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Why is there far more matter than antimatter?

• Baryon number violation

• Departure from thermal equilibrium

• C- and CP-violation

Sakharov conditions

nb/nγ = 10-18

nb/nγ = (0.61±0.02)×10-9

Observation

Standard Model
More CP-violation
(from unknown source) is required !
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Combinations of coupling constants

Coefficient values, from the compilation of:  
[J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21]
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T-odd Correlation in Compound Nuclei
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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
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P-odd

Epithermal 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

σ ⋅ k

T-odd

polarized neutron
polarized neutron polarized target

P-odd and T-odd
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P-violation in Compound Nuclei

Epithermal 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

polarized neutron

139La 0.097±0.003En = 0.734 eV

around p-wave resonance

2% of p-wave total cross section

s wave

p wave

neutron capture

P-violation is enhanced in  
the interference between s-wave and p-wave  

of compound nuclei.

polarized protonP-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

15MeV -(1.7±0.8)×10-7
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P-violation in Compound Nuclei
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P-violation in Compound Nuclei
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T-violation in Compound Nuclei
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T-violation in Compound Nuclei
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T-violation in Compound Nuclei
The interference between s-wave and p-wave results in the 
interference between partial waves with different channel spin.

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

= ΔσTP

ΔσP ≃ (−0.47)( ḡ(0)
π

h1π
+ (0.26) ḡ(1)

π

h1π )

h1
π = (3.04 ± 1.23) × 10−7

ḡ(0)
π < 2.5 × 10−10

ḡ(1)
π < 0.5 × 10−11

n+p→d+γ

nEDM

199Hg EDM

WT
W

< 3.9 × 10−4

ΔσT = κ(J) WT
W

ΔσP ΔσT < 1.0 × 10−4 barn
Discovery potential

Y.-H.Song et al.,  
Phys. Rev. C83 (2011) 065503,  
Phys. Rev. C84 (2011) 025501

T-violating pion exchange coupling

P-violating pion exchange coupling

κ(J) ∼ 1

Feasibility of T-violation experiment



T-violation in neutron scattering, 
13th International Symposium in spin physics (SPIN2021),  
21 Oct. 2021, Masaaki Kitaguchi, Nagoya University page 14

KEK, JAEA

Indiana Univ,. Kentucky Univ., 
RCNP, Nagoya Univ.

RCNP, Hiroshima Univ., 
Nagoya Univ., KEK

NOPTREX Collaboration
Neutron Optical Parity and Time Reversal EXperiment

J-PARC P76 KEK 2018S12

T-violation experiment at J-PARC



T-violation in neutron scattering, 
13th International Symposium in spin physics (SPIN2021),  
21 Oct. 2021, Masaaki Kitaguchi, Nagoya University page 15

KEK, JAEA

Indiana Univ,. Kentucky Univ., 
RCNP, Nagoya Univ.

RCNP, Hiroshima Univ., 
Nagoya Univ., KEK

NOPTREX Collaboration
Neutron Optical Parity and Time Reversal EXperiment

J-PARC P76 KEK 2018S12

T-violation experiment at J-PARC

Neutron

 Source

Neutron

 Polarizer

Neutron

 Analyzer

Neutron

 Detector

Polarized

Target

σ
k

I

Gamma-ray

Detector

Detectors

for 


Scattering 

Neutrons



T-violation in neutron scattering, 
13th International Symposium in spin physics (SPIN2021),  
21 Oct. 2021, Masaaki Kitaguchi, Nagoya University page 16

Feasibility of T-violation experiment

P(139La)≥0.4, V≥4cm×4cm×2.8cm
B0≤0.1T

Measurement Time [day]

discovery potential 
corresponding to 

dn =3.0×10-26 e cm

discovery potential 
corresponding to 

dn =3.0×10-27 e cm

(Existing Technology)

P( 3He)=70%, P( 139La)=40%

(Ultimate Technology)

P( 3He)=100%, P( 139La)=100% 
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T-violation in Compound Nuclei
The interference between s-wave and p-wave results in the 
interference between partial waves with different channel spin.

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

T-violation

Unknown parameter

P-violation

x =

s
�
p,j= 1

2
n

�p
n
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(n, γ) measurement for κ 
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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: 
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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) 
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(n, γ) measurement for κ 
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V2( j=1/2) = xV2 = V2 cosφ    
V2( j=3/2) = yV2 = V2 sinφ

(n,γ) cross section (unpolarized case)

determination of φ

γ

Flambaum, Nucl. Phys. A435 (1985) 352
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J-PARC MLF
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139La (n, γ) measurement

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.
2

Measurement of (n,γ) reaction
We	measured	139La(n,γ)	reac4on	at	J-PARC	BL04
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日本物理学会年次大会  2017/9/13　宇都宮大学 
Takuya Okudaira (Nagoya University)

page 9

(n,γ)反応の測定
(n,γ)反応を測定することでκ(J)を決定する
特定のガンマ線を選び出す必要がある→高エネルギー分解能を持つ検出器が必要

『複合核共鳴における時間反転対称性の破れ探索のための共鳴パラメータの測定』
日本物理学会 2016年秋季大会　2016年9月22日　宮崎大学木花キャンパス
高田秀佐 page 3�

J-PARC MLF BL04 クラスタ型Ge検出器

b�qS�W�

≈�

≈�

�0�c¯�

¤��
3§� ~140mm�

ËMZX�O�

�1��

�1��

���

ù��äĻŜñŉGe�(E�

~60mm�

à��ĵħĵƙ		22	�	
ŨžƒŬƖ)õè	:	2.4	keV	@	1.33MeV	
�(-¼		:	3.64	±	0.11	%	@1.33MeV	
DAQƓƖŻ	:	~	200	kHz	

