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CP invariance

The laws of physics should be the same 
 if a particle is interchanged with its antiparticle (C symmetry), and  
when its spatial coordinates are inverted (P symmetry). 

This means physics should be the same  between ‘particle and antiparticle’

CP symmetry is violated!

is NOT
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More large CP violation !

Larger CP violation (from unknown source) is required !

nb/nγ=(0.61±0.02)×10-9 nb/nγ=10-18

Standard Model of particle physicsCosmological observation

Large discrepancy 

109
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Fundamental Physics with Neutrons
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Neutron EDM

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

Spin is reversed. 

T reversal＋
-

＋
-

Electric charges 

don’t change.

Standerd Model :

|dn| < 2.9 × 10-26 e cmPresent upper limit 

New Physics (SUSY ...) : |dn| ~ 10-27 ~ -28 e cm
|dn| ~ 10-32 e cm

is approaching to the predictions of some physics 
beyond the standard model of particle physics.

New approach required
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Neutron Electric Dipole Moment search
CPT theorem says CP violation is equivalent to T violation.

|dn| < 3.0 × 10-26 e cmPresent upper limit 

Intense UCN sources are now  
constructing at PSI, TRIUMF, SNS,…

ILL-Sasex experiment with UCNs

is close to beyond standard model.

EDM signals T violation.
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Neutron EDM

UCN source at TRIUMF 

8 

KEK-RCNP-
TRIUMFlow loss

max. peak power = 200kW
average=20kW

p-beam  
1.3 MW 
1% duty cycle

3.6 m2 D2O

30 liters, 5K 
solid D2

2m3 vacuum 
UCN storage

high power
PSI

max. peak power = 1.3MW
average = 13kW

2010-

1000 cm-3

Use intense source

Dense UCNs

⇥±
2�

= 3� 101 B

1µT
± 5� 10�8 dn

10�26e · cm
E

10kV/cm

1μT 1fT equiv.

Precessions of stored UCNs are measured.

Challenge to improve the sensitivity 
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T-odd correlation in compound nuclei
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T-odd Correlation in Compound Nuclei
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gluon
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page

Title(核子を使ったCP violationの探索実験) 
Conf(RCNP Meeting “CP-violation in elementary particles and composite systems”) 
Date(2014/11/10) At(RCNP) 8

核子を使ったCP violationの探索実験

nucleon EDM T-odd P-odd pion-nucleon couplings

T-odd P-odd pion-nucleon coupling

NOP-T



NOP-T : New approach to CP-violation search  
KMI Topics, 11 Oct. 2017,  
Masaaki Kitaguchi, Nagoya University page 13

P-violation in compound nuclei

P-violation in NN interaction
p p

−(1.7±0.8)×10−715MeV
−(2.3±0.8)×10−745MeV
−(1.3±0.8)×10−745MeV
−(2.4±1.1±0.1)×10−7800MeV

P-violation in nucleon
15MeV -(1.7±0.8)×10-7

45MeV -(2.3±0.8)×10-7

800MeV -(2.4±1.1±0.1)×10-7

NOP-T

s wave

p waveP-violation in neutron-nuclei reactionEpithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

139La 0.097±0.003En = 0.734 eV
81Br 0.021±0.001En = 0.734 eV

111Cd -(0.013 +0.007-0.004)En = 4.53 eV

P-violation is enhanced in p-wave resonance of 
compound nuclei
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P-violation in compound nuclei NOP-T

Mitchell, Phys. Rep. 354 (2001) 157
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P-violation in compound nuclei
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The interference between s-wave and p-wave results in 
the interference between partial waves with different 
channel spin.

NOP-TT-violation in compound nuclei

Gudkov, Phys. Rep. 212 (1992) 77.

�⇥CP = �(J)
w

v
�⇥P

T-violation

Unknown parameter
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The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

17

The interference between s-wave and p-wave results in 
the interference between partial waves with different 
channel spin.

NOP-TT-violation in compound nuclei

Gudkov, Phys. Rep. 212 (1992) 77.
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T-violation is also enhanced?

�⇥CP = �(J)
w

v
�⇥P

T-violation P-violationgCP/gP

10-2σtot10-3
Estimation in effective field theory

Y.-H.Song et al., Phys. Rev. C83 (2011) 065503

compare with EDM

from upper limit of EDM

NOP-T

Gudkov, Phys. Rep. 212 (1992) 77.

