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Motivation: 
Extension of Standard Model ---Axion 

Strong CP Problem:  
nEDM trillionth time smaller than SM predication 

 
  

Leff = LQCD +
θgs

2

32π
Gµν
Gµν
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In 1977, Peccei-Quinn Symmetry;  
When the PQ Symmetry breaks 

----> Axion 
• Good Theoretical Solution 

• Good dark matter candidate 



Dark Matter 

Dark Matter Candidates: 
•  WIMPs (Weakly Interacting Massive Particles) 
•  WISPs (Weakly Interacting Sub-eV Particles, Axion-Like) 
•  … 
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WISPs (Axion-Like Particles) 

Raffelt, Stars as Laboratories for Fundamental Physics,  
Univ. Chicago Press, Chicago (1996) 

“Axion Window” � 
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Search for Axions 

�  Helioscope 

•  5th Forces 

 

•  Make your own axions 
    “Shining light through a wall” 
 

PRL99(2007)190403 
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Exchanging an Axion-Like Particle: 
Possible New interaction 

Moody et al., PRD30, 130(1984)  
B. Dobrescuet al., J. High En. Phys. 11, 005(2006) 
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Three Measurable Effects: 
induced by a monopole-dipole Interaction 

1.  Frequency shift 
•  S. Baessler et al., PRD75, 075006(2006) 
•  A. Youdin et al., PRL77, 2170(1996) 
•  P.H. Chu, et al., PRD87,011105(2013) 
•  W.Z. Zheng, � et al., PRD85, 031505(2012) 

2.  T1 (Longitudinal Relaxation Time Shift) 
•  Y.N. Pokotilovski, Phys. Lett. B686, 114(2010) 
•  A. Serebrov, Phys. Lett. B 680, 423(2009) 

3.  T2 (Transverse Relaxation Time Shift) 
•  Changbo Fu, T. Gentile, W. M. Snow, Arxiv:1007.5008(2010) 
•  A. Pektukhov et al., PRL105, 170401(2010) 
•  Changbo Fu, et al., PRD83, 031504(2011) 
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Non-pol �  Spin 1/2 � 

NMR � 
Pickup Coil � 



Classify the Potential  
between two particles 

Dobrescu et al., J. High E Phys. 611 (2006)005  

Di-Di 

Mono-Mono 
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Mathematically, the 2-particle potential has 16 forms (ONLY). i.e. 
 � 

V (r ) = an
n=1

16

∑ Vn



Classify the Potential  
between Two Particles � (Continue) 

Dobrescu et al, J. High E Phys. 611 (2006)005  

Non.Pol-Dipole (Axion-Like) 

v-dependent � 
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Systematic Errors 

1.  Non-zero magnetic susceptibility of the test mass 
block and Air. 

2.  Radiation damping effect. (interaction between 
dipole and induced current in pickup coils) 

3.  B-field induced by polarized 3He itself. 
4.  Conductivity of the test mass block. 
5.  Slowly changing of polarization of the 3He gas. 
6.  Limited T1/T2. 
7.  Electrons outside 
8.  … 
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Non-pol �  Spin 1/2 � 

NMR � 
Pickup Coil � 

We are try to spy Axion by a tiny small B-field, 
But a lot of tiny small B-fields are living around! � 



Why 3He? 

� Noble gas 
� Spin ½ 
� Being pumped easily. Extensive development 

in nuclear, HEP, neutron scattering 
� High polarization (over 80%) 
� Very long T1/T2 have been achieved 
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Choose Test Mass: 
  � Non-polarized Material 

� Density 
� Magnetic Susceptibility 


BM−eff = χ


B

Spin 0 (avg) �  Spin 1/2 � 

x �  r � 

B � 

Spin 0 (avg) � Spin 1/2 � 

x � r � 

Candidates 
1.  Ceramic 
2.  Pb 
3.  BGO 
4.  PbWO3 
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Spin-Exchange Optical Pumping: 
Experimental Setup 

Polarization Transfer: 
Linearly Polarized Photon  
à Circularly Polarized Photon 
à Atomically polarized Rb 
àNuclear Polarized  3He 

In the cell: 
1.  3He Gas (~7amgs@room temp.) 