�tRŨžƒŬƖŔ	
�tRģì�Ė(TOF)ĻŜ±Uķ�

J-PARC BL04  Ge検出器を使用してガンマ線の角分布を測定

2台のCluster検出器(上・下)　7ch ×2 : 14ch 
8台のCoaxial検出器(側面)      8ch 
計 22ch

2016年 12月
2017年 2月

2016年 4月  

エネルギー分解能 : 2.4keV @ 1.33MeV 
検出効率 : 3.64±0.11% @ 1.33MeV 
DAQレート : ~200kHz

高精度のLa測定, Br, Sn測定
本公演ではLaの測定及び解析結果

→Sn, Inの解析　古賀

前回発表
La, Xe, Inを測定
DAQを改善　高統計化に成功

今回

Neutrons

Pb collimator

Ge crystal

Target
gamma ray



T-violation in neutron scattering, 
13th International Symposium in spin physics (SPIN2021),  
21 Oct. 2021, Masaaki Kitaguchi, Nagoya University page 23

139La (n, γ) measurement

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.



T-violation in neutron scattering, 
13th International Symposium in spin physics (SPIN2021),  
21 Oct. 2021, Masaaki Kitaguchi, Nagoya University page 24

139La (n, γ) measurement

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.

ANGULAR DISTRIBUTION OF γ RAYS FROM … PHYSICAL REVIEW C 97, 034622 (2018)

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

HΝLΝ

FIG. 14. Visualization of the definitions of NL and NH.

emitted in (n,γ ) reactions induced by low-energy neutrons
according to s- and p-wave amplitudes [15]. The formalism
of the differential cross section of the (n,γ ) reaction induced
by unpolarized neutrons is described in Appendix E. We use I
as the spin of the target nuclei, J as the spin of the compound
nucleus, F as the spin of the final state of the γ -ray transition,
and l as the orbital angular momentum of the incident neutron.
The total neutron spin is defined as j = l + s, where s is the
neutron spin. The value of j is 1/2 for s-wave neutrons (l = 0)
and j = 1/2, 3/2 for p-wave neutrons (l = 1).

The p-wave resonance and two neighboring s-wave reso-
nances are considered in the negative- and positive-energy re-
gion, listed in Table II, in the following analysis. The resonance
energy and resonance width measured in this work is adopted
to the p-wave resonance (r = 2) and the values in Ref. [20] for
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the negative resonance and positive s-wave resonance (r = 1,
r = 3). The compound-nuclear spin of the negative s-wave
resonance is J1 = 4 [20]. The compound-nuclear spin of the
p-wave resonance is assumed to be the same as that of the
negative s-wave resonance, because both the negative s-wave
and the p-wave components were observed in the 5161 keV γ -
ray transition, which implies that J2 = 4. Nevertheless, the
compound-nuclear spin of the positive s-wave resonance is
taken as J3 = 3, because the 5161 keV transition was not
adequately observed in the resonance, as shown in Fig. 17.
The contributions of far s-wave resonances are assumed to be
negligibly small; that is, α1 = 0 in Eq. (E2).

The ratios of the γ width from each resonance to the ground
state can be determined by a comparison of the peak-height
ratio of the neutron resonance gated in the 5161 keV photopeak
between s1 wave, p wave, and s2 wave as

#
γ
s1,gnd

#
γ
s1

:
#

γ
p,gnd

#
γ
p

:
#

γ
s2,gnd

#
γ
s2,gnd

= 1 : 0.796 ± 0.020 : 0.009 ± 0.006. (12)

As shown in Fig. 17 and in Eq. (12), the branching ratio from
the s2-wave resonance to the ground state is very small. We

TABLE II. Resonance parameters of 139La used in the analysis.

r Er [eV] Jr lr #γ
r [meV] gr#

n
r [meV]

1 −48.63a 4a 0 62.2a (571.8)a,b s1

2 0.740 ± 0.002 4 1 40.41 ± 0.76 (5.6 ± 0.5) × 10−5 c p

3 72.30 ± 0.05b 3 0 75.64 ± 2.21c 11.76 ± 0.53c s2

aTaken from Refs. [20,21].
bThe neutron width for the negative resonance was calculated by using
|E1| instead of E1.
cTaken from Ref. [22].
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of (kR)2. Under this approximation, Eq. E1 is reduced
to

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(14)

Substituting Eq. 14 into Eq. 6, the angular dependence of
the γ-ray counts in the neutron energy regions Ep−2Γp ≤

En ≤ Ep and Ep ≤ En ≤ Ep + 2Γp can be written as
(

∂2Iγ
∂tm∂Ωγ

(tm,Ωγ)

)

L

=
I0
2
((a0)L + (a1)LP1(cos θγ)) ,

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

H

=
I0
2
((a0)H + (a1)HP1(cos θγ)) .

(15)

By convoluting with Eq. 7, the γ-ray counts (Iγ,d)L and
(Iγ,d)H to be measured by the d-th detector can be writ-
ten as

(Iγ,d)L,H =
I0
2

(
(a0)L,HPd,0 + (a1)L,HPd,1

)
. (16)

As the energy dependence of x2 and y2 is negligibly
small in the vicinity of the p-wave resonance (ip = 2),
(a1)L and (a1)H are linear functions of x2 and y2, thus
a function of φ2. The value of φ2 is determined by com-
paring

(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the

measured values A in Eq. 11.

A =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ2 − 0.345 sinφ2. (17)

Two solutions can be obtained as

φ2 = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (18)

The visualization of φ2 is shown in Fig. 18.
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FIG. 18. Visualization of the value of φ2 on the xy-plane.
The solid line and shaded area show the central values of φ2
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a unit circle.

