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原子核相互作用における時間反転対称性の破れ
標準理論では現在の物質優勢宇宙を説明することができない。
CP対称性の破れの効果がどこかに現れているはず

4 Chapter 1. Introduction
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Figure 1.1: A schematics plot of the hierarchy of scales between the CP-odd source and three generic
classes of observable EDMs. The dashed lines indicate generically weaker dependencies [20].

a particle which has a magnetic moment µ and an electric dipole moment d is placed in a magnetic field
B and an electric field E, the potential of the particle U can be described as

U = −µ ·B − d ·E. (1.7)

In T transformed coordinates, B, E, µ and d are transformed as

B → −B, E → E, µ → −µ, d → −d. (1.8)

Therefore U is transformed in T transformed coordinates as

U = −µ ·B + d ·E. (1.9)

If d is non-zero, the potential U will change by the T transformation. Hence a non-zero EDM value of
the particle implies T-violation.
Experimental searches for EDM have been carried out on several elementary particles and atoms. For
charged particle such as electrons, it is difficult to distinguish the effects of EDM from the Coulomb
force and the Lorentz force. Therefore electrons bounded in atoms have been studied using the Cerium
atom [21] , Thallium atom [22, 23] and so on, which has one unpaired electron. In a non-relativistic
neutral system, any applied electric field will be shielded and the effect of the EDM will not appeare,
which is referred to as the Schiff shielding theorem. However, in fact, this theorem is violated in heavy
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中性子
原子核

複合核共鳴反応を通した時間反転対称性の破れ探索実験を計画してる

原子核に中性子を入射すると中性子は吸収され共鳴状態となる

ガンマ線
24 Chapter 3. The angular distribution in (n,γ) reaction
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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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複合核共鳴反応を通した時間反転対称性の破れ探索実験を計画してる

原子核に中性子を入射すると中性子は吸収され共鳴状態となる

中性子吸収反応に伴う複合核

131Xe+n113In+n

~1eV以上の”熱外中性子”を使用する
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pp散乱の断面積のヘリシティ依存性

-(1.7±0.8)×10-7　@E=15MeV

特定の複合核共鳴では弱い相互作用由来のではP対称性の破れが
106倍まで増幅

同じ強い相互作用が支配的な系であるが、Parity violationが106大きい

核子核子相互作用では10-7のP-violation 

139Laと中性子の断面積のヘリシティ依存性

(0.97±0.03)×10-1　@En=0.74eV
131Xe, 81Br, 117Sn, 113In…..

→複合核共鳴状態では10-1のP-violation 

0.74eV

空間反転対称性の破れの増幅
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P-violationの増幅はs波共鳴のすそのに 
p波共鳴が存在している時に観測されている
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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.
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空間反転対称性の破れの増幅
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s波共鳴のj=1/2成分とp波共鳴のj=1/2成分が弱い相互作用により混合する

s波 p波 s波p波
Weak 

interaction
Weak 

interaction

s-p混合を仮定すると複合核におけるP-violationの大きさは以下のようになる

ことによりP-violationが増幅すると解釈されている

Structural 
Enhancement

Dynamic
Enhancement

102 - 103 ~ 103

→s-p mixing

空間反転対称性の破れの増幅
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時間反転対称性の破れの増幅

複合核での
P-violatingな断面積複合核での

T-violatingな断面積

基本相互作用でのP対称性の破れ

基本相互作用でのT対称性の破れ

P-violationをT-violationに変換する
変換係数(未知パラメータ)

s-p mixing modelが正しければ、異なるチャネルスピンの部分幅間でも混合し
複合核過程では時間反転対称性の破れも増幅されうる

核子間に存在する小さなT-violationを大きく増幅して観測することが可能

V. P. Gudkov. Phys. Rep., 212:77, 1992.  
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時間反転対称性の破れの増幅
複合核過程では時間反転対称性の破れも増幅されうる
→偏極中性子に対する偏極原子核の断面積を測定

Spin up, downで断面積に差があればT-violation

中性子運動量

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)
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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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通常の断面積 スピン依存項 P-violation T-violatingな断面積

中性子偏極デバイス中性子源 (J-PARC) 中性子検出器偏極核ターゲット

熱外中性子源、中性子偏極デバイス、核偏極ターゲットが必要
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時間反転 t→-t
t→-tで符号が反転
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時間反転対称性の破れの候補核
本実験では使用する核種によって実験感度が変わる
実験に適した核種を選び出す必要がある。

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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Figure 2.2: Longitudinal asymmetry of several nuclei.
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J-PARCのような冷中性子モデレータだと
中性子エネルギーが小さい方が
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P-violationが大きい

共鳴エネルギーが小さい

|κ(J)|が大きい

原子核スピンが小さい

自然同位体比が大きい

　核偏極技術

本実験では使用する核種によって実験感度が変わる
実験に適した核種を選び出す必要がある。

時間反転対称性の破れの候補核

139La
◎
◎ 0.74eV

7/2 △
◎

動的核偏極
(~50%)

