
1

for NOPTREX collaboration

Takuya Okudaira


φ lab, Nagoya Univ.

Current status of NOPTREX 
experiment at J-PARC

1



2

24 Chapter 3. The angular distribution in (n,γ) reaction

1. 2.

3. 4.

Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The
circle denotes the weak interaction.

is the weak matrix element. Here gr is statistical weight factor and defined as

gr =
2Jr + 1

2(2I + 1)
, (3.2)

where Jr and I is the angular momentum of the compound status and spin of the target nucleus. When
the interference between an s-wave and a p-wave amplitude is considered, V1 − V4 are given as follows.
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Here, the contributions of the other far s-wave resonances are taken into account as the correction term
α, β and γ.
The differential cross section of the (n,γ) reaction induced by polarized and unpolarized neutrons can be
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P-violation in fundamental interaction

T-violation in fundamental interaction

Conversion factor 

from P-violation to T-violation

partial neutron width of p-wave resonance

κ(J) also depends on the partial neutron width

T violation

in a compound 

nucleus
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in a compound 

nucleus

14 Chapter 2. Discrete symmetry violation in a compound nucleus

due to the relation Γn
p = Γn
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+ Γn
p,j= 3

2

. A mixing angle φ of j = 1/2 and j = 3/2 components can
then be defined as

x = cosφ, y = sinφ. (2.17)

κ(J) is given as a function of x and y for the case of J = I − 1
2 and J = I − 3
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The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
of κ(J) has not yet been measured in all nuclei, and it is necessary to determine κ(J) to estimate the
T-violating cross section by measuring x.
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Figure 2.3: Comparison of the φ dependence of κ(J) for 139La (black line),131Xe (pink line) ,117Sn (blue
line) and 81Br (red line).

2.2. Enhancement of T-violation in a compound nucleus 13

obtain N ∼ 105. Therefore the weak matrix element can be described as
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Here, the condition that the phase of ai and bj appear at random are used in Eq 2.12. Therefore
2W/Ep − Es in Eq 2.7 can be written as
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where 〈i|HPNC |j〉/∆E is the magnitude of the P-violating effect in the single particle state which
is order of ∼ 10−7, and

√
N = 102 ∼ 103. The factor 2W/(Ep − Es) is referred to as "dynamic

enhancement".
On the other hand,

√
Γn
s /Γ

n
p in Eq 2.7 is referred to as "structural enhancement". The neutron width

is proportional to a factor of the centrifugal potential, (kR)2l+1. If we use typical values of k ∼ 2 ×
10−4 fm−1 and R ∼10 fm, this enhancement factor

√
Γn
s /Γ

n
p is approximately 103. If we assume that x

is the order of 1, we can obtain AL ∼ 10−1, and the large enhancement in the compound nucleus can be
explained theoretically. However, x has not been determined.

2.2 Enhancement of T-violation in a compound nucleus

V. P. Gudkov predicted that CP-violation can be also enhanced through the same mechanism of P-
violation enhancement [48]. The T-violating cross section ∆σT is written as

∆σT = κ(J)
WT

W
∆σP (2.14)

where ∆σP is the P-violating cross section, WT and W are the T-violating and P-violating matrix ele-
ments, and κ(J) is a spin factor. κ(J) is represented by two channel spin components of S = I + 1/2

and S = I − 1/2 and the spin of the target nucleus I , and represented as
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, y2 =
Γn
p,j= 3

2

Γn
p

. (2.15)

x and y satisfy
x2 + y2 = 1 (2.16)

Large ΔσP and κ(J) are better → Large T-violating cross section

Enhanced P-violation ΔσP → Enhanced T-violation ΔσT

V. P. Gudkov. Phys. Rep., 212:77, 1992.  

Enhancement of T-violation
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Conversion factor from P- to T-violation : κ(J)
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κ(J) can be written by the nuclear spin and partial neutron width 

Determination of κ(J)

→ Measurement of Φ 
with (n,γ) reactions
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The sensitivity of the T-violation search depends on the nucleus

2.1. PNC effect in a compound nucleus 11
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Figure 2.1: Schematics of a p-wave resonance located at the tail of a large s-wave resonance. The large
enhanced P-violation has been observed at such p-wave resonance.
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Search for T-violation
→Cross section measurement of polarized neutrons and polarized target