IV. DISCUSSION

As the value of φ2 was obtained in the previous section,
the T-violation sensitivity is discussed in this section. We

5

Determination of φ
To evaluate the angular distribution, 
the asymmetry of the peak was calculated in each angle.

The angular distribution was compared with the theoretical calculation 
by Flambaum formalism

Experimental value Theoretical calculation
φ is obtained from this equation

8

possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

is

|Vis |
2 +

∑

ip

∣∣Vip

∣∣2 ,

a1 = 2Re
∑

isipj

VisV
∗
ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re

∑

ipji′pj
′

VipV
∗
i′p
zijzij′

×P (JipJi′pjj
′2IF )

⎧
⎨

⎩

2 1 1
0 1/2 1/2
2 j j′

⎫
⎬

⎭

(28)
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FIG. 14. Visualization of the definition of NL and NH.

by unpolarized neutrons can be written as1

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

rs

|Vrs |
2 +

∑

rp

∣∣Vrp

∣∣2 ,

a1 = 2Re
∑

rsipj

VrsV
∗
rpzrpjP (JrsJrp

1

2
j1IF ),

a3 = 3
√
10 Re

∑

rpjr′pj
′

VrpV
∗
r′p
zrpjzrpj′

×P (JrpJr′pjj
′2IF )

⎧
⎨

⎩

2 1 1
0 1/2 1/2
2 rp j′

⎫
⎬

⎭
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FIG. 16. Angular dependences of ALH. The solid line shows
the best fit.
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of (kR)2. Under this approximation, Eq. E1 is reduced
to

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(14)

Substituting Eq. 14 into Eq. 6, the angular dependence of
the γ-ray counts in the neutron energy regions Ep−2Γp ≤

En ≤ Ep and Ep ≤ En ≤ Ep + 2Γp can be written as
(

∂2Iγ
∂tm∂Ωγ

(tm,Ωγ)

)

L

=
I0
2
((a0)L + (a1)LP1(cos θγ)) ,

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

H

=
I0
2
((a0)H + (a1)HP1(cos θγ)) .

(15)

By convoluting with Eq. 7, the γ-ray counts (Iγ,d)L and
(Iγ,d)H to be measured by the d-th detector can be writ-
ten as

(Iγ,d)L,H =
I0
2

(
(a0)L,HPd,0 + (a1)L,HPd,1

)
. (16)

As the energy dependence of x2 and y2 is negligibly
small in the vicinity of the p-wave resonance (ip = 2),
(a1)L and (a1)H are linear functions of x2 and y2, thus
a function of φ2. The value of φ2 is determined by com-
paring

(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the

measured values A in Eq. 11.

A =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ2 − 0.345 sinφ2. (17)

Two solutions can be obtained as

φ2 = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (18)

The visualization of φ2 is shown in Fig. 18.
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FIG. 18. Visualization of the value of φ2 on the xy-plane.
The solid line and shaded area show the central values of φ2

and 1σ area, respectively. φ2 denotes an angle of a point on
a unit circle.

IV. DISCUSSION

As the value of φ2 was obtained in the previous section,
the T-violation sensitivity is discussed in this section. We

5

Determination of φ
To evaluate the angular distribution, 
the asymmetry of the peak was calculated in each angle.

The angular distribution was compared with the theoretical calculation 
by Flambaum formalism

Experimental value Theoretical calculation
φ is obtained from this equation

8

possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

is

|Vis |
2 +

∑

ip

∣∣Vip

∣∣2 ,

a1 = 2Re
∑

isipj

VisV
∗
ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re

∑

ipji′pj
′

VipV
∗
i′p
zijzij′

×P (JipJi′pjj
′2IF )

⎧
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⎩

2 1 1
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2 j j′

⎫
⎬

⎭
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by unpolarized neutrons can be written as1

dσnγf
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=

1

2

(
a0 + a1 cos θγ + a3
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by unpolarized neutrons can be written as1

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1
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))
,

a0 =
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|Vrs |
2 +
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rp

∣∣Vrp

∣∣2 ,
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15

NL NH

角度ごとのpeakの変化を定量的に評価する.  
Peakの前後での積分値NL,NHを計算し、非対称度ALHの角度依存性を求める

Neutron Energy[eV]

8

possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑
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|Vis |
2 +

∑
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∣∣2 ,
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∗
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2
j1IF ),
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√
10 Re
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36deg detector

ALHを角度ごとにプロット
F(x)=Ax+BでFit 
A=-0.388±0.024 
B=-0.075±0.011

実験値 理論値 この方程式を解きφを求める

11

As shown in Fig. 19 and Eq. 36, the branching ratio from1

s2-wave resonance to the ground state is very small. The2

negative s-wave amplitude V1, p-wave amplitude V2 and3

positive s-wave amplitude V3 can be written as4

V1f = −λ1f
(
|E1|
E

) 1
4 Γ1/2

E − E1 + iΓ1/2
,

V2f = −λ2f
(

E

E2

) 1
4 Γ2/2

E − E2 + iΓ2/2
,

V3f = −λ3f
(
E3

E

) 1
4 Γ3/2

E − E3 + iΓ3/2
.

(37)

The terms a0, a1 and a3 is given as5

a0 = λ21f

√
|E1|
E

Γ2
1/4

(E − E1)2 + Γ2
1/4

+λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

+λ23f

√
E3

E

Γ2
3/4

(E − E3)2 + Γ2
3/4

a1 = λ1fλ2f
Γ1Γ2(E − E1)(E − E2) + Γ2

1Γ
2
2/4

2 ((E − E1)2 + Γ2
1/4) ((E − E2)2 + Γ2

2/4)

×5

4

(
−x+

√
7

5
y

)

+λ3fλ2f
Γ3Γ2(E − E3)(E − E2) + Γ2

3Γ
2
2/4

2 ((E − E3)2 + Γ2
3/4) ((E − E3)2 + Γ2

2/4)

×3
√
3

4

(
x+

√
5

7
y

)

a3 = λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

33

280

(
−
√
35xy + y2

)
.