More sensitive measurement with

T-odd Correlation in Compound Nuclei
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T-odd Correlation in Compound Nuclei NOP-T

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

Analyzing Power

Polarization

0 10000 20000 30000 40000 50000

thickness × gas pressure z [atm cm]
0

5x10-6

1.0x10-5

1.5x10-5

2.0x10-5
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3.5x10-5 131Xe
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T-odd Correlation in Compound Nuclei
Experimental plan

J-PARC BL07（Poisoned Moderator） 1011 n cm-2 s-1 sr-1 eV-1 MW-1

p-wave resonance En = 3.2 eV
Γn = 0.1 eV

2.2x10-5 sr

3He spin filter

100 atm cm


Polarization 0.7

Transmission 0.4

Solid natXe

4cm x 4cm x  20cm

Polarization 0.25

15 m asymmetry of 10-6

7 x 106 n s-1 at sample position
~ 5 days

epi-thermal 
neutron detector

NOP-T
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T-odd Correlation in Compound Nuclei NOP-T

large ΔσP

low Ep [eV]

large |κ(J)|
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Feasibility studies and R&D
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NOP-TTarget of NOP-T
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gluon
self-couplings

eN couplings

Easy to polarize
Epithermal neutrons

Target nuclei
Large T-violating effect

High-intensity beamline
Polarized neutrons
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NOP-TTarget of NOP-T

Nuclei with large �⇥CP = �(J)
w

v
�⇥Pis suitable.
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NOP-TCross section of the (n,gamma) reaction

358 V.V. Flambaum, OX Sushkov / (n, y) reaction 

where 
2Ji+l 

gi = 2(21+ 1) 

and wSP= i(slH&) is real. All summations over the s, p resonances are carried out 
at fixed J,, Jp, j. 

AS the basis states of the photon we use spherical waves. Therefore, for the 
calculation of the angular distribution one should use the wave function of the final 
y-quantum: 

+v =fi+MI +f2+E1 +_&hE, +hhlI . (16) 

The functions 1(1 M1 and $EI are determined by eqs. (8). Now 1 &.I* should be multiplied 
by the polarization density matrix of the y-quantum, then averaged over the polariz- 
ations of the initial nucleus and summed over the polarizations of the final nucleus. 
If we are not interested in the polarization of the y-quantum, then its density matrix 
should be taken in the form pAAS= hh S I (A is the y-quantum helicity). For the 
calculation of the average circular polarization, pAA, = A&,*,. It is possible to simplify 
the calculations based on the following fact: the factors depndent on the angular 
variables and momenta in the third and the fourth terms in eq. (16) can be obtained 
from the first and second terms by means of multiplication by the matrix AL?,,, in 
the space of helicity states (as the function $M, can be obtained from 4E1, see eq. 
(8)). Therefore it is enough to do calculations for the first and second terms in eq. 
(16). All the other results can be obtained by simple replacements: VI -, V, +A V,, 
V2+ V2 +hV,, A* = 1. For example, the interference of the first and third terms 
multiplied by the matrix phhr= Shhr, has the same structure as the squared first term 
multiplied by pAAP = A&*,. This means that the two pseudoscalars (weak interaction 
and the photon helicity A) are equivalent for angular variables. 

3. Cross section of the (n, y) reaction 

For the cross-section calculation, the formulae for the expansion of D-functions 
product and for the summation of 3-j symbols product, presented, for example, in 
ref. 19), should be used. After cumbersome calculations we obtain the following 
expression for the cross section of the reaction (n, y): 

da@,,, A) 
d&? 

=~{ao+al(nn * n,) +~?,a * [n,Xn,l+a3[(n, * n,)*-$1 

+i&(n, * n,)a - [n,xn,]+a5A(a - n,)+a,A(o - n,)+a,A 

x[(u * n,)(n; II,) -$(u . n,)] +a,A[(u - n,)(n, * ny) -8~ * +)I 

+adu - n,)+a,,(u . 4 +a,,[(u. n,)(n; nJ-4~ - dl 

+a12[(u - n,>(n,* n,>-f(u - n,)l+ad +ad(n,* n,) 

+a”,5Au.[n,Xn,]+a,,A[(n,.,n,)2-f] 