◎

3/2 ○

131Xe

△

81Br
○

3/2 ○
○

ー

117Sn
◎

1/2 ◎
×

ー 光ポンピング
(~7%)

◎ 0.88eV ○ 1.3eV ○ 3.2eV

Molway et al., 
arXiv:2105.03076  (2021) 
US NOPTREX 

P.Hautle and M. Iinuma. 
NIM A., 440:638, (2000).

https://arxiv.org/abs/2105.03076


κ(J)のクロスチェック 
s-p mixingモデルの検証

γ線偏光 : 2021~ 
(γ線ポラリメータの導入)

偏極中性子 : 2019~ 
(3Heスピンフィルタの導入)

無偏極中性子 : 2017~

12

中性子吸収後に放出されるγ線の角度分布を測定することで中性子部分幅が求められる

γ線角度分布測定

n

κ(J)はp波共鳴の中性子部分幅の関数

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)

kn
kγ

σn

σγ

γ

(n,γ)反応を

AC
G

J-PARCBL04  ANNRI
Ge検出器

ディスクチョッパー

T0チョッパー

フィルター

コリメータ

ビームストッパー

21.5m
J-PARCの大強度パルス中性子ビーム+ 大立体角Ge検出器

V. V. Flambaum et al, Nuclear 
Physics A, vol. 435, no. 2, pp. 352 
– 380, 1985. 
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γ線角度分布測定 139La 結果
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0

0.2
角度ごと 
に測定 形状の歪み 

を評価
p波共鳴

p波共鳴から放出されるγ線に角度分布があることが発見 
T. Okudaira et al.  Physical  Review C 97, 034622 (2018)

この角度分布をs-p mixingに基づく理論計算と比較する

76 Chapter 6. Analysis

regions Ep − 2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written as

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

L,H

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

(6.13)

By convoluting with Eq. 5.9, the γ-ray count to be measured by the d-th detector can be written as

(Iγ,d)L,H =
I0
2

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

)
. (6.14)

As the energy dependence of x and y is negligibly small in the vicinity of the p-wave resonance (r = 2),
(a1)L,H is a linear function of x and y, thus a function of φ. The value of φ is determined by comparing(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the measured values ALH in Eq. 5.14.

ALH =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ− 0.345 sinφ

= 0.295x− 0.345y. (6.15)

Two solutions can be obtained as

φ = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (6.16)

We also obtain x from Eq. 6.16 as

x = −0.16+0.09
−0.11, −0.95+0.03

−0.04. (6.17)

To visualize the solutions, Eq. 6.15 is drawn in the xy-plain and the crossing points of the Eq. 6.15 and
a unit circle imply the solutions.
The value of W , which is given in Eq. 2.7, is also obtained as

W = (13.2+18.1
−5.3 ) meV, (2.21+0.10

−0.06) meV. (6.18)

The published value of AL = (9.56 ± 0.35) × 10−2 in Ref. [64] and the parameters in Table. 5.1 are
used in the calculation.
The J = I + 1

2 case corresponds to the p-wave of the 139La at E = E2. Finally, the value of |κ(J)|
corresponding to the φ obtained is determined as

κ(J) = 4.84+5.58
−1.69, 0.99+0.08

−0.07 (6.19)

and |κ(J)| is shown in Fig. 6.4. The experimental sensitivity for the T-violation search is discussed using
this κ(J) of 139La in Section 7.3.

140La p波共鳴ではT-violationが~106倍程度
増幅されていることが明らかになった

x
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Figure 2.6: The restricted regions of �p was determined by measuring the angular distribution
of the 139La(n, �) reaction with unpolarized neutrons [26].
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Figure 2.7: The restricted regions of (J) for 139La was determined by measuring the angular
distribution of the 139La(n, �) reaction with unpolarized neutrons [26].

20

の値は1程度であることがわかった
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T-violationの探索感度

86 Chapter 7. Discussion

7.3 Estimation of the sensitivity for the T-violation search

The sensitivity for the T-violation search with 139La can be estimated by using the formalism described
in Section 2.3 due to the determination of κ(J). Since about 50% nuclear polarization has been achieved
with LaAlO3, we assume the case for using the LaAlO3 crystal as the nucleus target. First of all, the
current limit of the WT/W is needed to be estimated in Eq. 2.14.

