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Abstract

It is difficult to explain the existence of the present “Matter-Dominated Universe” using only

the framework of the Standard Model. This strongly suggests CP-violation Beyond the Stan-

dard Model, which has been explored by various experiments. CP-violation and T-violation

are equivalent via the CPT theorem. Therefore, we plan to search for T-violation using the

phenomenon that the symmetry violation is enhanced in some nuclear reactions in order to

access CP-violation Beyond the Standard Model.

P-violation in slow neutron and nuclear reactions has been observed to be up to 106 times

larger than that in nucleon nucleon reactions. This is theoretically interpreted as resulting

from the fact that metastable states are formed by the reaction of neutron and nucleus, and

partial waves with different parities are mixed for a long time to enhance P-violation in nucleon

nucleon reactions (sp-mixing model). Building upon this sp-mixing model, it has been suggested

that T-violation is enhanced in these nuclear reactions as well as P-violation. The parameter

κ(J) indicating the degree of T-violation enhancement in these nuclear reactions is derived

from nuclear structure and can be determined by angular correlation measurements in (n, γ)

reactions. In a previous study of 139La with regards to large P-violation, κ(J) was constrained

by measuring the angular distribution of the 139La(n, γ) reaction using unpolarized neutrons.

On the other hand, more accurate κ(J) are required to discuss the feasibility of the T-violation

search. The realization of higher accuracy was achieved by measuring the different correlation

terms in the (n, γ) reaction. Correlation measurements have been carried out by installing a

neutron polarizer into a high intensity neutron source at J-PARC to polarize incident neutrons.

As a result, a significant asymmetry in the emission direction of γ-ray in the 139La(~n, γ) reaction

was found Agnd
LR = 0.73± 0.14. This asymmetry was analyzed using the sp-mixing model, and

a high accuracy determination of the enhancement parameter was realized as κ(J) = 1.62+2.60
−0.95.

The feasibility of a T-violation search is discussed quantitatively, and the required performance

and measurement methodology are discussed.
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Chapter 1

Introduction

The Standard Model (SM) was almost completed by the discovery of Higgs boson at the Large

Hadron Collider in 2012 [1, 2]. The SM has succeeded in quantitatively explaining various

experimental results as well as predicting phenomena. However, there remain some experimental

observations and known phenomena which are difficult to explain using only SM physics. This

fact suggests the existence of physics beyond SM (BSM), and its elucidation is the main theme in

particle physics today. One of the facts that cannot be explained by SM is a “Matter-Dominated

Universe”. There is a discrepancy of 109 between the asymmetry of matter and antimatter

quantities in today’s universe obtained by cosmological observations and that predicted by SM

[3]. Sakharov pointed out that charge symmetry violation (C-violation) and charge conjugation

parity symmetry violation (CP-violation) must exist as one of the conditions for today’s universe

to be matter-dominated [4]. Since this requires the existence of additional CP-violation in BSM,

it is an urgent matter to clarify it from both theoretical and experimental standpoints. Various

experiments have searched for BSM CP-violation. For example, in high energy experiments

using a large collider, CP-violation is directly searched for by generating new particles [5].

On the other hand, since CP-violation and time reversal symmetry violation (T-violation) are

equivalent via CPT theorem, CP-violation is also searched for indirectly by searching for T-

violation in low energy phenomena. On the experimental side, theoretical constraints for BSM

physics are given by various experiments and clues for new physics are searched for from various

viewpoints.

1.1 CP-violation in the Standard Model

The SM explains CP-violation obtained by existing experimental results well. CP-violation

within the SM framework can be generated from two sources. One is the existence of complex

1



phases contained in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The charged current

associated with the exchange of W boson can be described as follows and which can be changed

into quarks of different generations via the weak interaction

Jµ =
(
ū c̄ t̄

)
γµ
(
1− γ5

)

2
VCKM




d

s

b


 , (1.1)

where γµ is the gamma matrix, γ5 = iγ0γ1γ2γ3, and CKM matrix VCKM is a 3 × 3 unitary

matrix and given as [6]

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 =




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13




=




0.97446± 0.00010 0.22452± 0.00044 0.00365± 0.00012

0.22438± 0.00044 0.97359+0.00010
−0.00011 0.04214± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105± 0.000032


 ,

(1.2)

where sij = sin θij , cij = cos θij , θij is flavor mixing angles, and δ is the complex phase, which

violates CP.