Neutron momentum

2.3. Experimental principle of the T-violation search 15

2.3 Experimental principle of the T-violation search

Since the T-violating effect can be enhanced in the nucleus similar to the enhanced P-violation as shown
in the previous section, the T-violation can be searched for with high precision using a compound nucleus.
The best method to search for the T-violating effect is a measurement of a neutron transmission. This
method has the advantage that T-odd effects due to the final-state interaction are expected to be negligibly
small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.18)

where σ,Î and k̂ are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state Ui

is transformed into the outgoing neutron spin state Uf given as

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f, (2.19)

where z is the thickness of the target, ρ is the number density of the material and k is the neutron wave
length. Here S is described as

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.20)

A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z =
2πρz

k

b = Z
√

B′2 + C ′2 +D′2. (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is

Nuclear spin
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A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z =
2πρz

k

b = Z
√

B′2 + C ′2 +D′2. (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is

2.3. Experimental principle of the T-violation search 15

2.3 Experimental principle of the T-violation search

Since the T-violating effect can be enhanced in the nucleus similar to the enhanced P-violation as shown
in the previous section, the T-violation can be searched for with high precision using a compound nucleus.
The best method to search for the T-violating effect is a measurement of a neutron transmission. This
method has the advantage that T-odd effects due to the final-state interaction are expected to be negligibly
small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as
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small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.18)

where σ,Î and k̂ are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state Ui

is transformed into the outgoing neutron spin state Uf given as

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f, (2.19)

where z is the thickness of the target, ρ is the number density of the material and k is the neutron wave
length. Here S is described as

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.20)

A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z =
2πρz

k

b = Z
√

B′2 + C ′2 +D′2. (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is

t→-t
opposite sign 

Forward scattering amplitude

Cross section depending on spins

→T-violation
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Fundamental T-violation in nucleon interaction

4. Measurement of T-violating cross section ΔσT

Plan for T-violation search

1. Selection of target nuclei

→Large P-violation, large κ(J)

2.Neutron polarization device
→Depends on resonance energy

3. Polarized target
→Depends on nuclear spin, 
chemical properties

4. Neutron detector
→High counting rate

1. Verification of s-p mixing
→Angular correlation, 

neutron transmission with polarized target

→Study of nuclear reaction
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3.1. The angular distributions in (n,γ) reactions 25

written as

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.4)

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.5)

n
kn

kγ

σn

σγ

γV. V. Flambaum et al, Nuclear Physics A, vol. 435, no. 2, pp. 352 – 380, 1985. 
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Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The
circle denotes the weak interaction.

is the weak matrix element. Here gr is statistical weight factor and defined as

gr =
2Jr + 1

2(2I + 1)
, (3.2)

where Jr and I is the angular momentum of the compound status and spin of the target nucleus. When
the interference between an s-wave and a p-wave amplitude is considered, V1 − V4 are given as follows.
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Here, the contributions of the other far s-wave resonances are taken into account as the correction term
α, β and γ.
The differential cross section of the (n,γ) reaction induced by polarized and unpolarized neutrons can be
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Unpolarized neutron: 
2017~

Polarized neutrons : 
2019~

(with 3He spin filter)

γ-ray polarization : 
2021~

(with γ-ray polarimeter )

3.1. The angular distributions in (n,γ) reactions 25

written as

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.4)

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−
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3
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)
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(
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)
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(
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1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.5)

 term can be written by Φ parametera

n
kn

kγ

σn

σγ

γ
Angular distribution of (n,γ) reactions
V. V. Flambaum et al, Nuclear Physics A, vol. 435, no. 2, pp. 352 – 380, 1985. 
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(n,γ)反応を測

A

BL04  ANNRI
Ge detectors

Disk chopper

T0 Chopper
Filter

Collimator 

Beam stopper

21.5m

The experiments to determine κ(J) is ongoing at ANNRI (Accurate 
Neutron-Nucleus Reaction measurement Instrument) beam line in J-PARC 

BL04  Ge Detectors

Cluster detector

Coaxial detector
2 Cluster Detector (up・down)   7ch ×2 : 14ch

8 Coaxial Detector (side)      8ch

Total 22ch

Target

Angular distribution of (n,γ) reactions
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• Well-separated γ-rays emitted from the p-wave
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• p-wave with low energy and away from s-wave