7.3.1 Estimation of the upper limit of the WT/W

The upper limit of the ratio of the T-violating weak matrix element to P-violating weak matrix element
in the nucleon nucleon interaction in the compound nucleus WT/W is estimated using the current upper
limit of the EDM searches. The ratio of the T-odd P-odd cross section ∆σTP to the P-odd cross section
∆σP in neutron-deuteron scattering was calculated using the meson-exchange model of Effective Field
Theory (EFT) by Y. H. Song. et. al [65]. We assume that the ratio is equal to WT/W as

WT

W
=

∆σTP

∆σP
! (−0.47)

(
ḡ(0)π

h1π
+ (0.26)

ḡ(1)π

h1π

)
, (7.4)

Here, ḡ(0)π and ḡ(1)π are isoscalar and isovector time reversal invariant meson-nucleon coupling constants,
and h1π is a P-violating meson exchange coupling constant, where the superscript denotes the isospin
change for the process. The upper limits of ḡ(0)π and ḡ(1)π are estimated from the n-EDM and 199Hg-EDM
search respectively as

ḡ(0)π < 2.5× 10−10, ḡ(1)π < 0.5× 10−11 [65]. (7.5)

The value of h1π was obtained from the measurement of the P-violation of n + p → d + γ reactions as

h1π = (3.04± 1.23)× 10−7 [66]. (7.6)

However, since this value is a preliminary result, it may change.
WT/W is calculated using Eq 7.4, Eq. 7.5 and Eq. 7.6 as

∣∣∣∣
WT

W

∣∣∣∣ < 3.9× 10−4. (7.7)

The T-violating cross section in the 0.74 eV p-wave resonance of 139La can be estimated using Eq 2.14
as

|∆σT| = κ(J)

∣∣∣∣
WT

W

∣∣∣∣∆σP

→ |∆σT| < 1.0× 10−4 barn (7.8)

Here, the value of κ(J) =0.89, which is a pessimistic case, and ∆σP = 0.3 barn is used. .

pion exchangeの際のT-violatingなCoupling Constant

pion exchangeの際のP-violatingなCoupling Constant

n+p→d+γ実験によって
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ḡ(0)⇡

h1
⇡

+ (0.26)
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7.3 Estimation of the sensitivity for the T-violation search

The sensitivity for the T-violation search with 139La can be estimated by using the formalism described
in Section 2.3 due to the determination of κ(J). Since about 50% nuclear polarization has been achieved
with LaAlO3, we assume the case for using the LaAlO3 crystal as the nucleus target. First of all, the
current limit of the WT/W is needed to be estimated in Eq. 2.14.

7.3.1 Estimation of the upper limit of the WT/W

The upper limit of the ratio of the T-violating weak matrix element to P-violating weak matrix element
in the nucleon nucleon interaction in the compound nucleus WT/W is estimated using the current upper
limit of the EDM searches. The ratio of the T-odd P-odd cross section ∆σTP to the P-odd cross section
∆σP in neutron-deuteron scattering was calculated using the meson-exchange model of Effective Field
Theory (EFT) by Y. H. Song. et. al [65]. We assume that the ratio is equal to WT/W as

WT

W
=

∆σTP

∆σP
! (−0.47)

(
ḡ(0)π

h1π
+ (0.26)

ḡ(1)π

h1π

)
, (7.4)

Here, ḡ(0)π and ḡ(1)π are isoscalar and isovector time reversal invariant meson-nucleon coupling constants,
and h1π is a P-violating meson exchange coupling constant, where the superscript denotes the isospin
change for the process. The upper limits of ḡ(0)π and ḡ(1)π are estimated from the n-EDM and 199Hg-EDM
search respectively as

ḡ(0)π < 2.5× 10−10, ḡ(1)π < 0.5× 10−11 [65]. (7.5)

The value of h1π was obtained from the measurement of the P-violation of n + p → d + γ reactions as

h1π = (3.04± 1.23)× 10−7 [66]. (7.6)

However, since this value is a preliminary result, it may change.
WT/W is calculated using Eq 7.4, Eq. 7.5 and Eq. 7.6 as

∣∣∣∣
WT

W

∣∣∣∣ < 3.9× 10−4. (7.7)

The T-violating cross section in the 0.74 eV p-wave resonance of 139La can be estimated using Eq 2.14
as

|∆σT| = κ(J)

∣∣∣∣
WT

W

∣∣∣∣∆σP

→ |∆σT| < 1.0× 10−4 barn (7.8)

Here, the value of κ(J) =0.89, which is a pessimistic case, and ∆σP = 0.3 barn is used. .

199Hg EDM searchによって
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→

139Laの全断面積~10barnに対して~1x10-4 barn程度の精度で中性子吸収断面積
を測ればnEDM searchに相当

139LaにおけるT-violatingなCross sectionの大きさを計算

κ(J)~1
|ΔσT | < 1 × 10−4 barn

Y. H. Song et al, Phys. Rev. C., 
83, 065503 (2011).
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基本相互作用における時間反転対称性の破れ WTを探索したい

時間反転対称性の破れの探索実験 : 計画の流れ

4. 開発装置をビームラインに導入し複合核での時間反転対称性の破れΔσTを測定

1. T-violationの増幅率が大きい標的核の選定 
→139La 0.74eV共鳴が第一候補    

 T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.
 J. Koga et. al. , arXiv:2202.06222 (2022) 

117Sn, 131Xe, 81Br…

4.中性子検出器

U.S. NOPTREX
RCNP

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

s-p mixingモデルの検証
(n,γ)反応の角相関項の測定

T. Yamamoto et al. Phys. Rev. C101, 064624 (2020)
T. Okudaira et. al. , Phys. Rev. C104, 014601(2021)

3. 核偏極技術の開発

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

→動的核偏極    
2. 中性子の偏極技術開発

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

→3Heスピンフィルタ    
3He偏極率85%を達成

https://arxiv.org/abs/2202.06222


16

偏極標的の開発

「複合核反応を用いた時間反転対称性の破れ探索実験の現状」 
日本物理学会2021年秋季大会、2021年9月15日 
北口雅暁　（名大KMI） page 14

標的核偏極の開発
結晶育成 at Tohoku Univ. 核偏極 at RCNP, Osaka Univ.

