Khati-

wada, E. Smith, W. M. Snow, and H. Yan was supported in part by the Indiana University Center for

Spacetime Symmetries and A. Dennis by the IU STARS program.
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