(17) Flambaum, Nucl. Phys. A435 (1985) 352

K V. Fi’ambaum, O.P. Sushkov / (n, y) reaction 359 

We would remind the reader that n, is the direction of the neutron moment, nY the 
direction of the y-quantum moment, u the neutron polarization, and A the y- 
quantum helicity. Expressions for the coefficients aO-u,, in terms of the invariant 
amplitudes VI-V4 (see eq. (15)) are given in appendix A. The P-even correlations 
without photon helicity (a,-CL,) are written down first, then the P-even with A 
(u5-a*), then the P-odd without A (~+-a,,) and, finally the P-odd correlations with 
A (ul~-ul,). We mark by the tilde the T-odd correlations &, &, c?,~, ~5,~. To avoid 
confusion let us stress that we here do not consider an interaction violating T- 

invariance. The corresponding correlations arise due to the resonance scattering 
phases. Expressions for the correlations are written down in such a way that if 
summation or integration over some variable (a, II,, A) is carried out, then all 
correlations containing this variable vanish. 

The origin of the correlations (17) can be seen without calculations. Arising in 
them, the neutron momentum is due to the p-wave capture. Therefore the P-even 
correlations, independent of the n, are due mainly to the s-wave capture If,l*, those 
dependent on the first power of n, by the interference of f, and f2, and those 
dependent on the second power of n, by the If212. The P-odd correlations, which 
are due to the interference of f3 and f4 with f, and f2, can be obtained from the 
P-even correlations by means of multiplication by A. This fact corresponds to the 
symmetry between the amplitudes fj and f, and f4 and f2 which has been discussed 
above. If one knows the origin of the correlation it is easy to determine the 
dependence of corresponding coefficient ai on neutron energy and give a rough 
estimate of its magnitude. Of course, this can be done using the exact formulae 
from appendix A. Expressions for the coefficients uO-a,,, presented in appendix A 
for the general case, are cumbersome. Therefore, we consider a simple example for 
which the most complete experimental data exist: the reaction “‘Sn(n, y) with 
transition to the ground state of “*Sn. The nucleus “‘Sn has spin I = f and positive 
parity. The ground state of “‘Sn has the quantum numbers Jp = O+. Therefore only 
the resonances with angular momentum J = 1 are important for us. Probably, the 
known p-wave resonance, E = 1.33 eV, has the angular momentum J,, = 1. The 
average distance between resonances in “‘Sn equals D- 100 eV. Therefore, at 
energies of the order of several eV it is enough to take into account this resonance 
only. AS far as the s-resonances are concerned, these are far from the domain of 
our interest. In order to see the scale of the amplitudes, we separate the contribution 
of the nearest s-wave resonance. We take into account the contribution of the other 
s-resonances and of the direct capture as the correction. Then the amplitudes Vi 

are as follows: 

1 h&(1+4 v _ 
1 

2k 2 E-E,+fiT, ’ 

1  h  T ,( J ’M,, 
V 2(J =-5 y E _E  + Q r 9  

P  2  P  
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Cluster-Detector

Sample Materials：natLa, LanatBr3, natIn
Intensity :    ~ 3 x 105 n/cm2/s     :  0.9 eV < En < 1.1eV @300kW

(n, γ) reaction measurement at J-PARC BL04 ANNRI

Single unknown parameter κ(J) can be estimated 
by observing the shape of p-wave resonance peak.

Selection of target nuclei
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FIG. 1. Schematic of the ANNRI installed at the beamline
04 of MLF at J-PARC. (A) Collimator, (B) T0-chopper, (C)
Neutron filter, (D) Disk chopper, (E) Collimator, (F) Ger-
manium detector assembly, (G) Collimator, (H) Boron resin,
and (I) Beam stopper (Iron).

II. EXPERIMENTAL

A. Experimental Setup

The angular distribution of individual γ-rays through
the radiative capture reactions induced by epithermal
neutrons was measured by introducing a pulsed neutron
beam into the Accurate Neutron–Nucleus Reaction Mea-
surement Instrument (ANNRI) installed at the beamline
BL04 of the Material and Life science experimental Fa-
cility (MLF) of the Japan Proton Accelerator Research
Complex (J-PARC), as shown in Fig. 1 [16]. The pri-
mary proton beam pulses were injected to the neutron
production target in a single-bunch mode with a repe-
tition rate of 25 Hz and an average beam power of 150
kW during the measurement. The disk chopper was op-
erated synchronously with the proton injection for the
suppression of low energy neutrons, to avoid frame over-
lap. The beam collimation was adjusted to define the
neutron beam in a 22 mm diameter circle on the target,
placed at 21.5 m from the moderator surface [17]. A lead
plate (thickness: 37.5 mm) was placed in the upstream
optics to suppress the γ-ray background. The z-axis is
defined in the beam direction, the y-axis is the vertical
upward axis, and x-axis is perpendicular to them, thus
xyz forms a right-handed frame.
An assembled set of high-purity germanium spectrom-