冷凍機
緩和時間制御

Nagoya Univ.,

RIKEN,

Japan Women’s 
Univ.

Ashikaga Univ.

Hiroshima Univ.

Tohoku Univ.,

Hiroshima Univ.

Nagoya Univ.

RCNP, Osaka Univ.

Hiroshima Univ., Nagoya 
Univ. ,Yamagata Univ.

Hiroshima Univ.

Nagoya Univ.

偏極 La 
標的

LaAlO3 (Nd+)

single crystal

Relaxation time control 

with aromatic molecule

15pV2-12 石崎

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

動的核偏極法を用いた偏極La標的の開発が進行中
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中性子偏極デバイスの開発

ガンマ線検出器

無偏極中性子ビーム

3Heスピンフィルター

コイル

偏極中性子ビーム

TOF [us]

放
出
さ
れ
た
γ線
量
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Up spin

Down spin

0.74eV 139La共鳴

J-PARCで0.74eV中性子を40%程度の偏極率で偏極、実験に使用
T. Yamamoto et al. Phys. Rev. C101, 064624 (2020)

偏極3Heガスを用いた中性子偏極デバイス: 3Heスピンフィルタ

無偏極中性子

偏極3Heガス

偏極中性子

レーザー偏極により3Heガスを偏極 
J-PARCにて開発が進行中
3He偏極率~80%を達成

 T. Okudaira et. al. , NIM A 977, 164301 (2020)
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J-PARCにおける時間反転対称性の破れ探索実験

「複合核反応を用いた時間反転対称性の破れ探索実験の現状」 
日本物理学会2021年秋季大会、2021年9月15日 
北口雅暁　（名大KMI） page 11

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

J-PARCにおける時間反転対称性の破れ探索計画
J-PARC, 物質生命科学実験施設(MLF)にて実験を行うことを計画中

中性子偏極デバイス 
3Heスピンフィルター

動的核偏極ターゲット

中性子検出器

3He偏極率 70%, 139La偏極率 40%の場合、統計的には1週間程度の測定でnEDMに相当
する感度



この実験に適した中性子源
0.74eVの中性子を選び出す必要がある

19

→パルス中性子源はTOF法で
エネルギー分解できる

J-PARCの中性子強度

0.74eV

冷中性子用のモデレータのせいで熱外
における中性子強度は大きく落ちる

→Hot moderator!

熱外中性子利用はまだあまり
開拓されていない領域

熱外中性子が使える施設は多くない

高温超伝導発現メカニズム 
非弾性散乱 
共鳴イメージング 

核データ…

+大きな遮蔽体、短いビームタイム、 

γ線BG



The neutron source FRM II
 

Powerful neutron source

The neutron source Heinz Maier-Leibnitz (FRM  II) 
is a multipurpose research reactor with a particu-
lar focus on beam tube experiments. It has been  
designed for providing neutrons to scientific users 
from all over the world as well as for medical and 
industrial applications. The FRM  II is operated as 
a central scientific institution by the Technische 
Universität München (TUM) in Garching near 
Munich, Germany. Its first criticality was achieved 
in March 2004.

The FRM II is the most powerful neutron source 
in Germany and reaches the highest neutron flux 
density (8·1014 neutrons cm-2s-1, max. undisturbed 
flux density) relative to its thermal power (20 MW) 
throughout the world. More than 30 experimen-
tal facilities are operated by scientific teams from 
German universities, research institutes of the 
Helmholtz Association and the Max-Planck-Society 
at the neutron source. Today, 23 beam tube facili-
ties are operational. Further 7 irradiation facilities 
mainly for medical and industrial application are in 
service, an irradiation facility for the production of 
the medical isotop 99Mo is under construction. The 
FRM II is equipped with cold, thermal, hot and fast 
neutron sources and thus covers a broad range of 
applications, including a device for the continuous 
production of an intense positron beam.

Fuel element
The FRM II has been designed for an exclusive pur-
pose: the production of neutrons for basic research 
and applied physics. Its high performance is based 
on the concept of a compact core: a single, cylin-
drical fuel element with a diameter of just 24 centi-
metres is sufficient for 60 days of reactor operation. 
The fuel zone measures 70 centimetres in height 
and contains about 8 kilograms of uranium in the 
form of U3Si2. Like other high-performance neutron 
sources around the world, the FRM II uses highly 
enriched uranium.