(38)

We define6

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA).

(39)

Here we ignore the a3 term since it is proportional7

to λ22f and is suppressed relative to the s-wave neutron8

width according to the centrifugal potential by the fac-9

tor of (kR)2. Under this approximation, the Eq. 28 is10

reduced as11

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(40)

Substituting Eq. 40 into Eq. 21, the angular dependence12

of the γ-ray count in the neutron energy regions Ep −13

2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written14

as15

(
∂2Iγ

∂tlap∂Ωγ
(tlap,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(41)

Convoluting with Eq. 23, the γ-ray count to be measured16

by the d-th detector can be written as17

(Iγ,d)L,H =
I0
2

(
(a0)L,HP 0,d + (a1)L,HP 1,d

)
.

(42)

Since the energy dependence of x1 and y1 is negligibly18

small in the vicinity of the p-wave resonance (ip = 2),19

(a1)L,H is a linear function of x1 and y1, thus a function20

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and21

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and22

NL+NH in Eq. 25 shown in Fig. 18. The angular depen-23

dences ofNL−NH andNL+NH are fitted by the functions24

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
25

respectively. A′, B′ and C ′ are fitting parameters. Since26

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can27

be written as28

C ′ =
I0
2
((a0)L + (a0)H) (43)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (44)

The fitting results of C ′ and A′/C ′ are29

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (45)

Two solutions are obtained as30

φ1 = (111.0+15.2
−7.9 )◦, (150.1+7.9

−15.2)
◦. (46)

IV. DISCUSSION31

From the result, x1 is calculated as32

x1 = −0.342+0.132
−0.234, −0.867+0.161

−0.060. (47)

W which given in Eq. 1 is calculated from obtained x as33

W = (−1.743+0.798
−1.096) meV, (−0.688+0.044

−0.157) meV.(48)

The parameters in Table. II are used in the calculation.34

The ratio of the P-odd amplitude and P-odd T-odd35

amplitude is given as36

|fPT|
|fP|

= κ(J)
WT

W
, (49)

where fPT is the P-odd T-odd amplitude, fP the P-odd37

amplitude, WT the Podd T-odd matrix element and W38

c c

角度依存性をFlambaum Formalismの理論計算と比較する

φの決定

measured 
slope

calculated with Flambaum s-p mixing model

T. OKUDAIRA et al. PHYSICAL REVIEW C 97, 034622 (2018)

FIG. 17. Comparison of expanded ∂Iγ /∂Em
γ gated in the vicini-

ties of s1-wave resonance (Em
n = 0.2−0.4 eV, black line), the p-wave

resonance (Em
n = 0.6−0.9 eV, shaded area with diagonal line), and

the s2-wave resonance (Em
n = 70−75 eV, solid shaded area).

define (a0)L, (a1)L, (a3)L, (a0)H, (a1)H, and (a3)H as

(a0,1,3)L =
∫ Ep

Ep−2#p

dE′
∫

d3pA a0,1,3$(tm,E′, pA),

(a0,1,3)H =
∫ Ep+2#p

Ep

dE′
∫

d3pA a0,1,3$(tm,E′, pA). (13)

Here, the a3 term is ignored because it is proportional to
λ2

2f and 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 to

dσnγf

d'γ

= 1
2

(a0 + a1 cos θγ ). (14)

Substituting Eq. (14) into Eqs. (5) and (6), the angular depen-
dence of the γ -ray counts in the neutron-energy regions Ep −
2#p ! En ! Ep and Ep ! En ! Ep + 2#p can be written as

(
∂2Iγ

∂tm∂'γ

(tm,'γ )
)

L

= I0

2
[(a0)L + (a1)LP1(cos θγ )],

(
∂2Iγ

∂tm∂'γ

(tm,'γ )
)

H

= I0

2
[(a0)H + (a1)HP1(cos θγ )].

(15)

By convoluting with Eq. (7), the γ -ray counts (Iγ ,d )L and
(Iγ ,d )H to be measured by the dth detector can be written as

(Iγ ,d )L,H = I0

2
[(a0)L,HPd,0 + (a1)L,HPd,1]. (16)

Because the energy dependence of x2 and y2 is negligibly small
in the vicinity of the p-wave resonance (rp = 2), (a1)L and
(a1)H are linear functions of x2 and y2 and are thus a function
of φ2. The value of φ2 is determined by comparing [(Iγ ,d )L −
(Iγ ,d )H]/[(Iγ ,d )L + (Iγ ,d )H] with the measured values A in

FIG. 18. Visualization of the value of φ2 on the xy plane. The
solid line and shaded area show the central values of the φ2 and 1σ

area, respectively. φ2 denotes an angle of a point on a unit circle.

Eq. (11):

A =
(a1)L − (a1)H

(a0)L + (a0)H

= 0.295 cos φ2 − 0.345 sin φ2. (17)

Two solutions can be obtained as

φ2 =
(
99.2+6.3

−5.3

)◦
,

(
161.9+5.3

−6.3

)◦
. (18)

The visualization of φ2 is shown in Fig. 18.

IV. DISCUSSION

Because the value ofφ2 was obtained in the previous section,
the T-violation sensitivity is discussed in this section. We obtain
x2 from Eqs. (18) and (E5) with resonance number rp = 2 as

x2 = −0.16+0.09
−0.11, −0.95+0.04

−0.03. (19)

This leads to the value of W which is given by Eq. (1) as

W =
(
13.2+18.1

−5.3

)
meV,

(
2.21+0.10

−0.06

)
meV. (20)

The published value of AL = (9.56 ± 0.35) × 10−2 in Ref. [7]
and the resonance parameters in Table I are used in the
calculation. Note that the neutron width of the negative s-wave
resonance #n

1 at the resonance energy of the p-wave resonance
is adopted.