2.  Rb (<0.1g) 
3.  N2 gas (50 torr) 

pumping chamber of radius 4.3 cm. The polarized 3He
atoms diffuse into the lower 40-cm long cylindrical cham-
ber, which possesses two hemispherical glass windows at
both ends with a thickness of 250 !m.

We describe below a number of experimental improve-
ments compared to Ref. [21], which enhance the sensitivity
to SDSRFs. A pair of correction coils is applied to the
Helmholtz coils to improve the uniformity of the holding
field. Two identical pickup coils A and B of 2.5-cm diame-
ter are located next to each other at the same end of the
3He cell. Pickup coil A is mounted below the window to
measure the precession frequency shift of the polarized
3He nuclei due to an SDSRF from the unpolarized mass.
Pickup coil B is positioned to be insensitive to an SDSRF;
its signal is used to monitor the holding-field drift. We
subtract the frequencies measured in both coils and form
f0A ¼ fA " fB for each measurement. The 3He cell posi-
tion relative to the Helmholtz coils is adjusted to optimize
the transverse spin relaxation time T2 measured from coil
A and B.

The holding field is tuned to produce a 3He Larmor
frequency near 23.8 kHz. We apply a 24-kHz rf pulse to
tip the spins by a small angle with negligible polarization
loss. The polarized 3He nuclei induce emf’s in the pickup
coils which are digitized and recorded. The precession
frequency is determined first by applying a Fourier trans-
form to a signal sðtÞ in the time domain and obtaining the
real and the imaginary parts of the signal in the frequency
domain as RðfÞ and IðfÞ, respectively. The Fourier trans-
form is numerically calculated using Richardson extrapo-

lation [25]. The total amplitude is SðfÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2ðfÞ þ I2ðfÞ

p
.

The reference frequency f is then varied with a 10"6 Hz
step to locate the maximum of SðfÞ, which is the preces-
sion frequency [26].

Two samples are used as the unpolarized masses: a
Macor ceramic mass block of dimensions 34& 52&
38 mm3 used in Ref. [21] and a liquid mixture of 1.02%
MnCl2 in pure water. These samples are chosen for their

different nucleon densities, low magnetic impurities and
magnetic susceptibilities, and minimal influence on the
nuclear magnetic resonance (NMR) measurement proce-
dure. The paramagnetic salt is added in order to compen-
sate for the diamagnetism of the water. The magnetic
susceptibility of this mixture is measured to be <5% of
that of pure water. A stepping motor is used to move the
ceramic mass a distance of 5 cm to 10 !m from the target
chamber window. The salt water is stored in a cylindrical
polytetrafluoroethylene (PTFE) tank of radius 34 mm and
length 37 mm. Its one end is sealed with a 25-!m flexible
PTFE film, which contacts the target chamber window.
The other end of the liquid tank is connected to a flexible
PTFE tube, which moves the liquid in and out of the tank
using a nonmagnetic air cylinder actuated by a magneti-
cally shielded switch.
In this work, we also improved the analysis method,

which is described below. We define a mass-in state (in) or
mass-out state (out) with the mass close to or away from
the chamber window. Each measurement cycle employs
two states of the mass position in the sequence (in, out, in,
out) with a 60-second pause in the middle. We apply the
analysis algorithm presented in Ref. [27] to derive the
frequency difference between the two states and remove
any possible bias from linear or quadratic time-dependent
frequency drifts. Assuming linear and quadratic time-
dependent frequency drifts fðtÞ / atþ bt2 ' c, with a
and b being arbitrary constants and þcð"cÞ the frequency
shift depending on the in(out) state, the frequency differ-
ence between two successive cycles 1 and 2 is given by

!f¼1

4
½fin;1"3fout;1þ3fin;2"fout;2)