2

and was collimated to be 22 mm in diameter at the tar-31

get position. The lead filters (37.5 mm in total) played32

a role to suppress background stemmed from fast neu-33

trons and �-flashes. The disk chopper was operated34

synchronously with the proton-beam injection in order35

to avoid frame overlap due to low-energy neutrons.36

A germanium detector assembly was used to detect37

� rays emitted from the target. The germanium de-38

tector assembly consists of 22 high purity germanium39

crystals which were placed at angles from 36� to 144�40

with respect to the incident neutron-beam direction [5].41

The detectors are denoted by d1 to d22. Table I sum-42

marizes the polar angle ✓ and the azimuthal angle � in43

the spherical coordinate. All germanium detectors were44

operated at 77 K by liquid nitrogen and a mechanical45

refrigerator during the measurement.46

The output signal from each crystal was processed47

independently. The signals were fed into a signal-48

processing module CAEN V1724 [6], which can record49

the pulse height digitized by the analog-to-digital con-50

verter and the time interval tm between injection of the51

proton beam bunch and the detection time of the �52

rays from the target. This time information for prompt53

� rays corresponds to a time-of-flight (TOF) that a neu-54

tron travels from the moderator surface to the target.55

Two signals closer than 0.4 µs are recorded as a sin-56

gle event, while their pulse heights are recorded as zero57

when the time difference between them is from 0.4 to58

3.2 µs. These behaviors are independent of the pulse59

heights of the two signals. A more detailed explanation60

for the experimental setup is described in Ref. [4]61

B. Measurement62

The target was a tin plate with dimensions of 40⇥40⇥63

4 mm3 and natural isotopic abundance, hence 7.68% of64
117Sn. The chemical purity was 99.9%. The total mea-65

surement time was about 65 hours. The deposited �-66

ray energy calibration was performed by full-absorption67

peaks of � rays emitted from the 27Al(n, �) reactions.68

Figure 1 shows the spectrum of the deposited �-ray69

energy (Em

� ) in all detectors. The �-transition from the70

compound state of 118Sn to the ground state with the71

energy of 9327 keV and its single- and double-escape72

peaks can be seen clearly. It is known that the com-73

pound state in the p-wave resonance decays to the74

ground state of 118Sn directly. Therefore, we focused75

our analysis on the peak with 9327 keV and its single-76

and double-escape peaks. The �-ray peak of 9563 keV77

stemmed from the 115Sn(n, �) reactions.78

Figure 2 shows an energy spectrum of neutrons ab-79

sorbed by the target in all detectors. The incident neu-80

tron energy Em

n was calculated using the kinetic energy81
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Figure 1. Deposited �-ray energy spectrum due to neutron
capture in the target shown in the range of 8-10 MeV.

formula of classical mechanics as82

Em

n =
mn

2

✓
L

tm

◆2

, (2)

where mn is the neutron mass and L is the flight length83

of neutron (21.5 m). The peak of 1.33 eV is a p-wave84

resonance of 118Sn of interest to us. One can see an85

s-wave resonance of 116In at 1.45 eV and a p-wave reso-86

nance of 120Sn at 6.22 eV. Because the cross section of87

the 1.45 eV s-wave resonance is about 104 times larger88

than that of the 1.33 eV p-wave resonance, their count89

rates become comparable even if the target is contami-90

nated by 0.01% of 116In. The pulse heights information91

was lost about 2% of total �-ray counts in the 1.33 eV92

p-wave resonance region, which was corrected in the fol-93

lowing analysis. The ratio of events that two signals are94

regarded as a single event was estimated as 0.3% of to-95

tal �-ray counts in the 1.33 eV p-wave resonance region,96

which is negligibly small compared with the statistical97

error of the �-ray peak counts focused in this study.98

The resonance parameters of the p-wave resonance99

and a negative s-wave resonance were measured using a100
117Sn-enriched tin target. The measurement time was101

about 3 hours. The resonance parameters were de-102

termined by fitting the p-wave resonance gated with103

Em

� � 2 MeV using the Breit-Wigner function convo-104

luted with the Doppler broadening effect and the time105

structure of the pulsed neutron beam [7]. Table II sum-106

marizes the resonance parameters used in this work.107

117Sn

!X

[keV] Gamma Energy
5500 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000

co
un

t

[keV] Gamma Energy
6000 6100 6200 6300 6400 6500 6600 6700 6800 6900 7000

co
un

t

310

410

×5

×2.5

拡大率
必要なら今度のビームタイムで測定する必要がある。

31.24 eV, J = 2

31.24 eV, J = 3

ほとんどがsingle escapeこのページの範囲くらいしか分離できなさそう

111I

Gamma Energy[keV]