The ratio of P-odd T-odd cross sections to P-odd cross
sections is given as

*σPT

*σp

= κ(J )
WT

W
, (21)

where *σPT is the P-odd T-odd cross section, *σp is the P-odd
cross section, WT is the P-odd T-odd matrix element, and W is

034622-8
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FIG. 13. ∂N/∂tlap in the vicinity of the p-wave resonance for each θ̄γ The central figure means degrees to the direction of
neutron momentum of cluster detectors and coaxial detectors. The hexagons and the circles in the central of the figure mean
each crystal of cluster detector and coaxial detector respectively.
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FIG. 14. Visualization of the definition of NL and NH.

by unpolarized neutrons can be written as1

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

rs

|Vrs |
2 +

∑

rp

∣∣Vrp

∣∣2 ,

a1 = 2Re
∑

rsipj

VrsV
∗
rpzrpjP (JrsJrp

1

2
j1IF ),

a3 = 3
√
10 Re

∑

rpjr′pj
′

VrpV
∗
r′p
zrpjzrpj′

×P (JrpJr′pjj
′2IF )

⎧
⎨

⎩

2 1 1
0 1/2 1/2
2 rp j′

⎫
⎬

⎭

(20)
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possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

is

|Vis |
2 +

∑

ip

∣∣Vip

∣∣2 ,

a1 = 2Re
∑

isipj

VisV
∗
ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re

∑

ipji′pj
′

VipV
∗
i′p
zijzij′

×P (JipJi′pjj
′2IF )

⎧
⎨

⎩

2 1 1
0 1/2 1/2
2 j j′

⎫
⎬

⎭

(28)

36deg detector

ALHを角度ごとにプロット
F(x)=Ax+BでFit 
A=-0.388±0.024 
B=-0.075±0.011

実験値 理論値 この方程式を解きφを求める
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As shown in Fig. 19 and Eq. 36, the branching ratio from1

s2-wave resonance to the ground state is very small. The2

negative s-wave amplitude V1, p-wave amplitude V2 and3

positive s-wave amplitude V3 can be written as4

V1f = −λ1f
(
|E1|
E

) 1
4 Γ1/2

E − E1 + iΓ1/2
,

V2f = −λ2f
(

E

E2

) 1
4 Γ2/2

E − E2 + iΓ2/2
,

V3f = −λ3f
(
E3

E

) 1
4 Γ3/2

E − E3 + iΓ3/2
.

(37)

The terms a0, a1 and a3 is given as5

a0 = λ21f

√
|E1|
E

Γ2
1/4

(E − E1)2 + Γ2
1/4

+λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

+λ23f

√
E3

E

Γ2
3/4

(E − E3)2 + Γ2
3/4

a1 = λ1fλ2f
Γ1Γ2(E − E1)(E − E2) + Γ2

1Γ
2
2/4

2 ((E − E1)2 + Γ2
1/4) ((E − E2)2 + Γ2

2/4)

×5

4

(
−x+

√
7

5
y

)

+λ3fλ2f
Γ3Γ2(E − E3)(E − E2) + Γ2

3Γ
2
2/4

2 ((E − E3)2 + Γ2
3/4) ((E − E3)2 + Γ2

2/4)

×3
√
3

4

(
x+

√
5

7
y

)

a3 = λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

33

280

(
−
√
35xy + y2

)
.

(38)

We define6

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA).

(39)

Here we ignore the a3 term since it is proportional7

to λ22f and is suppressed relative to the s-wave neutron8

width according to the centrifugal potential by the fac-9

tor of (kR)2. Under this approximation, the Eq. 28 is10

reduced as11

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(40)

Substituting Eq. 40 into Eq. 21, the angular dependence12

of the γ-ray count in the neutron energy regions Ep −13

2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written14

as15

(
∂2Iγ

∂tlap∂Ωγ
(tlap,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(41)

Convoluting with Eq. 23, the γ-ray count to be measured16

by the d-th detector can be written as17

(Iγ,d)L,H =
I0
2

(
(a0)L,HP 0,d + (a1)L,HP 1,d

)
.

(42)

Since the energy dependence of x1 and y1 is negligibly18

small in the vicinity of the p-wave resonance (ip = 2),19

(a1)L,H is a linear function of x1 and y1, thus a function20

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and21

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and22

NL+NH in Eq. 25 shown in Fig. 18. The angular depen-23

dences ofNL−NH andNL+NH are fitted by the functions24

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
25

respectively. A′, B′ and C ′ are fitting parameters. Since26

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can27

be written as28

C ′ =
I0
2
((a0)L + (a0)H) (43)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (44)

The fitting results of C ′ and A′/C ′ are29

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (45)

Two solutions are obtained as30

φ1 = (111.0+15.2
−7.9 )◦, (150.1+7.9

−15.2)
◦. (46)

IV. DISCUSSION31

From the result, x1 is calculated as32

x1 = −0.342+0.132
−0.234, −0.867+0.161

−0.060. (47)

W which given in Eq. 1 is calculated from obtained x as33

W = (−1.743+0.798
−1.096) meV, (−0.688+0.044

−0.157) meV.(48)

The parameters in Table. II are used in the calculation.34

The ratio of the P-odd amplitude and P-odd T-odd35

amplitude is given as36

|fPT|
|fP|

= κ(J)
WT

W
, (49)

where fPT is the P-odd T-odd amplitude, fP the P-odd37

amplitude, WT the Podd T-odd matrix element and W38

c c

角度依存性をFlambaum Formalismの理論計算と比較する

φの決定

x = cos�
<latexit sha1_base64="+JBqh9gadyWCpXyrtCVqQU/7KJs="></latexit><latexit sha1_base64="+JBqh9gadyWCpXyrtCVqQU/7KJs="></latexit><latexit sha1_base64="+JBqh9gadyWCpXyrtCVqQU/7KJs="></latexit><latexit sha1_base64="+JBqh9gadyWCpXyrtCVqQU/7KJs="></latexit>



T-violation in neutron scattering, 
13th International Symposium in spin physics (SPIN2021),  
21 Oct. 2021, Masaaki Kitaguchi, Nagoya University page 25

Estimation of Enhancement Factor

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.