¼1

4
½ða"tþb"t2þcÞ"3ðað2"tÞþbð2"tÞ2"cÞ

þ3ðað3"tÞþbð3"tÞ2þcÞ"ðað4"tÞþbð4"tÞ2"cÞ)
¼2c; (2)

where "t is the measurement time step (the time at the
beginning of the first step of cycle 1 is taken as zero) and
fin=out;1=2 is the frequency measured in the pickup coil A
minus the pickup coil B for cycles 1 and 2, respectively.
Higher-order algorithms produced the same results.
The mass in-mass out frequency difference can be mea-

sured in four different configurations of the apparatus
corresponding to the directions of the main holding field
and of the 3He polarization [21], each of which should
possess the same magnitude of a frequency shift in the
presence of a nonzero SDSRF proportional to the nucleon
density of the mass. However, for our apparatus, two of
these configurations possess residual field gradients in the
sample large enough to lower the spin relaxation time T2

and produce complicated line shapes whose frequency
shifts—determined by a peak-finding algorithm of the
type used in our analysis—are too sensitive to possible

FIG. 1 (color online). Schematic of the SDSRF experiment
(not to scale). The cylindrical polarized 3He cell is located in a
uniform magnetic field. Correction coils (dashed-loop curves)
compensate for residual holding-field gradients. The direction of
the laser and the holding field are along ẑ.
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Experimental Procedure 

pumping chamber of radius 4.3 cm. The polarized 3He
atoms diffuse into the lower 40-cm long cylindrical cham-
ber, which possesses two hemispherical glass windows at
both ends with a thickness of 250 !m.

We describe below a number of experimental improve-
ments compared to Ref. [21], which enhance the sensitivity
to SDSRFs. A pair of correction coils is applied to the
Helmholtz coils to improve the uniformity of the holding
field. Two identical pickup coils A and B of 2.5-cm diame-
ter are located next to each other at the same end of the
3He cell. Pickup coil A is mounted below the window to
measure the precession frequency shift of the polarized
3He nuclei due to an SDSRF from the unpolarized mass.
Pickup coil B is positioned to be insensitive to an SDSRF;
its signal is used to monitor the holding-field drift. We
subtract the frequencies measured in both coils and form
f0A ¼ fA " fB for each measurement. The 3He cell posi-
tion relative to the Helmholtz coils is adjusted to optimize
the transverse spin relaxation time T2 measured from coil
A and B.

The holding field is tuned to produce a 3He Larmor
frequency near 23.8 kHz. We apply a 24-kHz rf pulse to
tip the spins by a small angle with negligible polarization
loss. The polarized 3He nuclei induce emf’s in the pickup
coils which are digitized and recorded. The precession
frequency is determined first by applying a Fourier trans-
form to a signal sðtÞ in the time domain and obtaining the
real and the imaginary parts of the signal in the frequency
domain as RðfÞ and IðfÞ, respectively. The Fourier trans-
form is numerically calculated using Richardson extrapo-

lation [25]. The total amplitude is SðfÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2ðfÞ þ I2ðfÞ

p
.

The reference frequency f is then varied with a 10"6 Hz
step to locate the maximum of SðfÞ, which is the preces-
sion frequency [26].

Two samples are used as the unpolarized masses: a
Macor ceramic mass block of dimensions 34& 52&
38 mm3 used in Ref. [21] and a liquid mixture of 1.02%
MnCl2 in pure water. These samples are chosen for their

different nucleon densities, low magnetic impurities and
magnetic susceptibilities, and minimal influence on the
nuclear magnetic resonance (NMR) measurement proce-
dure. The paramagnetic salt is added in order to compen-
sate for the diamagnetism of the water. The magnetic
susceptibility of this mixture is measured to be <5% of
that of pure water. A stepping motor is used to move the
ceramic mass a distance of 5 cm to 10 !m from the target
chamber window. The salt water is stored in a cylindrical
polytetrafluoroethylene (PTFE) tank of radius 34 mm and
length 37 mm. Its one end is sealed with a 25-!m flexible
PTFE film, which contacts the target chamber window.
The other end of the liquid tank is connected to a flexible
PTFE tube, which moves the liquid in and out of the tank
using a nonmagnetic air cylinder actuated by a magneti-
cally shielded switch.
In this work, we also improved the analysis method,