The other source of CP-violation is due to the θ term in Quantum Chromodynamics (QCD).

The Lagrangian of QCD is given as

LQCD =
∑

f

qf

(
iγµ

(
∂µ + igs

∑

a

Gaµ
λa
2

)
−mf

)
qf −

1

4

∑

a

GaµνG
aµν +

g2
sθ

32π2

∑

a

GaµνG̃
aµν ,

(1.3)

where qf is the quark field for a quark flavor f with its mass mf , λa are Gell-Mann matrices,

a subscript a runs from 1 to 8 for the 8 kinds of gluons, gs is the strong coupling constant, Gaµ

is the gluon field. Gaµν and G̃aµν are defined as follows

Gaµν ≡ ∂µGaν − ∂νGaµ − gs
∑

b,c

fabcG
b
µG

c
ν

G̃aµν ≡ 1

2
εµνλρGaλρ, (1.4)

where fabc are completely antisymmetric constants, εµνλρ is completely antisymmetric tensor

in four dimension. The third term in Eq.1.3 is called the θ term and violates CP. However, the

value of θ is limited to |θ| < O
(
10−10

)
from the measurement of the neutron electric dipole

moment (nEDM). This leads to very small CP-violation in the strong interaction. It is pointed

2



out that θ may be strongly suppressed by some mechanism because of its unnaturally small

value in spite of its parameter capable of taking a value ranging from 0 to 2π, which is called

the strong CP problem [7, 8]. In this context, the search for unknown CP-violation is very

important in understanding QCD and the Matter-Dominated Universe.

1.2 T-violation search by EDM measurement

The electric dipole moment of elementary particles or composite particles can be used as a

powerful probe of T-violation in low energy phenomenon. The existence of the EDM indicates

T-violation as shown in Fig.1.1. The effective Hamiltonian of a magnetic moment µ, electric

dipole moment d in both a magnetic field B and an electric field E is expressed as

Heff = −µ ·B − d ·E. (1.5)

Under the T transformation µ, B, d, E are transformed as follows

µ→ −µ, B → −B, d→ −d, E → E. (1.6)

Therefore, the Hamiltonian Heff is transformed by the T transformation as follows:

Heff = −µ ·B + d ·E. (1.7)

The Hamiltonian Heff is invariant for the T transformation only when the value of d is zero. A

Larmor frequency ω in the electric field and the magnetic field is given as follows

ω = −2

~
(µB ± dE) . (1.8)

The difference of the Larmor frequency with respect to the direction of the electric field is

measured.

Since the EDM predicted by SM is very small in general (nEDM dSM
n ≤ 10−32 e · cm, elec-

tron EDM dSM
e ≤ 10−38 e · cm [9]), the discovery of an EDM that can be measured by current

experimental techniques is directly connected to new physics. Figure 1.2 shows how fundamen-

tal CP-violation propagates and appears in various energy regions and sectors as observable

EDMs. Unknown CP-violation is searched for through EDM measurements in various regions.

The measurement of nEDM is currently the most sensitive for T-violation [10]. Figure 1.3

shows the transition of the upper limit of nEDM, and various theoretical predictions have been

rejected. The search sensitivity for T-violation year by year has improved due to performance

3



Time reversal

Spin Spin

Figure 1.1: Illustration of time reversal of particles with EDM. The spin is reversed for time
reversal, but the EDM is invariant. Therefore, the presence of EDM in a static system implies
T-violation.

enhancement of the equipment and through upgrading the various control technologies, and it is

expected that the search sensitivity will continue to improve. On the other hand, it is very sig-

nificant that experiments with different systematic uncertainties are independently performed

to search for unknown physics. Therefore our group is planning a new type of T-violation search

using low energy nuclear reactions, distinct from EDM measurements.

1.3 T-violation search by nuclear reaction

Large parity violation (P-violation) has been observed in some neutron nucleus (n+N) reactions.