(J) = 0.99+0.88
�0.07, 4.84

+5.58
1.69

<latexit sha1_base64="Y+cgmUu3hSDha0x2rWqA5ZSzwXU="></latexit><latexit sha1_base64="Y+cgmUu3hSDha0x2rWqA5ZSzwXU="></latexit><latexit sha1_base64="Y+cgmUu3hSDha0x2rWqA5ZSzwXU="></latexit><latexit sha1_base64="Y+cgmUu3hSDha0x2rWqA5ZSzwXU="></latexit>

γθcos
0.5− 0 0.5

LH
Α

0.4−

0.2−

0

0.2

7

71°

36°

72°108°
90°

109°

144°

Downstream

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 36 degγθ

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 71 degγθ

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 72 degγθ

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 90 degγθ

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 108 degγθ

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 144 degγθ

[eV] lapE
0.2 0.4 0.6 0.8 1 1.2 1.4

[a
rb

itr
ar

y 
un

it]
 

la
p

 E∂
 / γ

 I∂

0

1

2

3

4

5

 = 109 degγθ

FIG. 13. ∂N/∂tlap in the vicinity of the p-wave resonance for each θ̄γ The central figure means degrees to the direction of
neutron momentum of cluster detectors and coaxial detectors. The hexagons and the circles in the central of the figure mean
each crystal of cluster detector and coaxial detector respectively.
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FIG. 14. Visualization of the definition of NL and NH.

by unpolarized neutrons can be written as1

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

rs

|Vrs |
2 +

∑

rp

∣∣Vrp

∣∣2 ,

a1 = 2Re
∑

rsipj

VrsV
∗
rpzrpjP (JrsJrp

1

2
j1IF ),

a3 = 3
√
10 Re

∑

rpjr′pj
′

VrpV
∗
r′p
zrpjzrpj′

×P (JrpJr′pjj
′2IF )

⎧
⎨

⎩

2 1 1
0 1/2 1/2
2 rp j′

⎫
⎬

⎭
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possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

is

|Vis |
2 +

∑

ip

∣∣Vip

∣∣2 ,

a1 = 2Re
∑

isipj

VisV
∗
ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re

∑

ipji′pj
′

VipV
∗
i′p
zijzij′

×P (JipJi′pjj
′2IF )

⎧
⎨

⎩
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⎫
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⎭

(28)

36deg detector

ALHを角度ごとにプロット
F(x)=Ax+BでFit 
A=-0.388±0.024 
B=-0.075±0.011
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As shown in Fig. 19 and Eq. 36, the branching ratio from1

s2-wave resonance to the ground state is very small. The2

negative s-wave amplitude V1, p-wave amplitude V2 and3

positive s-wave amplitude V3 can be written as4

V1f = −λ1f
(
|E1|
E

) 1
4 Γ1/2

E − E1 + iΓ1/2
,

V2f = −λ2f
(

E

E2

) 1
4 Γ2/2

E − E2 + iΓ2/2
,

V3f = −λ3f
(
E3

E

) 1
4 Γ3/2

E − E3 + iΓ3/2
.

(37)

The terms a0, a1 and a3 is given as5

a0 = λ21f

√
|E1|
E

Γ2
1/4

(E − E1)2 + Γ2
1/4

+λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

+λ23f

√
E3

E

Γ2
3/4

(E − E3)2 + Γ2
3/4

a1 = λ1fλ2f
Γ1Γ2(E − E1)(E − E2) + Γ2

1Γ
2
2/4

2 ((E − E1)2 + Γ2
1/4) ((E − E2)2 + Γ2

2/4)

×5

4

(
−x+

√
7

5
y
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(
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√
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(38)

We define6

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA).

(39)

Here we ignore the a3 term since it is proportional7

to λ22f and is suppressed relative to the s-wave neutron8

width according to the centrifugal potential by the fac-9

tor of (kR)2. Under this approximation, the Eq. 28 is10

reduced as11

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(40)

Substituting Eq. 40 into Eq. 21, the angular dependence12

of the γ-ray count in the neutron energy regions Ep −13

2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written14

as15

(
∂2Iγ

∂tlap∂Ωγ
(tlap,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(41)

Convoluting with Eq. 23, the γ-ray count to be measured16

by the d-th detector can be written as17

(Iγ,d)L,H =
I0
2

(
(a0)L,HP 0,d + (a1)L,HP 1,d

)
.