which is described below. We define a mass-in state (in) or
mass-out state (out) with the mass close to or away from
the chamber window. Each measurement cycle employs
two states of the mass position in the sequence (in, out, in,
out) with a 60-second pause in the middle. We apply the
analysis algorithm presented in Ref. [27] to derive the
frequency difference between the two states and remove
any possible bias from linear or quadratic time-dependent
frequency drifts. Assuming linear and quadratic time-
dependent frequency drifts fðtÞ / atþ bt2 ' c, with a
and b being arbitrary constants and þcð"cÞ the frequency
shift depending on the in(out) state, the frequency differ-
ence between two successive cycles 1 and 2 is given by

!f¼1

4
½fin;1"3fout;1þ3fin;2"fout;2)

¼1

4
½ða"tþb"t2þcÞ"3ðað2"tÞþbð2"tÞ2"cÞ

þ3ðað3"tÞþbð3"tÞ2þcÞ"ðað4"tÞþbð4"tÞ2"cÞ)
¼2c; (2)

where "t is the measurement time step (the time at the
beginning of the first step of cycle 1 is taken as zero) and
fin=out;1=2 is the frequency measured in the pickup coil A
minus the pickup coil B for cycles 1 and 2, respectively.
Higher-order algorithms produced the same results.
The mass in-mass out frequency difference can be mea-

sured in four different configurations of the apparatus
corresponding to the directions of the main holding field
and of the 3He polarization [21], each of which should
possess the same magnitude of a frequency shift in the
presence of a nonzero SDSRF proportional to the nucleon
density of the mass. However, for our apparatus, two of
these configurations possess residual field gradients in the
sample large enough to lower the spin relaxation time T2

and produce complicated line shapes whose frequency
shifts—determined by a peak-finding algorithm of the
type used in our analysis—are too sensitive to possible

FIG. 1 (color online). Schematic of the SDSRF experiment
(not to scale). The cylindrical polarized 3He cell is located in a
uniform magnetic field. Correction coils (dashed-loop curves)
compensate for residual holding-field gradients. The direction of
the laser and the holding field are along ẑ.
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1:Test Mass in:  Signal Ai1 & Bi1 
1’:Test Mass Out:  Signal Ao1& Bo1 
 
2:Test Mass in:  Signal Ai2 & Bi2 
2’:Test Mass Out:  Signal Ai2 & Bi2 
 
3,3’… 
 
 
Flip B, S, Mass… 
 � 
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Data Analysis Procedure: � 
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4*df=1*[fAi1-fBi1]-3*[[fAo1-fBo1]]+3*[fAi2-fBi2]-1*[fAo2-fBo2] � 
Swanson et al. Meas. Sci. Technol. 21 (2010) 115104 � 

S(t)=a + b*t + c*t2 + r � 
1*S[0]-3*S[1]+3*S[2] -1*S[3] 

  � ={a+r}-3*{a+b+c}+3*{a+2b+4c+r}-{a+3b+9c} 
  � =4r 
 � 

A-B;   remove the background 
In-Out:  Test Mass  
1331:  remove Background fluc. in time 
Flip B:  remove Test Mass B-Susceptibility 



Test Experiment 
for Monopole-dipole interaction 

The frequency shift due to the SDSRF is ! "fð!; gsgnpÞ ¼
"f0 $ f0. Using the measured frequency difference in
Table I, the constraint on the coupling strength and the
force range is determined as shown in Fig. 3 where the dark
gray area was ruled out by previous measurements. The
dotted curve is from Ref. [19] and the dash-dotted curve is
from Ref. [17]. The dashed (solid) curve is the constraint of
the salt water (ceramic) sample within one standard devia-
tion. The measured frequency difference of the ceramic

sample due to the SDSRF is consistent with zero within
1.5 standard deviations. Our new results improve the con-
straint on the SDSRF from the current limit in the range of
10$4 to 10$2 m by a factor of 10–30, which corresponds to a
mass range of 2% 10$3 to 2% 10$5 eV for the pseudosca-
lar boson involved. This work represents the most sensitive
search that sets a direct limit on the important axion window.
Several methods can be employed in the future to further