eters were used to detect γ-rays emitted from the tar-
get [18]. The configuration of the germanium spectrom-
eter assembly is shown in Fig. 2. The assembly consisted
of two types of detector units: Type-A (Fig. 3) and Type-
B (Fig. 4).
Two combined seven Type-A detectors were placed

above and below the target. The shape of the Type-
A detector was hexagonal to enable clustering as shown
in Fig. 3. The polar angles between the center of the tar-
get and the center of the crystal surface facing the target
were θ = 71◦, 90◦, and 109◦.
Eight Type-B detectors were placed on the xz-plane

Type A Nuclear target

Beam duct

Type B

FIG. 2. Configuration of the germanium spectrometer assem-
bly.
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D

E
F

G
H

164 m
m

157 m
m
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FIG. 3. Schematics of the upper seven Type-A detectors. (A)
Electrode, (B) Germanium crystal, (C) Aluminum case, (D)
BGO crystal, (E) γ-ray shield (Pb collimator), (F) Neutron
shield-1 (LiH 22.3 mm thick), (G) Neutron shield-2 (LiF 5
mm thick), (H) Neutron shield-3 (LiH 17.3 mm thick), and
(I) Photomultiplier tube for BGO crystal.

at θ = 36◦, 72◦, 108◦, and 144◦, as shown in Fig. 4. The
central crystals of the upper and lower Type-A detectors
are denoted as d1 and d8, respectively, and the other
surrounding six detectors are denoted d2-d7 (d9-d14).
The names of each Type-B detectors are shown in Fig. 4.
In our measurement, d16 and d17 were not used.

All germanium crystals were operated at a tempera-
ture of 77 K. The typical energy resolution for the 1.332
MeV γ-rays was 4.2 keV.

The output signal from each crystal was processed in-
dependently. The block diagram of the signal processing
is shown in Fig. 5. The output signals from the pream-
plifier were fed into the signal processing module CAEN
V1724 [19], which stored the combination of the pulse
height digitized using the peak-sensitive ADC and the
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p-wave resonance was observed clearly
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(n,γ) reaction with lanthanum target as a function of Em
γ .

The neutron energy in the center-of-mass system En is
given as

En =
mnmA

mn +mA

(
pn

mn
− pA

mA

)2

, (4)

where pn is the momentum of the neutron in the labora-
tory system, pA is nuclear momentum of the target, and
mA is the mass of the nucleus of the target.
The beam divergence is sufficiently small and the fol-

lowing can be assumed:

pn =
√
2mnEn ez, (5)

where ez is the unit vector parallel to the beam axis. The
resonance energy Er and the total width Γr of the r-th
resonance, which are obtained by fitting ∂Iγ/∂tm with
Eq. D1 are shown in Table I, together with the pub-
lished values. The formalism of the neutron absorption
cross section is described in Appendix B. The pulse shape
of the neutron beam and the Doppler effect of the tar-
get nucleus are considered, as shown in Appendix C and
Appendix D, respectively. As the neutron width of the
p-wave resonance is negligibly smaller than γ-ray width
of the p-wave resonance, the total width of p-wave reso-
nance was used as the γ-ray width of p-wave resonance.
The fitted result is shown in Fig. 9.
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FIG. 9. Fitted result of the p-wave resonance. The curve
shows the best fit.

The level scheme related to 139La(n,γ)140La reaction
is schematically shown in Fig. 10 [24]. The γ-ray tran-
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FIG. 10. Transitions from 139La+n to 140La. Dashed line
shows separation energy of 139La+n.

sitions to the ground state and low excited states of
140La were observed as shown in the expanded ∂Iγ/∂Em

γ
(Fig. 11). The highest peak at Em

γ =5161 keV corresponds
to the γ-ray direct transition to the ground state of 140La
(spin of the final state:F=3), the middle peak corre-
sponds to the overlap of two transitions at Em

γ =5131 keV
and 5126 keV to the first and second excited states at
excited energy 30 keV (F= 5), 35 keV (F=2), and the
lower peak at Em

γ =5098 keV corresponds to the excited
state at 63 keV (F=4). Figure 12 shows the magnified
2-dimensional histogram of ∂2Iγ/∂tm∂Em