Figure 1: Horizontal section of the reactor pool showing the beam tubes, fuel element, as well as cold and hot neutron source. Beam 
tube 1, 2 and 4 are fed by the cold source, number 9 by the hot source. The through-going beam tube no. 6 will be used by the ultra cold 
neutron source. The converter plate for fast neutrons supplies beam tube no. 10 with the tumour treatment facility. The remaining beam 
tubes are placed into the highest neutron flux taking up the thermal neutrons.

heavy concrete shielding

beam tube

cold neutron source

fuel element

hot neutron source
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Si doping
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Guide NL�-N NL�-5 NL�-N

Length (m) 35 54 35

Section (mm²) 29 × 170 60 × 120 10 × 120

Coating up to m = 2.0 m = 2.2 m = 2.0

Radius (m) 400 1000 84

Instruments MARIA MIRA-2 
DNS 

SPHERES

MIRA

Guide NL� NL�a-o NL�a-u NL�b

Length (m) 40 48 60 57

Section (mm²) 60 × 120 44 × 60 44 × 10012 × 170

Coating up to m = 2.5 m = 3.0 m = 2.0 m = 2.0

Radius (m) 1000 2000 160 400

Instruments BIODIFF 
NREX

J-NSE TOFTOF REF-
SANS

Guide NL�a-o NL�a-u5NL�a-uN NL�b

Length (m) 46 30 29 51

Section (mm²) 50 × 50 10 × 56 38 × 56 50 × 45

Coating up to m = 3.0 m = 3.0 m = 3.0 m = 2.0

Radius (m) 460 30 460 1500

Instruments KWS-2 KWS-3 unused KWS-1

Guide NL�a NL�b NL�-5

Length (m) 34 52 70

Section (mm²) 50 × 50 50 × 110 29 × 170

Coating up to m = 2.0 m = 3.0 m = 2.0

Radius (m) 2100 390 1640

Instruments SANS-1 PGAA RESEDA 
TREFF

Cold neutron guide
Thermal neutron guide
Cold / thermal neutron guide in preparation

Figure 2: Floorplan of the FRM II with the neutron guide system.

Figure 3: Neutron guides inside the neutron guide tunnel.
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~2000K 14kgのグラファイトの”モデレータ”
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Technical Data

facility MEDAPP and the ra diography and tomogra-
phy station NECTAR with fast neutrons. Slow neu-
trons induce nuclear fission in the uranium plates 
causing the emission of neutrons with an average 
energy of 1.9 MeV. The fast neutrons are led with-
out moderation through a horizontal beam tube to 
the experiments. The two converter plates deliver a 
thermal power of about 80 kW.

Cold source

• T = 25 K
• Volume of moderator chamber: 25 l
• Volume of liquid D2: 12 l
• Mass of D2 in cold source: 2.4 kg
• Cold moderator pressure: 1.5 bar
• 18 instruments fed by cold source

Hot source

• Mass of graphite in hot source: 14 kg
• Temperature at 20 MW reactor power:  

~ 2000 °C

%onXerter facilit[

• Mass of uranium in converter plates: 540 g
• Thermal power 80 kW
• Degree of enrichment: 92.5 % in 235U
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Figure 3: The moderator of the hot source in the reactor pool of 
the FRM II during installation. 

Figure 2: Neutron spectra at the entrance of the beam tubes at 20 MW reactor power. 
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0.74eV

20MW, 2004~

cold neutron

ドイツ 原子炉 FRM II 熱中性子源 POLI: Polarized hot neutron diffractometer
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新研究炉での実験の可能性  FRM II POLI
高次のブラッグ回折を利用して特定のエネルギーのみ中性子を取り出す

モノクロメータ : Si(311)
ビームサイズ : 65mm x 25mm

ターゲット位置での中性子量 
: ~3 x 107 n/s at 0.74eV 

1MW J-PARC の場合 

~1.8 x 107 n/s at 0.74eV 
ターゲット

モノクロメータ

新研究炉で同様の装置を作った場合 
~1.5 x 105 n/s at 0.74 eV 

J-PARCと同等レベルの中性子強度
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超電導体や磁気構造研究のための非弾性散乱装置



Hot Moderatorを使った実験
過去、対称性の破れに関する研究はHot sourceを用いて多く行われている

La target (3 x 3 x 5cm)Neutron polarizer (CoFe) Spin Analyzer(3He)

Fig. 1. Experimental set-up: (1) ILL `hot neutron sourcea; (2) electromagnet with polarising CoFe crystal; (3) neutron spin guides with
longitudinal magnetic "elds; (4) dipole electromagnets; (5) cryo-#ipper; (6) cylindrical two-layers !-metal shield; (7) X-coil; (8) sample
(!"#La, 30!30!50 mm"); (9) >-coil; (10) direct current sphere with longitudinal magnetic "eld inside; (11) polarised "He cell;
(12) neutron detector; (13) `averaging coila; (14) Z-coil; (15) `averaging coila.

Where, ! is the spin rotation angle in plane, which
is perpendicular to neutron momentum, l is the
distance in a media passed by neutron and "# is the
di!erence in total cross-section for neutrons of op-
posite hirality.