(42)

Since the energy dependence of x1 and y1 is negligibly18

small in the vicinity of the p-wave resonance (ip = 2),19

(a1)L,H is a linear function of x1 and y1, thus a function20

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and21

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and22

NL+NH in Eq. 25 shown in Fig. 18. The angular depen-23

dences ofNL−NH andNL+NH are fitted by the functions24

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
25

respectively. A′, B′ and C ′ are fitting parameters. Since26

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can27

be written as28

C ′ =
I0
2
((a0)L + (a0)H) (43)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (44)

The fitting results of C ′ and A′/C ′ are29

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (45)

Two solutions are obtained as30

φ1 = (111.0+15.2
−7.9 )◦, (150.1+7.9

−15.2)
◦. (46)

IV. DISCUSSION31

From the result, x1 is calculated as32

x1 = −0.342+0.132
−0.234, −0.867+0.161

−0.060. (47)

W which given in Eq. 1 is calculated from obtained x as33

W = (−1.743+0.798
−1.096) meV, (−0.688+0.044

−0.157) meV.(48)

The parameters in Table. II are used in the calculation.34

The ratio of the P-odd amplitude and P-odd T-odd35

amplitude is given as36

|fPT|
|fP|

= κ(J)
WT

W
, (49)

where fPT is the P-odd T-odd amplitude, fP the P-odd37

amplitude, WT the Podd T-odd matrix element and W38

c c

角度依存性をFlambaum Formalismの理論計算と比較する

φの決定
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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: 
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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) 
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(n, γ) measurement with polarized neutrons 
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Fig. 1. The schematic diagram of the gas-filling station to fabricate 3He cells.

measuring time at intense neutron beam facilities, those may be done
without re-polarizing the 3He cell. In order to keep high 3He polariza-
tion during the experiment, a long relaxation time of 3He polarization
is required, which makes details of the fabrication process of the 3He
cells important.

On the other hand, in the in-situ method, the 3He cell is installed
along with a laser system onto a neutron beamline. This method is
suitable for longer experiments because a stable 3He polarization can be
maintained for weeks. However, a larger space compared to the space
required for the ex-situ method is needed, and the safety regulations
involving the use of high powered lasers on a neutron beamline must
be considered. For details of the technique for optically polarized 3He
and its application, please see a reviewed paper Ref. [10].

At MLF of J-PARC, world class intense pulsed neutron beams are
provided to 23 neutron beamlines, and many neutron scattering exper-
iments are conducted [11]. In Japan, the fundamental development of
3He polarization technique based on SEOP began in the 1990s [12],
and further development is still ongoing by Ino et al. at High Energy
Accelerator Research Organization [13–17]. An in-situ SEOP system
dedicated for a polarized neutron spectrometer POLANO [11,18] at
beamline No. 23 has been developed, and now under commission-
ing [15,16]. In order to promote user experiments using 3He spin filters
on the other beamlines at MLF, we are carrying out the development of
3He spin filters with both in-situ and ex-situ methods for their versatile
uses on site at J-PARC. Experiments demonstrating their use have been
performed on several beamlines. User experiments and fabrication of
3He cells have recently begun. In this paper, we report development
and utilization of 3He spin filters at MLF of J-PARC.

2. Gas-filling station

As mentioned in the previous section, a clean gas-filling station and
fabrication process without impurities are important for a 3He cell with
long relaxation time. The first gas-filling station was constructed in
2018 at J-PARC. The schematic diagram of the gas-filling station is
shown in Fig. 1. All the gas lines are wrapped with heaters for vacuum
bake-out. An ultimate pressure of the gas-filling station was 5ù10

*8 Pa
after baking at 150 ˝C for a few days.

Boron-free aluminosilicate GE180 glass is widely used for the glass
cell of a 3He spin filter due to a small wall relaxation effect and low
permeability of 3He [4,19–21]. Our fabrication process of 3He cells is
similar to those of NIST, JCNS, and ORNL [19–21]. A cylindrical-shaped
glass cell made of GE180 is attached to a glassware made of Pyrex glass,
which is referred to as ‘‘string’’, (Fig. 2). The glass cell and the string are
rinsed with neutral detergent, pure water, acetone, and alcohol before
connecting to the gas-filling station. Rubidium and potassium ampoules

Fig. 2. The glassware used to fabricate a 3He cell. The ampoules are put in the parts
labeled as K ampoule and Rb ampoule in the figure. The glass cell made of GE180 is
attached to the string made of Pyrex at the top of the glass cell. The string is connected
to the pumping station using a Swagelok connector at the metal tube.

Fig. 3. 3He cell (Sekichiku) fabricated at J-PARC.

Table 1
List of 3He cells using rubidium and potassium with long relaxation times at J-PARC.
Name Dimensions [mm] 3He pressure [atm] T

1
[h]

Chidori �45 ù 75 3.1 201
Karigane �45 ù 75 3.1 180
Sekichiku �60 ù 60 3.1 175
Hanabishi �40 ù 90 3.1 165

are also rinsed with acetone and alcohol. After connecting the string
to the gas-filling station, the ampoules are put in the string without
breaking the ampoules, and the string is sealed off with a gas torch. The
ampoules are broken in a nitrogen atmosphere by dropping hammers
made of an iron rod covered with glass. The string and the glass cell
are baked out for a week at 200 ˝C and 400 ˝C, respectively. In the
next step, rubidium and potassium are distilled to retorts at 200 ˝C
and 220 ˝C, respectively, by using the heaters. After that, the glass
tube parts containing ampoules and hammers are pulled off with a gas
torch. The glass cell and the string are baked out again for one week,
and then the alkali metals in the retorts are distilled to the glass cell.
Finally, 3He and N

2
gases purified using GC50 getters (SAES Getters)

are filled to the glass cell, and the glass cell is sealed off by placing a gas
torch at the Pyrex part. When encapsulating the gases above 1 atm, the
glass cell is submerged in liquid nitrogen to keep the pressure inside the
glass cell below 1 atm while sealing. So far, nine 3He cells have been
fabricated with 3He pressures of 3.1 atm using the gas-filling station
at J-PARC, and four of them have found to have spin relaxation times
over 150 hours. A list of these 3He cells and a photograph of Sekichiku
cell are presented in Table 1 and Fig. 3, respectively.
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Fig. 10. Photograph of the ex-situ system installed at ANNRI beamline. The coil
wrapped with permalloy sheets, NMR system, and 3He cell were placed between the
iron shields.