γ in the vicin-
ity of the p-wave resonance and the γ-ray transition
to the ground state of 140La. The p-wave resonance
was selectively observed only for two ridges correspond-

T. Okudaira, et.al., https://arxiv.org/abs/1710.03065
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mA is the mass of the nucleus of the target.
The beam divergence is sufficiently small and the fol-

lowing can be assumed:
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where ez is the unit vector parallel to the beam axis. The
resonance energy Er and the total width Γr of the r-th
resonance, which are obtained by fitting ∂Iγ/∂tm with
Eq. D1 are shown in Table I, together with the pub-
lished values. The formalism of the neutron absorption
cross section is described in Appendix B. The pulse shape
of the neutron beam and the Doppler effect of the tar-
get nucleus are considered, as shown in Appendix C and
Appendix D, respectively. As the neutron width of the
p-wave resonance is negligibly smaller than γ-ray width
of the p-wave resonance, the total width of p-wave reso-
nance was used as the γ-ray width of p-wave resonance.
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where pn is the momentum of the neutron in the labora-
tory system, pA is nuclear momentum of the target, and
mA is the mass of the nucleus of the target.
The beam divergence is sufficiently small and the fol-

lowing can be assumed:
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√
2mnEn ez, (5)

where ez is the unit vector parallel to the beam axis. The
resonance energy Er and the total width Γr of the r-th
resonance, which are obtained by fitting ∂Iγ/∂tm with
Eq. D1 are shown in Table I, together with the pub-
lished values. The formalism of the neutron absorption
cross section is described in Appendix B. The pulse shape
of the neutron beam and the Doppler effect of the tar-
get nucleus are considered, as shown in Appendix C and
Appendix D, respectively. As the neutron width of the
p-wave resonance is negligibly smaller than γ-ray width
of the p-wave resonance, the total width of p-wave reso-
nance was used as the γ-ray width of p-wave resonance.
The fitted result is shown in Fig. 9.
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FIG. 9. Fitted result of the p-wave resonance. The curve
shows the best fit.

The level scheme related to 139La(n,γ)140La reaction
is schematically shown in Fig. 10 [24]. The γ-ray tran-
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-48.63 eV s-wave

72.30 eV s-wave

FIG. 10. Transitions from 139La+n to 140La. Dashed line
shows separation energy of 139La+n.

sitions to the ground state and low excited states of
140La were observed as shown in the expanded ∂Iγ/∂Em

γ
(Fig. 11). The highest peak at Em

γ =5161 keV corresponds
to the γ-ray direct transition to the ground state of 140La
(spin of the final state:F=3), the middle peak corre-
sponds to the overlap of two transitions at Em

γ =5131 keV
and 5126 keV to the first and second excited states at
excited energy 30 keV (F= 5), 35 keV (F=2), and the
lower peak at Em

γ =5098 keV corresponds to the excited
state at 63 keV (F=4). Figure 12 shows the magnified
2-dimensional histogram of ∂2Iγ/∂tm∂Em

γ in the vicin-
ity of the p-wave resonance and the γ-ray transition
to the ground state of 140La. The p-wave resonance
was selectively observed only for two ridges correspond-

Only well-known spin states 
 were gated to analyze

T. Okudaira, et.al., https://arxiv.org/abs/1710.03065
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Shape of resonance peak changes according to the angle

Selection of target nuclei
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FIG. 13. ∂N/∂tm in the vicinity of p-wave resonance for each θ̄d. The central figure shows degrees in the direction of neutron
momentum of the type-A detectors and the type-B detectors. The hexagons and the circles in the center of the figure denote
each crystal of the type-A detector and the type-B detector, respectively.
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FIG. 14. Visualization of the definition of NL and NH.

(a3)H as

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(t
m, E′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(t
m, E′,pA).

(13)

Here, the a3 term is ignored as it is proportional to

γθcos
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FIG. 15. Angular dependences of NL and NH. The white
point and black point show NL and NH, respectively.

λ2f
2 and it is suppressed relative to the s-wave neutron

width, according to the centrifugal potential by the factor
of (kR)2. Under this approximation, Eq. E1 is reduced

T. Okudaira, et.al., https://arxiv.org/abs/1710.03065
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NOP-T

La can be used for T-violation search!

Selection of target nuclei

9

The published value of AL = (9.56 ± 0.35) × 10−2 in
Ref. [7] and the parameters in Table. I are used in the
calculation.