The most striking example of parity non-con-
serving (PNC) e!ect is the discovery of huge (&10$)
enhancement of the spin-dichroism in the p-wave
resonance of !"#La [5]. This e!ect has been ex-
plained qualitatively [6,7] and may be character-
ised by 2 major enhancement factors } dynamical
and resonance one. Both of them are caused by
quantum chaoticity of compound-nucleus reson-
ances.

Later the same huge enhancements were pre-
dicted [8] for the e!ects violating both P- and
¹-invariance. The modern upper limit for the ratio
of the N}N interaction violating time reversal in-
variance (TRI) to the weak interaction is about
10%". This value corresponds to 10%& asymmetry
in the transmission of polarised neutrons through
a polarised target. However, due to the associated

experimental di$culties (mainly, the necessity to
polarise substantially the nuclei in the target, for
example of !"#La; and the need in spin analysis
with the precision around 10%&), this measurement
was not performed until now.

As it was shown [9], the statistical precision of
spin analysis could be much improved by using the
advantages of polarised crystal di!ractometer in
combination with a `hot neutron sourcea based at
a high-#ux stationary reactor as well as by using a
highly polarised "He spin-"lter [10,11].

2. Experimental set-up

2.1. Experimental scheme

The essence of the experimental set-up (Fig. 1) is
the scheme of crossed polariser and analyser, which
is widely used in classical optics. Neutrons from a
`hot sourcea of ILL High Flux Reactor are polar-
ised upon transmission through a magnetic crystal

290 W. Heil et al. / Physica B 267}268 (1999) 289}293

Neutron optics P-violation effects near p-wave 
resonance 

Physica B 267-268 (1999) 289-293

@ ILL hot neutron source

139La 0.74eVにおけるParity violatingな 
中性子スピン回転の発見

偏極中性子を139Laに入射し
ターゲット内でのスピン回転
を測定

中性子エネルギー
の分解能により
Peakが広がる
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Encouraged by the success to observe the violation of
fundamental laws of physics like PNC in fission, the idea
was ventured whether not also time reversal invariance could
be tested [7]. In analogy to the search for violation of time
reversal invariance in the decay of free polarized neutrons
a triple correlation has to be analyzed between neutron spin
σ n and the momenta of fragments pLF and ternary particles
pTP. An experimental program covering several years has
for the present come to a stage allowing reviewing new
facets of fission phenomena albeit not related to time reversal
invariance.

Ternary fission experiments induced by polarized neutrons
for four fissile isotopes 233,235U and 239,241Pu are described
in the following. The hope to find violation of time reversal
invariance was not fulfilled. Instead two distinct phenomena
could be scrutinized which were discovered earlier either in
235U(n,f ) or 233U(n,f ) reactions called ROT or TRI effect,
respectively [8,9]. The ROT effect is attributed to be the
collective rotation of the compound nucleus down to scission.
The TRI effect reflects the influence of the rotating nucleus
on the emission probability of ternary particles. Both effects
are now shown to be present in parallel with different weights
for all actinides studied. The results are discussed in terms of
models focusing on the (J,K) properties of saddle transition
states.

II. EXPERIMENTAL LAYOUT

The layout of experiments was motivated by the search for
violation of time reversal invariance. In speculative analogy to
free neutron decay an experiment was proposed [7] to explore
the triple correlation B:

B = σ n · (pLF × pTP) = pTP · (σ n × pLF), (1)

with B the correlation function between neutron spin σ n and
the momenta pLF and pTP of the light fragment LF and the
ternary particle TP, respectively. All vectors are understood
to be unit vectors. The correlation changes sign under time
reversal, i.e., it is T-odd. In case a B "= 0 is found it may
indicate a violation of time reversal invariance. However, at
variance with PNC where a nonzero P-odd observable proves
the violation of parity, a nonvanishing T-odd observable is only
a necessary but not sufficient condition for violation of time
reversal invariance.

The correlation B becomes maximal when all three vectors
in Eq. (1) are orthogonal to each other. For the two particle
momenta this condition is somewhat closely fulfilled by nature
because the TPs are ejected from the neck between the two
main fragments and the Coulomb forces focus the TP roughly
perpendicular to the fission axis. The neutron spin then has
to be oriented perpendicular to the plane spanned by the
particle momenta. This is achieved in experiment by detecting
fragments and ternary particles in a plane perpendicular to
neutron beam polarization.