This size may be enhanced up to 106 times as large as the size of P-violation in the N + N

reaction. It is understood that a compound state is formed by the n + N reaction, and the

P-violation caused by the weak interaction is enhanced as a result of the mixing of partial

waves with opposite parities over a long period of time [26]. In this compound nuclear reaction,

it is suggested that T-violation is also enhanced by the same mechanism [27]. The T-odd

term in the forward scattering of polarized neutrons and polarized nuclear reactions can be

experimentally measured in order to search for T-violation [28]. When the neutron wavelength

is large compared to the effective radius of the nuclear potential, the neutron behavior in the

medium can be treated optically (Neutron optics). In measurements of T-odd terms in decay

and scattering process, a final state interaction (FSI) caused by the difference between the

final state and the initial state of the reaction exists. The existence of the FSI produces false

T-violation, and it is one of the factors which make the T-violation search by measurement of

the T-odd term difficult. On the other hand, in neutron optics the forward scattering process

can be treated as a state invariant process, so that a T-violation search free from the FSI can

be carried out. Therefore, it may become a very powerful search method from the viewpoint of

direct access to T-violation.
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Figure 1.2: A schematic plot of the hierarchy of scales between the CP-odd sources and three
generic classes of observable EDMs. The dashed lines indicate generically weaker dependencies.
By combining the results of each EDM measurement, new physics can be found while theoretical
predictions are restricted [11].
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Figure 1.4: Illustration of the time inversion in the n + N reaction. T-violation is searched
for by measuring the triple vector correlation formed by the momentum vector of neutron,
the polarization vector of the neutron and the polarization vector of nucleus in the reaction of
polarized neutron and polarized nucleus.

As mentioned before, this experiment is important because it has systematic uncertainties

different from EDM measurements. In addition, the physical quantities obtained by the exper-

iment are important from the viewpoint that they can be complementary to those obtained by

EDM measurements. The ratio of the T-violating cross section ∆σ 6T 6P to the total cross section

σtot in neutron deuteron scattering can be described as follows using the meson exchange model

[29]:
∆σ 6T 6P
2σtot

' (−0.185 b)

2σtot

[
ḡ(0)
π + 0.26ḡ(1)

π

]
, (1.9)

where ḡ
(I)
π is pion nucleon T-violating coupling constant with isospin I. The cross section of

T-violating forward scattering in compound nuclear reactions is proportional to Eq.1.9. The

nEDM dn and deuteron EDM dD are also described using the meson exchange model as follows,

dn ' 0.14
[
ḡ(0)
π − ḡ(2)

π

]

dD ' 0.22ḡ(1)
π .

(1.10)

From Eq.1.9 and Eq.1.10, ∆σ6T 6P is sensitive to ḡ
(0)
π and ḡ

(1)
π , dn is sensitive to ḡ

(0)
π and ḡ

(2)
π

and dD is sensitive to ḡ
(1)
π . Figure 1.5 shows the dependence of ḡ

(0)
π , ḡ

(1)
π , and ḡ

(2)
π on each

measurement, the coupling constant of each rank can be determined by each measurement.

The integration of the results of each measurement allows access to new physics.

In order to discuss the feasibility of the T-violation search quantitatively, it is necessary to

experimentally determine the enhancement factor κ(J) which is brought about in the extension

of the symmetry violation enhancement mechanism in the nuclear reactions. The κ(J) can be

determined by measurements of correlation terms in the (n, γ) reaction. The κ(J) has been

determined in a previous study [30]. However, in order to design the T-violation search, further

improvement of the determination accuracy of it is desired. In this study, the author aims

to eliminate the uncertainties of κ(J) through additional correlation term measurements. In
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Figure 1.5: Complementary relationship between EDMs and the T-violation in compound nu-
clei. The left figure shows the dependence of the deuteron EDM and the T-violation on the
T-violating π meson isoscalar and isovector coupling constants. The solid and dotted lines
correspond to the T-violation and deuteron EDM, respectively. The right figure shows the
dependence of neutron EDM and the T-violation on the T-violating π mesons isoscalar and
isotensor coupling constants. The solid and dotted lines correspond to the T-violation and
nEDM, respectively. The broken line axis shows how the coupling constant is limited by each
measurement, and the limited region is determined parallel to the axis.

addition, the author estimated the reach of experimental sensitivity for the T-violation search

and discussed the experimental design.

1.4 Thesis organization

In this thesis, the author discusses experimental studies of symmetry violation enhancement in

nuclear reactions using polarized neutrons. In chapter 1, the research motivation is outlined.