9327keV

Nuclides that are easy to measure (n,γ) reactions
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Angular distribution of 139La(n,γ)140La reactions

24

Chapter 3. The angular distribution in (n,γ) reaction
1.

2.

3.
4.

Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The

circle denotes the weak interaction.

is the weak matrix element. Here gr is statistical weight factor and defined as
gr =

2Jr + 1
2(2I + 1)

,

(3.2)

where Jr and I is the angular momentum of the compound status and spin of the target nucleus. When

the interference between an s-wave and a p-wave amplitude is considered, V1 − V4 are given as follows.V1 = − π
2k

√
grsΓn

rsΓ
γ
rsi(1 + α)

En − Ers + iΓrs/2
V2 = − π

2k

√
grpΓn

rpΓ
γ
rpi

En − Erp + iΓrp/2
V3 = − π

2k

√
grsΓn

rsW
√
Γγ
rpi(1 + β)(En − Erp + iΓrp/2)(En − Ers + iΓrs/2)V4 = − π

2k

√
grpΓn

rpW
√
Γγ
rsi(1 + γ)(En − Ers + iΓrs/2)(En − Erp + iΓrp/2)

,
(3.3)

Here, the contributions of the other far s-wave resonances are taken into account as the correction term

α, β and γ.
The differential cross section of the (n,γ) reaction induced by polarized and unpolarized neutrons can be

γ
θ

̂kn ⋅ ̂kγ

T. OKUDAIRA et al. PHYSICAL REVIEW C 104, 014601 (2021)

FIG. 1. γ -ray counts as a function of tm. It is normalized relative
to the incident beam intensity as a function of tm.

relative to the incident beam spectrum for tm, which is ob-
tained from a measurement of the 477.6 keV γ rays in the
neutron absorption reaction of 10B with an enriched 10B target.
The small peak at tm ∼ 1800 µs is the p-wave resonance,
and the 1/v component is mainly derived from the tail of an
s-wave resonance in the negative energy region as listed in
Table I. Figure 2 shows a γ -ray spectrum defined as ∂Iγ /∂Em

γ .
Photopeaks of γ -ray transitions of 139La(n, γ ) 140La reac-
tions to the lower excited and ground states are observed
in Fig. 2. A schematic diagram of the level scheme of the
139La(n, γ ) 140La reaction is also shown in Fig. 3 [15]. Here,
we focus on the intense transitions to the lower excited states
of 30 keV, 35 keV, 63 keV, 273 keV, 319 keV, 658 keV,
745 keV, 772 keV, and the inclusive γ -ray transitions. His-
tograms of ∂Iγ /∂Em

n gated with each photopeak and inclusive
γ rays are shown in Fig. 4. We can see that the 0.74 eV
p-wave resonance appears in several transitions. Note that the
histograms are the sum of all detector angles. The photopeak
region was taken as the full width at the quarter maximum.
Since the photopeaks of the 5126 keV and 5131 keV com-
pletely overlap, they are considered to be one photopeak. As a
gated energy region for inclusive γ rays, 2000 keV ! Em

γ !
5170 keV was taken. The histograms were normalized by the

TABLE I. Resonance parameters of the neutron resonances of
139La +n. The resonance parameters Er , Jr , lr , #γ

r , gr , and #n
r are

resonance energy, total angular momentum, orbital angular momen-
tum, γ width, g factor, and neutron width, respectively. Parameter r
denotes the resonance number. The spin and parity of 139La are 7/2+,
and therefore the p-wave resonance has negative parity.

r Er [eV] Jr lr #γ
r [meV] gr#

n
r [meV]

1 −48.63a 4a 0 62.2a (571.8)a,*

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

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

aReferences [11,12].
bReference [8].
cReference [13].
dcalculated from References [14] and [13].
*The neutron width for the negative resonance was calculated using
|E1| instead of E1.