Fig. 11. Photograph of the in-situ system installed at SHARAKU beamline.

5.3. BL17 SHARAKU

A trial experiment using the in-situ system on a beamline for neu-
tron reflectometry: BL17 SHARAKU [11,37] was performed [28]. The
SHARAKU beamline has a neutron polarizer and an analyzer consisting
of supermirrors. Some of the supermirrors are stacked vertically in
order to cover a wide area, which analyze the scattered neutron spins
with wavelengths longer than 0.2 nm. However, some neutrons, which
transmitted through the supermirrors are scattered by the supermir-
rors, and spacial distribution of neutrons reflected from a sample is
disturbed. A 3He spin filter was used as the analyzer instead of the
supermirrors to reduce uncertainty produced with the supermirrors
(Fig. 11). The 3He cell using pure Rb with a pressure thickness of
11.1 atm�cm, diameter of 35 mm, and length of 55 mm was used. A
Fe-Cr multi-layered thin film was used as a sample, and off-specular
measurements were performed using the in-situ system. The 3He polar-
ization was 60% during the experiment. The in-situ system successfully
demonstrated and worked stably over 4 days of the experimental time.
The sample had been measured previously at ISIS, and we obtained the
identical results on SHARAKU. This satisfactory implies that our in-situ
system worked as designed.

5.4. BL06 VIN ROSE

BL06 VIN ROSE [11,38] is equipped with a modulated intensity
by zero effort (MIEZE) spectrometer to analyze the slow dynamics of
condensed matter by measuring the intermediate scattering function.
Experiments using a combination of a MIEZE spectrometer and the
time of flight (TOF-MIEZE [39]) method have been carried out, and
additionally, polarization analysis of scattered neutrons by a sample is
planned in order to study spin dynamics by installing a spin analyzer.
We installed a 3He cell after the sample position as an analyzer to
confirm that the 3He spin filter can be used for the MIEZE spectrom-
eter [29]. The MIEZE signal was measured with and without the 3He
cell, and no difference was observed in the signal contrast. This result

Fig. 12. Photograph of the ex-situ system installed on the VIN ROSE beamline. The
polarized neutron beam was scattered by the sample, and the spin of the scattered
neutron was analyzed with the 3He spin filter. The vacuum duct was wrapped with
boron sheets to reduce background neutrons.

implies that diffusion of 3He gas does not affect the MIEZE signal
and a 3He spin filter can be used as a second analyzer in the MIEZE
spectrometer. Furthermore, in 2020, an experiment to measure the spin
dynamics of ferrofluid was conducted by using a 3He spin filter as
shown in Fig. 12. The 3He polarization of 72% and relaxation time
of 120 h was achieved on this beamline in the experiment, and the
analysis is currently underway.

5.5. BL15 TAIKAN

BL15 TAIKAN [11,40] is a small and wide angle neutron scattering
instrument. We conducted a trial experiment to measure coherent and
incoherent scattering cross sections from hydrogen contained material
by analyzing scattered neutrons using the in-situ system [30]. Supermir-
rors were installed upstream of the beamline as a neutron polarizer,
and the 3He spin filter was used as a spin analyzer. Silver behenate
was used as the sample, and the 3He cell with pure Rb was placed
120 mm downstream of the sample. The diameter of 3He cell was
35 mm, the length was 55 mm, and the gas pressure was 3 atm. A stable
3He polarization of 68% was kept during the experiment. Scattered
neutrons reaching a part of the small-angle detector bank were spin
analyzed. The coherent and incoherent scattering components were
successfully separated by analyzing the scattered neutrons. Although
the trial experiment was successful, the solid angle of the 3He cell was
inadequate and the pressure–thickness was not suitable for the neutron
wavelength used in TAIKAN. In order to cover a larger solid angle, an
ex-situ SEOP system using a larger 3He cell, which is to be placed 10 mm
downstream of the sample, is being prepared (Fig. 13). A new 3He cell
with rubidium and potassium has been fabricated with a diameter of
60 mm, a thickness of 40 mm, and a gas pressure of 1.5 atm for cold
neutrons. More trial and user experiments will be carried out in 2020.

5.6. BL21 NOVA

Experiments using 3He spin filters at BL21 NOVA [11,41], which is
a total diffractometer, are also planned. NOVA is equipped with large
solid angle neutron detectors. The detectors and a sample are installed
in a large vacuum chamber. We are planning to install two ex-situ
systems upstream of the beamline and around the sample to perform
polarized neutron scattering experiments. The schematic view of the
ex-situ systems at NOVA is shown in Fig. 14. The ex-situ system for the
polarizer is installed at the upstream of the beamline, and the neutron
polarization is held by the magnetic field produced with a guide coil
to the sample. The scattered neutrons by the sample are analyzed with
two 3He cells. This ex-situ system for the analyzer which can be installed
to the vacuum chamber is developed as shown in Fig. 15. A sample is
suspended from the top of the vacuum flange. The neutrons scattered
by the sample are analyzed with two 3He cells placed at a distance of
20 mm from the sample. The stage for the 3He cells can be rotated
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Relaxation time > 100 hours

3He Cell
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Candidates for T-violation search

Mitchell, Phys. Rep. 354 (2001) 157
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Polarized target R&D
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Summary
Discrete symmetry violation is enhanced in Compound States 
induced by Epithermal Neutron.

We start US-China-Japan collaboration NOPTREX.

T-violation in compound nuclei has a discovery potential of 
new physics beyond the standard model.

Intense neutron source
Epithermal neutron polarizer

Target polarization

Feasibility study and R&D starts.

Statistical nature of compound states

(n, γ) for enhancement factor

Triplet-DNP