Chapter 2 discusses the theoretical understanding of the phenomenon of symmetry violation en-

hancement, the concept of a T-violation search exploiting it, and the method used to determine

the κ(J) via a (n, γ) correlation measurement. Chapter 3 describes the facilities and equipment

used for the above (n, γ) correlation term measurements. Chapter 4 discusses (n, γ) correlation

measurements. Chapter 5 discusses the results obtained in the measurement and the analysis

using the results of previous studies. Chapter 6 estimates the experimental sensitivity of the

T-violation search from the results of Chapter 5 and discusses the experimental design. Finally,

Chapter 7 summarizes the entire thesis.
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Chapter 2

Theoretical background

This chapter describes the theoretical interpretation for the enhancement of the symmetry vio-

lation phenomenon in compound nuclear reactions. The concept and features of the T-violation

search using neutron induced compound nuclei are discussed. The method of determining the

parameters necessary to estimate the experimental sensitivity of the search for T-violation is

described.

2.1 Neutron-nucleus interaction

In a nuclear reaction, various processes can be observed according to the energy of the reaction.

There are roughly four processes in the reaction: “Optical potential scattering processes” which

do not excite the nucleus while interacting with nuclear potential, “Direct processes” which in-

volve only a few nucleons in the nucleus (it is known that this process takes approximately

10−21 s, which is equivalent to the time required for a nucleon to pass through the nuclear re-

gion), “Pre-equilibrium processes” which involve multiple nucleons in nucleus, and “Compound

nuclear process” which is the process in which the energy of the incident particle propagates

throughout the whole nucleus over a relatively long time period of ∼ 10−16 s. In particular

when the incident particle is a neutron, it can easily penetrate into the nucleus at low energies

because it is not affected by the Coulomb potential of the nucleus due to its electric neutrality.

Therefore, in low energy neutron - nucleus reactions, it is common to form compound nuclei

without a direct process. It is possible to observe the phenomenon which deeply reflects the

metastable state and properties of the many-body system in a heavy nuclei.

9



Table 2.1: Longitudinal asymmetry in ~pp scattering.

Proton energy (MeV) ANN

15 (−1.7± 0.8)× 10−7 [31]

45 (−2.31± 0.89)× 10−7 [32]

45 (−1.50± 0.22)× 10−7 [33]

800 (+2.4± 1.1)× 10−7 [34]

2.2 P-violation in nuclear reaction

2.2.1 P-violation in the direct process

The longitudinal asymmetry ANN in the scattering cross section of longitudinal polarized pro-

tons irradiating an unpolarized proton target is defined as follows,

ANN ≡
σ+
NN − σ−NN
σ+
NN + σ−NN

, (2.1)

where σ±NN are the scattering cross sections for helicity positive- and negative- states of incident

protons, respectively. As shown in Table 2.1, ANN was measured in various energy regions, and

for each result ANN ∼ O(10−7) [31–34]. The reactions in these energy regions are dominated

by direct processes, which means that P-violation exists in nucleon-nucleon interactions. The

probability amplitude f of the nucleon-nucleon interaction consists of the parity conserved

(PC) amplitude fPC and the parity nonconserved (PNC) amplitude fPNC, the magnitude of

the interaction is given as

|f |2 = |fPC + fPNC|2

∼ |fPC|2
(

1 + 2
|fPNC|
|fPC|

+
|fPNC|2

|fPC|2

)
.

(2.2)

Since the weak nucleon-nucleon interaction is considered to be dominated by the one meson

exchange process, the ratio of fPNC and fPC is given approximately as the ratio of PNC and

PC light meson exchange potential as follows,

|fPNC|
|fPC|

∼ VPNC
VPC

∼ GFm2
π

∼ 2× 10−7,

(2.3)
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where GF and mπ are the Fermi coupling constant and the pion mass, respectively. In this

way, the theoretical calculation for P-violation in the direct process can find agreement with

experimental values.

2.2.2 P-violation in the compound nuclear process

In the 1980s, large P-violation was observed at the p-wave resonance in compound nuclear

reactions by Alfimenkov [35]. Longitudinally polarized neutrons were made to irradiate an

unpolarized target causing the neutron spin to flip, and the number of transmitted neutrons

were measured. They found that the longitudinal asymmetry AL, defined as follows, has a large

value only in the vicinity of the p-wave resonance.