For the experiments polarized neutron beams from the
instruments PF1B [10,11] and D3 [12] of the High Flux
Reactor of the Institut Laue-Langevin in Grenoble, France
were available. The layout of the experimental setup is
sketched in Fig. 1. A fissile target is mounted at the center of a

FIG. 1. Layout of the experimental setup. Fissile target at the
center, polarized neutron beam running horizontally, two MWPC de-
tecting complementary fission fragments to the left and right of target,
two arrays of Si detectors on top and bottom of target intercepting
ternary particles. All centers of particle detector assemblies lie in a
plane perpendicular to the beam.

reaction chamber. The neutron beam is running horizontally in
the z direction with its polarization chosen to be longitudinal.
Particle detectors are mounted with their centers lying in the
(x,y) plane running through the target perpendicular to the
beam. Two multiwire proportional counters (MWPC) facing
each other to the left and right of the target intercept fission
fragments. Ternary particles are measured by two arrays of
up to 12 Si detectors on the top and bottom of the target. A
series of experiments was conducted with the uranium isotopes
233U and 235U, and the plutonium isotopes 239Pu and 241Pu.
In all experiments typical count rates were ∼106/s for binary
fission and ∼102/s for ternary fission. More in detail, on PF1B
the collimated cold polarized neutron beam had an equivalent
thermal flux of ∼109 /(s cm2), an energy of 4.5 meV, and a
polarization of (92 ÷ 95)%.

The neutrons were polarized longitudinally along the beam
(see Fig. 1) by a multislit supermirror polarizer. The fissile
targets at the center of the reaction chamber were oriented
nearly parallel to the beam axis. For the U targets UF4
was evaporated as a thin layer of ∼100 µg/cm2 on a thin
Ti foil (∼100 µg/cm2) transparent to fission fragments. The
diameter of the active spot was ∼8 cm. The total amount
of fissile material was ∼5 mg for 233U and 235U. For the
Pu targets both sides of an aluminum foil with rectangular
size (2 × 7 cm2) and thickness ∼20 µm were covered with
Pu oxide. On each side the total amount of Pu was ∼1 mg.
The aluminum backing was transparent for TPs but not for
FFs. Unavoidably, the backing entailed a low energy cutoff
for the TPs. The TP energies were corrected in the evaluation.
The two position-sensitive MWPCs for registration of FFs
were mounted at a distance of ∼12 cm to the left and right
from the target plane (see Fig. 1). The MWPCs with size
14 × 14 cm2 were operated at low gas pressure. To that purpose
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233, 235U, 239, 241Puの sub eV領域の 共鳴にお
ける時間反転対称性の破れの探索
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Encouraged by the success to observe the violation of
fundamental laws of physics like PNC in fission, the idea
was ventured whether not also time reversal invariance could
be tested [7]. In analogy to the search for violation of time
reversal invariance in the decay of free polarized neutrons
a triple correlation has to be analyzed between neutron spin
σ n and the momenta of fragments pLF and ternary particles
pTP. An experimental program covering several years has
for the present come to a stage allowing reviewing new
facets of fission phenomena albeit not related to time reversal
invariance.

Ternary fission experiments induced by polarized neutrons
for four fissile isotopes 233,235U and 239,241Pu are described
in the following. The hope to find violation of time reversal
invariance was not fulfilled. Instead two distinct phenomena
could be scrutinized which were discovered earlier either in
235U(n,f ) or 233U(n,f ) reactions called ROT or TRI effect,
respectively [8,9]. The ROT effect is attributed to be the
collective rotation of the compound nucleus down to scission.
The TRI effect reflects the influence of the rotating nucleus
on the emission probability of ternary particles. Both effects
are now shown to be present in parallel with different weights
for all actinides studied. The results are discussed in terms of
models focusing on the (J,K) properties of saddle transition
states.

II. EXPERIMENTAL LAYOUT

The layout of experiments was motivated by the search for
violation of time reversal invariance. In speculative analogy to
free neutron decay an experiment was proposed [7] to explore
the triple correlation B:

B = σ n · (pLF × pTP) = pTP · (σ n × pLF), (1)

with B the correlation function between neutron spin σ n and
the momenta pLF and pTP of the light fragment LF and the
ternary particle TP, respectively. All vectors are understood
to be unit vectors. The correlation changes sign under time
reversal, i.e., it is T-odd. In case a B "= 0 is found it may
indicate a violation of time reversal invariance. However, at
variance with PNC where a nonzero P-odd observable proves
the violation of parity, a nonvanishing T-odd observable is only
a necessary but not sufficient condition for violation of time
reversal invariance.

The correlation B becomes maximal when all three vectors
in Eq. (1) are orthogonal to each other. For the two particle
momenta this condition is somewhat closely fulfilled by nature
because the TPs are ejected from the neck between the two
main fragments and the Coulomb forces focus the TP roughly
perpendicular to the fission axis. The neutron spin then has
to be oriented perpendicular to the plane spanned by the
particle momenta. This is achieved in experiment by detecting
fragments and ternary particles in a plane perpendicular to
neutron beam polarization.