FIG. 2. Expanded γ -ray spectrum defined as ∂Iγ /∂Em
γ . The dot-

ted line shows the literature value of the photopeak energy. Three
photopeaks around 4600 keV are single escape peaks from the γ

rays of 5161 keV, 5131 keV, 5126 keV, and 5098 keV.

incident neutron beam spectrum measured with the boron tar-
get. The background caused by the Compton-scattered γ rays
for each photopeak was estimated by a third-order polynomial
fit in the low- and high-energy region of each photopeak for
each detector and subtracted. Since a loss of 2% of the total γ -
ray counts occurred due to the DAQ system, a loss correction
was also applied [8].

FIG. 3. Transitions from 139La +n to 140La. The dashed line
shows separation energy of 139La +n. The transitions can actually
occur not only from the p-wave resonance, but also from the s-wave
resonances.
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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
Experimental result Theoretical calculation with s-p mixing

γ-ray energy [keV]
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 T. Okudaira et. al. , NIM A 977, 164301 (2020)
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40% polarized neutron beam at 0.74eV was obtained with 3He spin filter

 T. Yamamoto et. al. , Phys. Rev. C97 (2020) 034622.
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Chapter3.Theangulardistributionin(n,γ)reaction

1.

2.

3.

4.

Figure3.1:Feynmandiagramsofamplitudeof(n,γ)reactionsthroughs-waveandp-wavestate.The

circledenotestheweakinteraction.

istheweakmatrixelement.Heregrisstatisticalweightfactoranddefinedas

gr
=

2Jr
+
1

2(2I
+
1)

,

(3.2)

whereJrand
Iistheangularmomentum

ofthecompoundstatusandspinofthetargetnucleus.W
hen

theinterferencebetweenans-waveandap-waveamplitudeisconsidered,V1−
V4aregivenasfollows.

V1
=

−
π

2k

√grsΓ
nrsΓ

γ
rsi(1+

α)

E
n−

E
rs
+
iΓrs/2

V2
=

−
π

2k
√grpΓ

nrpΓ
γ

rpi

E
n−

E
rp
+
iΓrp/2

V3
=

−
π

2k
√grsΓ

nrsW
√Γ

γ
rpi(1+

β)

(E
n−

E
rp
+
iΓrp/2)(E

n−
E
rs
+
iΓrs/2)

V4
=

−
π

2k
√grpΓ

nrpW
√Γ

γ
rsi(1+

γ)

(E
n−

E
rs
+
iΓrs/2)(E

n−
E
rp
+
iΓrp/2)

,

(3.3)

Here,thecontributionsoftheotherfars-waveresonancesaretakenintoaccountasthecorrectionterm

α,β
and
γ.

Thedifferentialcrosssectionofthe(n,γ)reactioninducedbypolarizedandunpolarizedneutronscanbe

γ

32
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レーザー偏極させた3He spin filterをビームラインに導入し， 
NMRにて3Heのスピンを反転させることで中性子の偏極方向を制御する．

偏極した3Heが緩和しないように補償磁場， 

偏極中性子が緩和しないように偏極輸送磁場を設計，導入．

常にx軸正方向に 

磁場が印加されている

Polarization transport

(n, γ) reaction→

T. Okudaira, T. Yamamoto et al., 
“Development and application of a 3He Neutron Spin Filter at J-PARC”, NIM 977 2020 164301

−0.59 ± 0.12 = 0.719 cos ϕ + 0.418 sin ϕ
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“Transverse asymmetry of γ rays from neutron-induced compound states of 140La” 
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FIG. 4. γ -ray counts as a function of Em
n gated with each photopeak and inclusive γ rays. The energy of photopeaks or the gated region of

γ -ray energy show at the top left of each histogram.

C. Angular distribution

The neutron-energy dependence of the angular distribution
causes an asymmetric resonance shape as a function of Em

n ,
which is measured by a “low-high asymmetry” defined as

ALH(θd ) = NL(θd ) − NH(θd )
NL(θd ) + NH(θd )

, (1)

where θd is the detector angle with respect to the incident neu-
tron momentum, and NL and NH are integrals in the region of
E2 − 2#2 ! En ! E2 and E2 ! En ! E2 + 2#2, respectively.