The ratio of P-odd amplitude and P-odd T-odd ampli-
tude is given as

∆σPT

∆σP
= κ(J)

WT

W
, (21)

where ∆σPT is the P-odd T-odd cross section, ∆σP the
P-odd amplitude, WT the P-odd T-odd matrix element
and W the P-odd matrix element [14]. The spin factor
κ(J) is defined as

κ(J) =

⎧
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⎩
(−1)2I

(
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.

(22)

The magnitude of κ(J) indicates the sensitivity to the P-
odd T-odd interaction. The J = I + 1

2 case corresponds
to the p-wave of the 139La at En = E2. The value of κ(J)
corresponding to the φ2 obtained is

κ(J) = 2.95+2.98
−0.90, 0.89+0.04

−0.04 (23)

and |κ(J)| is shown in Fig. 19.
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FIG. 19. Value of |κ(J)| as a function of φ2. The solid line
and shaded area show the central values of φ2 and the 1σ area
from central value, respectively.

In the previous section, the a3 term was ignored, as
the centrifugal potential of the p-wave resonance is small.
Hereafter we discuss the case when the a3 term in Eq. E1
is activated. We analyze the angular dependences ofNL−
NH andNL+NH fitted by the functions of f(P̄d,1/P̄d,0) =
A′P̄d,1/P̄d,0 + B′ and g(P̄d,2/P̄d,0) = C ′P̄d,2/P̄d,0 + D′,
respectively, with fitting parameters A′, B′, C ′, and D′.
The equations of a3 can be written as
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FIG. 20. Angular dependences of NL − NH and NL + NH.
The solid line indicates the best fit.

A′

D′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ2 − 0.345 sinφ2, (24)

C ′

D′ =
(a3)L + (a3)H
(a0)L + (a0)H

= −0.295 cosφ2 sinφ2 + 0.050 sin2 φ2. (25)

The fitted results of C ′/D′ and A′/D′ are

C ′

D′ = 0.191± 0.0028,
A′

D′ = −0.409± 0.0024. (26)

The value of φ2 is determined by combining the equa-
tion of a1(Eq. 24) and a3(Eq. 25) on the xy-plane. The
result is shown in Fig. 21. The restriction from the a3
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FIG. 21. a1(straight lines) and a3(curved lines) on the xy-
plane for the cases of J1 = J2 = 4, J3 = 3. The solid line,
shaded area, dashed line, and dotted line show the central
values of φ2, 1σ areas, 2σ contours and 3σ contours, respec-
tively.

term is not consistent with that of the a1 term. The a3
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to the p-wave of the 139La at En = E2. The value of κ(J)
corresponding to the φ2 obtained is
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T-odd Correlation in Compound Nuclei
Experimental plan

J-PARC BL07（Poisoned Moderator） 1011 n cm-2 s-1 sr-1 eV-1 MW-1

p-wave resonance En = 3.2 eV
Γn = 0.1 eV

2.2x10-5 sr

3He spin filter

100 atm cm


Polarization 0.7

Transmission 0.4

Solid natXe

4cm x 4cm x  20cm

Polarization 0.25

15 m = 1.0×10-6

7 x 106 n s-1 at sample position
~ 5 days

epi-thermal 
neutron detector

SEOP 3He spin filter  
for neutron polarization

Polarized Target
Solid Polarized Xe  with laser 
developed for nEDM co-magnetometer

Epi-thermal neutron Detector

10B doped liquid scintillator

Epi-thermal neutron Optics
epi-thermal neutron transport optics, 
spin control, . . . 

NOP-T
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Neutron Polarization NOP-T

「複合核状態における時間反転対称性の破れ探索実験現状」 
日本物理学会第72回年次大会＠大阪大学、2017年3月18日 

吉岡瑞樹（九州大学先端素粒子物理研究センター） page 11

Neutron
beam

中性子偏極デバイス

γ-rayTarget

Ge検出器(4π)

中性子偏極保持コイル

透過中性子検出器 

透過中性子

3He spin filter d�
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Flambaum, Nucl.Phys. A435(1985)352
J-PARC/MLF/BL04に3He spin filterを導入し熱外偏極中性子利用環境を構築した． 

On-beam SEOPを導入し高偏極熱外中性子環境を構築してゆく． 

(中性子の透過率から 
偏極率をモニター)

a9, a10, a11
が測定可能に

中性子偏極デバイス(18aK23-09 山本)
3He neutron spin filter was installed to BL04
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Target Polarization NOP-T

La　DNP

Br　Triplet-DNP

Xe　SEOP
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Nd3+LaAlO3

2.3T, 0.3K P~50% was reported（Kyoto Univ. PSI）
Retry with better crystals

DNP in Yamagata

Yamagata Univ.  
Tohoku Univ.  
Hiroshima Univ. 
Nagoya Univ.

