
page

INPC2016  2016/9/16 Adelaide 
Takuya Okudaira (Nagoya University)

1

Measurement of angular 
correlations in the (n, γ) reaction 

for T-violation search
Takuya Okudaira 

Department for Physics ,Nagoya University　

2016/9/17 INPC 2016

H.M.Shimizu, M.Kitaguchi, K.Hirota, A.Okada,M.Yokohashi, T.Yamamoto,

@ Adelaide , Australia

Nagoya University
Kyushu University T.Yoshioka, S.Takada, J.Koga

JAEA K.Saki, A.Kimura, H.Harada

Univ. British Columbia T.Momose

Yamagata Univ. T.Iwata, YMiyachi

Riken N.Yamanaka, Y.Yamagata

KEK T.Ino, S Ishimot, K.MIshima
Kyoto Univ, H.Hino



INPC2016  2016/9/16 Adelaide 
Takuya Okudaira (Nagoya University)

page 2

Resonance s of 139La

E[eV] l J gΓn [meV] Γγ [meV] AL[%]
-48.6 0 4 82 62.2

0.734 ± 0.1 1 4 3.65x10-5 45 9.56±0.
72.3 ± 0.1 0 3 1.78 52.6

139La(n,γ)

Angular correlation of 0.73eV p-wave 
resonance is measured
Because Flambaum’s formalism depends 
on angular momentum of final state, 
we need to select γ ray

139La+n
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Determination of κ(J) of 139La  
for checking the feasibility of T-violation search

κ(J)→φ→angular correlation of (n,γ)
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The unknown parameter

The ratio between P violation and
CP violation in nucleus

The P violation in compound nucleus

For sensitive CP violation search,
the nucleus that has large P violation and κ(J) are better. 

「中性子を用いた基礎物理：共鳴吸収反応でのCP対称性の破れの探索」 
日本物理学会第70回年会、2015年3月21日、早稲田大学 
北口雅暁（名古屋大学現象解析研究センター） page 7

対称性の破れの増幅

Mitchell, Phys. Rep. 354 (2001) 157En [eV]
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We need nucleus that has

It is suggested that T violation also can be enhanced in compound nucleus reaction 
enhanced P violation

The enhancement of the CP violation

Large κ(J) 
Large Δσp 
Large natural abundance  
Low resonance energy

κ(J) has not been determined yet!



INPC2016  2016/9/16 Adelaide 
Takuya Okudaira (Nagoya University)

page 4

Determination of κ(J)

「中性子を用いた基礎物理：共鳴吸収反応でのCP対称性の破れの探索」 
日本物理学会第70回年会、2015年3月21日、早稲田大学 
北口雅暁（名古屋大学現象解析研究センター） page 9

時間反転対称性の破れに対する感度
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φ :partial width of p wave resonance

To determine κ(J), 
φ is need to be measured.
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NOP-T
κ(J) is depend on angular momentum of nucleus and 
partial width of p wave resonance ( φ parameter) 
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Measurement of φ
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Flambaum, Nucl. Phys. A435 (1985) 352

（n,γ）Cross section (non-polarized neutron)
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φ can be determined by measuring angular correlation of (n,γ) reaction

partial width of p wave resonance
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neutron energy [eV]

139La(n,γ) P-wave resonance 0.73 eV

x：j＝1/2　x=cosφ 
y：j＝3/2　y=sinφ

a0

a0

a1x

a1y

a3yy

a3xy

gnd. stateへのガンマ線放出時

Purposes of my research 
・Verification of  Flambaum’s formalism by 
measuring (n,γ) angular correlation 
・Determination of φ

In Flambaum’s formalism,a1 term has  
asymmetry that depends on φ 
But these terms have not been measured

（n,γ）Cross section (as a function of φ)

Measurement of φ

neutron energy [eV]
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Measurement of (n,γ) reaction

Ge γ ray detector（21.5m）

Neutron 
beam

We measured (n,γ) reaction of several nucleus at J-PARC BL04Two kinds of gamma ray spectrometers at ANNRI 

High efficiency Ge spectrometer 
at L = 21.5 m 

NaI(Tl) spectrometers 
at L = 27.9 m 

Polyethylene (B) 
Pb 
6LiH 
Cd 
Fe 
Concrete 

T. Kin, et al., J. Korean Phys. Soc., 59, 
1769-1772 (2011). 

From Tokyo Tech 

5 
NOPTREX Meeting 27-July-2015 5 

Intensity :    ~ 3 x 105 n/cm2/s     :  0.9 eV < En < 1.1eV @300kW

Detectors for angular distribution of γ rays
2 Cluster Ge Detector  7ch ×2 : 14ch 
8 Coaxial Ge Detector   8ch 
計 22ch → 7 angles

≈�

≈�

Neutron Beam θ

γ

Targets nucleus : natLa, natXe, natIn

We need to select γ ray. 
→　High resolution detecter is necessary
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γ ray spectrum and Neutron Spectrum of La
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TOF spectrum
139La(n,γ)
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The resonance parameters of 139La p-wave
We measured the resonance parameters of 139La p-wave 
The resonance parameters are obtained by fitting with neutron pulse 
broadening and doppler broadening correction 

E0=0.7404 ± 0.002eV 
Γ=40.41± 0.76meV 
x2/ndf~1.0

The result of fitting

The resonance parameters Ref.1

E0=0.734 ± 0.100eV　 
Γ=45 ±5meV

More precise than the Ref.1

Neutron Energy [eV]

preliminary

139La p-wave resonance

Ref.1 : “Atlas of Neutron Resonances” 
                             by S.F.Mughabghab  

T=300K(fixed)
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Angular correlation of 139La (n,γ)
c0

c1

c2

Legendre expansion of neutron spectrum 
gated by gamma ray to F=3 final state

Preliminary

0.74eV
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c1 term has asymmetry!
The asymmetry are 
-0.69±0.13
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測定した139Laの共鳴パラメータを求める 

c0

c1

c2

c1 term has asymmetry!
The asymmetry are 
-0.69±0.13

Fitting with Flambaum’s formalism 
x2/ndf~1.2 
→Consistent with Flambaum’s 
formalism

Preliminary
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Analysis with Flambaum’s formalism

0.74eV

Legendre expansion of neutron spectrum 
gated by gamma ray to F=3 final state
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測定した139Laの共鳴パラメータを求める 

Analysis with Flambaum’s formalism
Asymmetry of 139La p-wave resonance is  -0.691±0.127 
→ φ is determined by comparing with a1 term of Flambaum’s formalism 
theoretical calculation of P-wave resonance

The asymmetry of a1x = 0.543 

experimental result

Preliminary

a0

a1x

a1y

The asymmetry of a1y = -0.545 
Compare with theoretical calculation and 
experimental result

theoretical calculation
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Summary

測定した139Laの共鳴パラメータを求める 

Our goal is search for T violation in compound nucleus 
→We need to find out compound nucleus that has large κ(J)  

We measured 139La (n,γ) reaction at J-PARC BL04 
→The angular correlation is obtained and this is consistent with 
Flambaum’s formalism 

We limited φ and κ(J) of 139La (n,γ) reaction to F=3 final state. 
→Other transmission is need to analysis. 