Variables E2 and #2 denote the resonance energy and total
width of the p-wave resonance, which is defined by the γ
width and neutron width shown in Table I as #2 = #

γ
2 + #n

2 .
The definitions of NL and NH are shown in Eq. (8) in Ref [8]
and Fig. 14 in Ref [8]. The low-high asymmetry is plotted
for effective detector angle θ̄d , which is obtained with a sim-
ulation of the germanium detector assembly [16], and fitted
using a function of the form ALH(θ̄d ) = A cos θ̄d + B with free
parameters A and B. The angular distributions of ALH for the
photopeaks and inclusive γ rays are shown in Fig. 5. The fit re-
sults of A, which correspond to the angular distribution of the

FIG. 5. Angular distributions of ALH for each photopeak and inclusive γ rays. The solid lines are the fit results.

014601-3

 T. Okudaira et. al. , Phys. Rev. C97 (2021) 034622.

γ energy (keV)

Angular distribution of 139La(n,γ)140La*
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 J. Koga et. al. , Phys. Rev. C97 (2021) 034622.

Table 6.1: Resonance parameters and relative transition ratios of 117Sn in this
work.

E0 [eV] J l Γγ [meV] gΓn [meV] Relative transition ratio
−29.2 1 0 77.0± 2.0 29.9 4.0± 0.2

1.331± 0.002 1 1 133± 5 1.38× 10−4 1 (unity)
39.054± 0.005 1 0 31.5± 2.5 3.10 (5.1± 0.3)× 10−2

6.6 Angular dependence of p-wave resonance shape

After the correction and normalization described in Section 6.3, the neutron en-
ergy spectra were summed up at the same polar angle θγ. Figure 6.20 shows the
neutron energy spectra at the vicinity of the p-wave resonance. The angular depen-
dence of the shape of the p-wave resonance was observed clearly. The asymmetry
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Figure 6.20: Neutron energy spectrum at the vicinity p-wave resonance of each
angle. The central figure represents the setting polar angle θ of each detector. The
cross sign indicates the detectors which were not used in this measurment. The
angular dependence of the shape of the p-wave resonance was observed clearly.

ALH is calculated based on the definition of Eq. (3.18). The asymmetry ALH for

87
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dence of the shape of the p-wave resonance was observed clearly. The asymmetry

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

0 0.5 1 1.5 2 2.5 3
 [eV]n

mE
0

0.5

1

1.5

2

2.5

3

C
ou

nt
 [A

.U
.]

Figure 6.20: Neutron energy spectrum at the vicinity p-wave resonance of each
angle. The central figure represents the setting polar angle θ of each detector. The
cross sign indicates the detectors which were not used in this measurment. The
angular dependence of the shape of the p-wave resonance was observed clearly.

ALH is calculated based on the definition of Eq. (3.18). The asymmetry ALH for
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1.33eV p-wave

●：Up Spin.
●：Down Spin.

Downside Cluster (6台)

 S. Endo et. al. , Phys. Rev. C97 (2022) 034622.

1.33eV p-wave

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
γθcos

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

LHA  / ndf 2χ  9.535 / 5
p0        0.01877± 0.09056 
p1        0.05121± 0.4731 

 / ndf 2χ  9.535 / 5
p0        0.01877± 0.09056 
p1        0.05121± 0.4731 

Figure 6.22: Angular dependence of the ALH value. The red solid line is the
fitting result with the linear function.

6.7 Estimation of systematic errors

In this section, the origins of systematic errors and estimate their values are ex-
plained.

6.7.1 Range of signal region

Firstly, the uncertainty of the angular dependence of ALH for the ranges of the
signal regions was estimated. The range of the signal regions was defined as FWQM
which satisfies Eq. (6.1). However, this is arbitrary and there is no basis in absolute
correctness. Therefore, it is confirmed the uncertainty of the angular dependence
of ALH for various ranges of signal regions defined as

h′ ≥ 1

N
(hpk − hbg) , (6.22)

where N is an integer from 2 to 7. Figure 6.23 shows the value of the slope of ALH

for each signal region. The systematic error is estimated to be 0.02 (4.3%) which
is the difference between the slopes at N = 4 and N = 6.