improve the sensitivity using polarized 3He. Obvious paths
for improvement of the measurement include new mag-
netic holding-field systems with better field uniformity and
magnetic shielding, a smaller 3He cell with a lower pres-
sure and thinner windows, unpolarized mass samples with
higher fermion densities and lower magnetic susceptibili-
ties, and a X129e comagnetometer. With these changes, we
conclude that a factor of 10–100 improvement in the con-
straints of the coupling strength in the force range of 10$4

to 10$2 m is possible.

The authors thank M. Souza and T. Averett for their help
with the construction of the 3He cell. The authors also
thank Y. Zhang, S. Jawalkar, T. Gentile, M.Yu. Khlopov,
and P. Fayet for helpful discussions. This work was
supported by the 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. K. Li, R. Khatiwada, E. Smith, M. Snow, and
H. Yan acknowledge support from the Indiana University
Center for Spacetime Symmetries and A. Dennis from the
IU STARS program.
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The frequency shift due to the SDSRF is ! "fð!; gsgnpÞ ¼

"f0 $ f0. Using the measured frequency difference in
Table I, the constraint on the coupling strength and the
force range is determined as shown in Fig. 3 where the dark
gray area was ruled out by previous measurements. The
dotted curve is from Ref. [19] and the dash-dotted curve is
from Ref. [17]. The dashed (solid) curve is the constraint of
the salt water (ceramic) sample within one standard devia-
tion. The measured frequency difference of the ceramic

sample due to the SDSRF is consistent with zero within
1.5 standard deviations. Our new results improve the con-
straint on the SDSRF from the current limit in the range of
10$4 to 10$2 m by a factor of 10–30, which corresponds to a
mass range of 2% 10$3 to 2% 10$5 eV for the pseudosca-
lar boson involved. This work represents the most sensitive
search that sets a direct limit on the important axion window.
Several methods can be employed in the future to further

improve the sensitivity using polarized 3He. Obvious paths
for improvement of the measurement include new mag-
netic holding-field systems with better field uniformity and
magnetic shielding, a smaller 3He cell with a lower pres-
sure and thinner windows, unpolarized mass samples with
higher fermion densities and lower magnetic susceptibili-
ties, and a X129e comagnetometer. With these changes, we
conclude that a factor of 10–100 improvement in the con-
straints of the coupling strength in the force range of 10$4

to 10$2 m is possible.
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FIG. 3. Constraints on the coupling strength gsg
n
p as a function

of the force range ! and the equivalent mass of the ALPs. The
dark gray area is the region excluded by previous works. The
dotted curve is from Ref. [19] and the dash-dotted curve is from
Ref. [17]. The dashed (solid) curve is the constraint of the salt
water (ceramic) sample within one standard deviation.
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Next Step:  
Will Focus on the following 

1.  Specially Designed Cell 
2.  Solenoid & mu-metal Shielding 
3.  Higher density  Test mass and Better curvature 

Matching 
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Next Step:  
Experimental Setup overview 



Next Step: Cell “Tiny” 

2

~8 cm ~8 cm ~2 cm

Meet “Tiny”
~3 Amg

~8 cm

2
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Next Step: Cell 3D Map 
Window 3D scan

12

12

Try to bring the Test Mass closer! � 
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Next Step: Solenoid 

11

11

Preliminary 
~1nG/cm has been achieved! � 
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New Possible Dipole-Dipole Constrain 

Changbo Fu, W. Mike Snow, Submitted 

Dipole Relaxation time 
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Summary 

1. We are using polarized 3He to detect the possible 
new Mo-Di interaction. New constraints on Axion-
like particles interactions are obtained. 

2. By improving our experimental setup, we expect 
higher sensitivity in near future. 

3. We constrain the possible new dipole-dipole 
interaction by using 3He polarized gas. 

4.  It’s possible that new Velocity Dependent Force 
could be obtained with this way. 
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