New crystal  
by Tohoku univ.

UBC

RIKEN

Spin Exchange Optical Pumping

SEOP: Spin Exchange Optical Pumping
T. G. Walker & W. Harper  Rev. Mod. Phys.  69, 629 (1997)

polarization is blurred. The broad laser linewidth wastes
photons, since photons with frequencies too far from the
peak optical absorption frequency pass through the cell
unattenuated. However, this waste is more than com-
pensated for by the cost savings of inexpensive diode
laser arrays as compared to Ti:Sapphire lasers or dye
lasers.

IV. SPIN-EXCHANGE

The key process in spin-exchange optical pumping is
collisional transfer of polarization between optically
pumped alkali-metal atoms and the nuclei of the noble-
gas atoms. As indicated in Fig. 8, the transfer of angular
momentum occurs either while the atoms are bound in
van der Waals molecules or in simple binary collisions
between the atoms. For 3He, binary collisions dominate
the spin relaxation, and the contribution from van der
Waals molecules is negligible. The time for a binary col-
lision (;10212 sec) is so short that the collision can in-
duce both DF561 and DF50 transitions between the
hyperfine sublevels of the alkali-metal atom. For heavier
noble gases like 129Xe at total gas pressures of a few tens
of Torr, the contributions of van der Waals molecules to
the spin relaxation can greatly exceed the contribution
of binary collisions. At such low pressures, the collision-
ally limited lifetime of the van der Waals molecules is
long enough (>1029 sec) that the total spin angular mo-
mentum F5Ia61/2 of the alkali-metal atoms is a good
quantum number and the molecules induce relaxation
through DF50 transitions. A magnetic field of a few
hundred Gauss is sufficient to suppress the relaxation
due to van der Waals molecules at these low pressures
(Happer et al., 1984). At the multiatmosphere pressures
of interest for practical spin-exchange optical pumping,
the collisionally limited lifetimes of the van der Waals
molecules are so short that their contribution to the re-
laxation are small compared to that of binary collisions.

Most of the residual molecular contribution has the
same selection rules as binary collisions—that is, both
DF50 and DF561 transitions are permitted, so the
resulting relaxation is nearly indistinguishable from that
due to binary collisions. Since we are interested in spin
exchange at high gas pressures, we shall henceforth treat
the relaxation as if it were all due to binary collisions.

Spin-dependent interactions, denoted V1(R), produce
the spin transfer and relaxation in collisions. For spin-
exchange optical pumping, evidence suggests that the
spin-rotation interaction between S and the rotational
angular momentum N and the isotropic hyperfine inter-
action between S and the noble-gas nuclear spin Ib
dominate the spin-exchange process:

V1~

R

!

5g

~

R
!

N•S1Ab~

R
!

Ib•S. (12)

We discuss these interactions in some detail in Sec. V,
but, simply stated, the spin-rotation interaction arises
from magnetic fields produced by the relative motion of
the charges of the colliding atoms, while the isotropic
hyperfine interaction arises from the magnetic field in-
side the nucleus of the noble-gas atom. V1 depends
strongly on interatomic separation R.

A. Rate equations

The spin-dependent interaction [Eq. (12)] causes tran-
sitions between various spin states. The spin-rotation in-
teraction produces relaxation of the alkali-metal elec-
tron spins, while the isotropic hyperfine interaction
transfers angular momentum back and forth between
the alkali-metal electron spins and the noble-gas nuclear
spins. In the spin-temperature limit for the alkali-metal
atoms, the following two rate equations describe the
evolution of angular momentum as a result of collisions
between the alkali-metal atoms and the noble-gas atoms
under the influence of V1:
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Detailed balance requires that nbGb(Ab)5naGa(Ab),
where nk is the density of species k . For the important
noble gases 3He and 129Xe with Ib51/2, Eq. (14) sim-
plifies to

d
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@
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^

Sz&#

. (15)

Thus, in steady-state, if all other relaxation mechanisms
are neglected, the noble-gas nuclear-spin polarization
equilibrates to the same value as the alkali-metal
electron-spin polarization.