6.7.2 Neutron scattering effect inside the nuclear target

The momentum of neutrons captured by the target nuclei is not necessarily parallel
to the beam direction because some of them is captured after scattering inside the
target. Therefore the amount of neutrons captured after scattering needs to be
estimated. The amount of neutrons captured after backscattering needs to be only
estimated because the amounts of neutrons scattered between to ϕ and to ϕ + π
directions is the same and the effect is canceled out when the beam direction is
the z direction.

89

6

(a) detector 1

(b) detector 13

FIG. 8. TOF spectra for each polarization direction after
background subtraction and ALR. The white and black points
intend to the up- and down-polarization in the upper side
figure. It is clear that the sign of ALR is reversed for the up-
side detector (detector 1) and down-side detector (detector
13).
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Chapter 3. The angular distribution in (n,γ) reaction
1.

2.

3.
4.

Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The

circle denotes the weak interaction.

is the weak matrix element. Here gr is statistical weight factor and defined as
gr =

2Jr + 1
2(2I + 1)

,

(3.2)

where Jr and I is the angular momentum of the compound status and spin of the target nucleus. When

the interference between an s-wave and a p-wave amplitude is considered, V1 − V4 are given as follows.V1 = − π
2k

√
grsΓn

rsΓ
γ
rsi(1 + α)

En − Ers + iΓrs/2
V2 = − π

2k

√
grpΓn

rpΓ
γ
rpi

En − Erp + iΓrp/2
V3 = − π

2k

√
grsΓn

rsW
√
Γγ
rpi(1 + β)(En − Erp + iΓrp/2)(En − Ers + iΓrs/2)V4 = − π

2k

√
grpΓn

rpW
√
Γγ
rsi(1 + γ)(En − Ers + iΓrs/2)(En − Erp + iΓrp/2)

,
(3.3)

Here, the contributions of the other far s-wave resonances are taken into account as the correction term

α, β and γ.
The differential cross section of the (n,γ) reaction induced by polarized and unpolarized neutrons can be

γ
θ

24

Chapter3.Theangulardistributionin(n,γ)reaction
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4.

Figure3.1:Feynmandiagramsofamplitudeof(n,γ)reactionsthroughs-waveandp-wavestate.The

circledenotestheweakinteraction.
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(3.2)
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α,β
and
γ.

Thedifferentialcrosssectionofthe(n,γ)reactioninducedbypolarizedandunpolarizedneutronscanbe
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Angular distribution of 117Sn(n,γ)118Sngnd
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Nuclides measured at ANNRI

En (eV) P-violation 
(%) ALH (a1) ALR (a2) ALH (a3)

139La 0.74 9.8±0.2

-0.41±0.02 
 (ground) 

T.Okudaira, 2018 
(Other 6 excited states) 
T.Okudaira 2020

0.73±0.14 
(ground) 

T.Yamamoto, 2020

(0.29±0.04) 
(ground) 

T.Okudaira, 2018 
NL+NHから計算

117Sn 1.33 0.79±0.04
0.47±0.05 

(ground) 
J. Koga, 2021

1.1±0.2 
(ground) 

S. Endo, 2022

-0.72 ± 0.40 
(ground) 

J. Koga, 2021

81Br 0.88 2.1±0.1
-0.31±0.05 
(291keV excited) 
H. Yosikawa, 2022

Okuizumi 2023
-1.37±0.47 
(291keV excited) 
H. Yosikawa, 2022

115In 6.85 -1.45±0.11
-0.17±0.13 

(829keV, 813keV excited) 
S. Takada, 2022

-1.1±1.2 
(829keV, 813keV excited) 

S. Takada, 2022

131Xe 3.2 4.3±0.2
(0.15±0.04) 
(1803keV excited) 

T. Okudaira, 2022, P-waveのみ

111Cd 4.53 -1.3
-0.063±0.043 

(ground) 
Makise, 2020, Auton

117I Auton

Only γ-ray spectrum : 109, 117Ag, 133Cs,113Cd, 103Rh
Published 
Unpublished

Preliminary

Preliminary



γ-ray polarization

Next plan of (n,γ) measurement
139La+n angular polarization for F=4

Measured 

P-violating

• P-violating term is small due to weak 
matrix element

• Measurement of γ-ray polarization is 
not easy due to low analyzing power of 
polarimeter

x=-0.95

x=-0.15



γ-ray polarization measurement 

Magnetic Compton scattering

� = 2⇡r20(�0 + SP�c cos↵)
S
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Klein-Nishina term Magnetic term

:Polarization of electrons
: γ-ray polarization

:Angle between electron and γ-ray spins
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Pa = 2.12± 0.04%

Analyzing Power

Test with polarized γ-ray beam at UVSOR 

Shunsuke Endo, JAEA, Nagoya Univ.