For the experiments polarized neutron beams from the
instruments PF1B [10,11] and D3 [12] of the High Flux
Reactor of the Institut Laue-Langevin in Grenoble, France
were available. The layout of the experimental setup is
sketched in Fig. 1. A fissile target is mounted at the center of a

FIG. 1. Layout of the experimental setup. Fissile target at the
center, polarized neutron beam running horizontally, two MWPC de-
tecting complementary fission fragments to the left and right of target,
two arrays of Si detectors on top and bottom of target intercepting
ternary particles. All centers of particle detector assemblies lie in a
plane perpendicular to the beam.

reaction chamber. The neutron beam is running horizontally in
the z direction with its polarization chosen to be longitudinal.
Particle detectors are mounted with their centers lying in the
(x,y) plane running through the target perpendicular to the
beam. Two multiwire proportional counters (MWPC) facing
each other to the left and right of the target intercept fission
fragments. Ternary particles are measured by two arrays of
up to 12 Si detectors on the top and bottom of the target. A
series of experiments was conducted with the uranium isotopes
233U and 235U, and the plutonium isotopes 239Pu and 241Pu.
In all experiments typical count rates were ∼106/s for binary
fission and ∼102/s for ternary fission. More in detail, on PF1B
the collimated cold polarized neutron beam had an equivalent
thermal flux of ∼109 /(s cm2), an energy of 4.5 meV, and a
polarization of (92 ÷ 95)%.

The neutrons were polarized longitudinally along the beam
(see Fig. 1) by a multislit supermirror polarizer. The fissile
targets at the center of the reaction chamber were oriented
nearly parallel to the beam axis. For the U targets UF4
was evaporated as a thin layer of ∼100 µg/cm2 on a thin
Ti foil (∼100 µg/cm2) transparent to fission fragments. The
diameter of the active spot was ∼8 cm. The total amount
of fissile material was ∼5 mg for 233U and 235U. For the
Pu targets both sides of an aluminum foil with rectangular
size (2 × 7 cm2) and thickness ∼20 µm were covered with
Pu oxide. On each side the total amount of Pu was ∼1 mg.
The aluminum backing was transparent for TPs but not for
FFs. Unavoidably, the backing entailed a low energy cutoff
for the TPs. The TP energies were corrected in the evaluation.
The two position-sensitive MWPCs for registration of FFs
were mounted at a distance of ∼12 cm to the left and right
from the target plane (see Fig. 1). The MWPCs with size
14 × 14 cm2 were operated at low gas pressure. To that purpose
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中性子偏極方向とFission後の粒子の運動
方向のT-oddな3重積を測定

Particular features of ternary fission induced by polarized 
neutrons in the major actinides 233,235U and 239,241Pu 

Physical review C 93, 054619 (2016)

@ ILL hot neutron source, FRM II POLI
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過去、対称性の破れに関する研究はHot sourceを用いて多く行われている

Hot Moderatorを使った実験



新研究炉での実験の可能性 
モデレータを出た時点での中性子強度を比較
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facility MEDAPP and the ra diography and tomogra-
phy station NECTAR with fast neutrons. Slow neu-
trons induce nuclear fission in the uranium plates 
causing the emission of neutrons with an average 
energy of 1.9 MeV. The fast neutrons are led with-
out moderation through a horizontal beam tube to 
the experiments. The two converter plates deliver a 
thermal power of about 80 kW.

Cold source

• T = 25 K
• Volume of moderator chamber: 25 l
• Volume of liquid D2: 12 l
• Mass of D2 in cold source: 2.4 kg
• Cold moderator pressure: 1.5 bar
• 18 instruments fed by cold source

Hot source

• Mass of graphite in hot source: 14 kg
• Temperature at 20 MW reactor power:  

~ 2000 °C

%onXerter facilit[

• Mass of uranium in converter plates: 540 g
• Thermal power 80 kW
• Degree of enrichment: 92.5 % in 235U
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Figure 3: The moderator of the hot source in the reactor pool of 
the FRM II during installation. 

Figure 2: Neutron spectra at the entrance of the beam tubes at 20 MW reactor power. 
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0.74eV •新研究炉 (FRM IIと同じ装置を使用) 
0.74eV周りの100meVの中性子量 
-4 x1012 cm-2 s-1 sr-1 
福井炉では-2 x1012 cm-2 s-1 sr-1

•J-PARC 
0.74eVでは~3 x1011cm-2 s-1 sr-1eV-1MW-1 
1MW, 100meVあたりの中性子量は 
3 x1010cm-2 s-1 sr-1

60倍程度、福井炉の方中性子Fluxが大きくなる

熱外中性子をうまく取り出す技術, モノクロメータの
性能向上により大きくJ-PARCを上回る可能性あり



まとめ
• 原子核の中性子吸収反応において、時間反転対称性の破れが大きく増幅されうる 
　→核子間相互作用における未知相互作用の探索を計画

• T-violation探索実験のための開発が進行中→J-PARCで実験予定 
　核偏極ターゲット、中性子偏極デバイス、高係数率中性子検出器

• 新研究炉での実験の可能性 
　→現状技術を用いたとしてもFluxはJ-PARCと遜色ない 
　さらに強度が上がるポテンシャルもある 
　139Laに限らず他の原子核で研究が進む可能性　 

　分解能はパルス中性子源に劣るが、メリットも大きい 
　・1ヶ月オーダーの長期間のビームタイム 
　・遮蔽体が少ないことによる自由度の高い実験 
　・高速中性子, γ線BGが少ないことによるクリーンな実験 
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