The characteristic rates G may be estimated from
time-dependent perturbation theory (Walker, 1989). For
example, given Ab(R) (Sec. V.B), the spin-exchange
rate is

FIG. 8. Polarization transfer processes. (a) Formation and
breakup of an alkali-metal/noble-gas van der Waals molecule.
(b) Binary collision between an alkali-metal atom and a noble-
gas atom.

634 T. G. Walker and W. Happer: Spin-exchange optical pumping . . .

Rev. Mod. Phys., Vol. 69, No. 2, April 1997

Spin Exchange via vdW complexes
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which is an average over the impact parameter b , the
velocity distribution f(w), and the classical collision tra-
jectory R(t). An order-of-magnitude estimate is
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where R0 is the distance of closest approach, w̄ is the
thermal speed, and t is the collision time. Spin-exchange
and relaxation cross sections obtained from the rates us-
ing the relation G5nsw̄ are shown in Figs. 9 and 10.
These figures show that, for most atom pairs, the spin-
relaxation cross sections exceed the spin-exchange cross
sections.

B. Photon efficiency

The efficiency of transfer of angular momentum in the
spin-exchange process is critical for applications, such as
magnetic resonance imaging and polarized targets, that
require large numbers of highly polarized noble-gas nu-
clei. The spin-rotation interaction represents a funda-
mental limit on the efficiency, but other relaxation
mechanisms contribute as well. As pointed out above
(Sec. III.C), in well-optimized systems, relaxation in the
bulk dominates over spin relaxation of the alkali-metal
atoms at the walls. Then bulk relaxation mechanisms
limit the photon-to-polarization conversion efficiency.

For small noble-gas polarizations, the angular mo-
mentum of the noble-gas nuclei increases at a rate found
from Eq. (14):
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where V is the cell volume, assumed to be fully illumi-
nated. Equations (3) and (13) give the rate at which pho-
tons are deposited in the cell as
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where Ḡ includes relaxation arising from the spin-
rotation interaction in collisions with noble-gas atoms
and other processes such as spin relaxation in collisions
between alkali-metal atoms or alkali-metal–N 2 colli-
sions.

The ratio of Eq. (18) to Eq. (19) determines the trans-
fer efficiency (Bhaskar, Happer, and McClelland, 1982):
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Estimates of the fundamental limiting efficiencies, where
Ḡ 5Ga(g), range from 0.04 for Rb-Xe to 0.38 for K-He.

V. SPIN-DEPENDENT INTERACTIONS

In this section we describe the current understanding
of the physical origins of the spin-dependent forces that
are so important for spin-exchange optical pumping. An
alkali-metal atom and a noble-gas atom interact via both
a large spin-independent interaction V0(R) and the
much smaller, spin-dependent part V1(R). V0 can be
used to calculate distorted partial waves for subsequent
distorted-wave Born approximations of the spin-
dependent effects of V1 (Newbury, Barton, Bogorad,
et al., 1993). Equivalently, at the high temperatures of
interest, V0 determines classical collision trajectories,

FIG. 9. Spin-exchange cross sections for alkali-metal/noble-gas
atom pairs: open symbols, theoretical estimates (Walker,
1989); filled symbols, measurements for Na-He (Soboll, 1972),
Rb-He (Coulter, 1989), Rb-Ne (Chupp and Coulter, 1985), and
Rb-Kr (Schaefer et al., 1990).

FIG. 10. Spin-relaxation cross sections for alkali-metal/noble-
gas atom pairs: open symbols, theoretical estimates (Walker,
1989; Walker et al., 1995); filled symbols, measurements for
Na-He (Soboll, 1972), Rb-He (Wagshul and Chupp, 1994),
K-Ar (Martin and Anderson, 1995), Rb-Ar,Kr,Xe (Bouchiat
et al., 1972), Cs-Kr (Beverini et al., 1973), and Na-Xe
(Bhaskar, Hou, Ligare, Suleman, and Happer, 1980).

635T. G. Walker and W. Happer: Spin-exchange optical pumping . . .

Rev. Mod. Phys., Vol. 69, No. 2, April 1997

Spin Exchange Cross Section
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Summary of T-violation search 
T violation is enhanced in compound nuclei reaction.
(Sensitivity can be better than EDM experiment.)

We start US-Japan collaboration NOPTREX.

T violation search in compound nuclei experiment requires 
complex system.

Intense neutron source
Epithermal neutron polarizer
Target polarization
Fast and efficient detector for epithermal neutrons
Neutron spin control