γ-ray polarization measurement with 32S(n,γ)33Sn
Test experiment at ANNRI beamline
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γ-ray polarization measurement with 139La(n,γ)140La

Party violating γ-ray polarization with unpolarized neutrons

Shunsuke Endo, JAEA, Nagoya Univ.

バックグラウンドの引き算と非対称度

緑：電流+と-のたしあわせ(平均)
=>このスペクトルを一次関数でFit

電流+、-ともに同じ一次関数を引き算
してバックグラウンドを補正
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Fundamental T-violation in nucleon interaction

1. Selection of target nuclei with large enhancement of T-violation

4. Neutron detector3. Polarized La target2.Neutron polarization device

Plan for T-violation search

→First candidate : 139La   
T. Okudaira et. al. , Phys. Rev. C. 97 034622 (2018)

T. Yamamoto et al. Phys. Rev. C. 101, 064624 (2020)

T. Okudaira et. al. , Phys. Rev. C. 104, 014601(2021)

J. Koga et. al., Phys. Rev. C. 105, 05461 (2022) 
S. Endo et al.,  Phys. Rev. C.106 064601  (2022)
T.Okudaira et al. arXiv:2212.10889 (2022)

139La 117Sn

131Xe

 T. Okudaira et. al. , NIM A 977, 164301 (2020)

→3He spin filter for ~0.74eV  

80% 3He polarization!!

→Dynamic nuclear polarization    
30% 139La polarization!!

K. Ishizaki et al., NIM A1020, 165845 (2021)
U.S. NOPTREX

RCNP

D. Schaper et. al., NIM A 969, 163961 
(2020) 

Key technique : Nuclear polarization

https://arxiv.org/abs/2212.10889
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DNP experiment using LaAlO3 crystal fabricated in Tohoku Univ.

マイクロ波導波管

ガラスCRYOSTAT

LaAlO3(Nd 0.01 mol%)

　　φ4 × 5 mm

Microwave

Cryostat

Achievable 139La polarization :   % !P(t → ∞) ∼ 31.9

Temperature ~1.5 K

Magnetic field ~ 2.3T  at Yamagata Univ.
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The best method to search for the T-violating effect is a measurement of a neutron transmission. This
method has the advantage that T-odd effects due to the final-state interaction are expected to be negligibly
small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.18)

where σ,Î and k̂ are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state Ui

is transformed into the outgoing neutron spin state Uf given as

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f, (2.19)

where z is the thickness of the target, ρ is the number density of the material and k is the neutron wave
length. Here S is described as

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.20)
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A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is
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where σ,Î and k̂ are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state Ui

is transformed into the outgoing neutron spin state Uf given as

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f, (2.19)

where z is the thickness of the target, ρ is the number density of the material and k is the neutron wave
length. Here S is described as
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A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z =
2πρz

k

b = Z
√

B′2 + C ′2 +D′2. (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is

Neutron spin and nuclear spin : Vertical

※ With existing equipment, neutron spins 
rotate by applied magnetic fields

Neutron momentum

Nuclear spin
Neutron spin

2.3. Experimental principle of the T-violation search 15

2.3 Experimental principle of the T-violation search

Since the T-violating effect can be enhanced in the nucleus similar to the enhanced P-violation as shown
in the previous section, the T-violation can be searched for with high precision using a compound nucleus.
The best method to search for the T-violating effect is a measurement of a neutron transmission. This
method has the advantage that T-odd effects due to the final-state interaction are expected to be negligibly
small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.18)
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Next experiment : polarization ability of polarized La taget
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Summary
•T-violation search using enhancement mechanism in 

neutron induced compound nuclei
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•Selection of candidate nuclei

Undiscovered angular correlations were found and κ(J) is 
determined by (n,γ) reactions

Angular correlations are measured with several nuclei

→γ-ray polarization measurement

•Experiment using polarized neutrons and polarized La

→γ-ray polarization measurement