AL ≡
σp+ − σp−
σp+ + σp−

, (2.4)

where σp± are the absorption cross sections of the p-wave resonance for helicity positive- and

negative- states of incident neutrons. Starting with the discovery of a large P-violation of

117Sn [35], the longitudinal asymmetry was measured in various nuclides and energy regions as

shown in Fig.2.1. In particular, 139La was confirmed to have an extremely large asymmetry,

AL ∼ O(10−1) [36]. The phenomenon that the P-violation, which is approximately 10−7 in the

direct process, is enhanced to approximately 106 in the compound nuclear process is given the

following theoretical interpretation [26].

The large P-violation observed in compound nuclear reactions is often observed at a p-wave

resonance when the p-wave resonance exists at the tail of the large s-wave resonance as shown

in Fig.2.2. In view of these observations, a theoretical interpretation has been given that the P-

violation, which was 10−7 in the direct process, is enhanced by a factor of 106 by the mixing of

partial waves with opposite parities in the compound nuclear process. In general, in the case of

low energy neutron and nuclear reactions, only the contribution of the lower order partial wave

should be considered. Therefore, in the theoretical interpretation, it is called the “sp-mixing”

model, since the mixing of the s- and p-wave amplitudes is assumed. The angular momentum

of the incident neutron j can be written as

j = l+ s, (2.5)

where l is the orbital angular momentum and s is the spin of the incident neutron, respectively.

Since the s- and p-wave correspond to l = 0 and 1, respectively, there are states j = 1/2 for

s-wave resonances and j = 1/2 and j = 3/2 for p-wave resonances. The neutron width of the
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s- and p-wave resonances Γns , Γnp have the following relation,

Γns = Γns,j= 1
2
, Γnp = Γnp,j= 1

2
+ Γnp,j= 3

2
, (2.6)

where Γn
s,j= 1

2

, Γn
p,j= 1

2

and Γn
p,j= 3

2

are the partial neutron width of j = 1/2 for s-wave and j = 1/2

and j = 3/2 for p-wave resonances, respectively. In this model, the longitudinal asymmetry in

Eq.2.4 is described as follows,

AL ' −
2xW

Ep − Es

√
Γns
Γnp
, (2.7)

where Es and Ep are the resonance energies of the s- and p-wave resonances, respectively. The

W is the weak matrix element in the transition to the partial wave with opposite parity. The

variable x is defined as

x ≡
√

Γn
p,j= 1

2

Γnp
. (2.8)

It is theoretically understood that two types of factors cause the enhancement of P-violation.

One is “dynamic enhancement” and the other is “structural enhancement”. The “dynamic

enhancement” originates from the statistical properties of compound nuclei. The Hamiltonian

of the compound state consists of parts of parity conservation HPC and parity non-conservation

HPNC. The amplitudes |s′〉 and |p′〉, which are the mixed amplitudes of partial waves with

opposite parity due to the existence of the parity non-conserving process, is expressed as

|s′〉 = |s〉 − 〈s |HPNC| p〉
Ep − Es

|p〉,

|p′〉 = |p〉+
〈s |HPNC| p〉
Ep − Es

|s〉, (2.9)

where |s〉 and |p〉 are wave functions of s- and p-waves, respectively. The weak matrix element

W corresponds to 〈s |HPNC| p〉. The s- and p-wave compound states can be expressed as a

linear combination of single particle-hole states in a nuclear shell model as

|s〉 =

N∑

i

ai|ψi〉, |p〉 =

N∑

j

bj |ψj〉, (2.10)

where the coefficients ai and bj give the magnitude of each wave function and are of the order

of 1/
√
N as a result of the normalization of |s〉 and |p〉, respectively, and N is the number of

compound states. The average spacing of single particle-hole states is D0 and the average level

spacing of the compound state is D. Therefore, N has the following relationship,

N ∼ D0

D
. (2.11)
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The weak matrix element is written using Eq.2.10 as

|W | = |〈s |HPNC| p〉|

=

∣∣∣∣∣∣

〈
N∑

i

aiψi |HPNC|
N∑

j

bjψj

〉∣∣∣∣∣∣

=

∣∣∣∣∣∣

N∑

i,j

a∗i bj 〈ψi |HPNC|ψj〉

∣∣∣∣∣∣
.

(2.12)

Assuming that the phases of ai and bj are random, |W | is given as

|W | ∼ 〈ψi |HPNC|ψj〉
N

√
N. (2.13)

Eq.2.7 can then be described as

2W

Ep − Es
∼ |W |

D

∼ 〈ψi |HPNC|ψj〉
D0

√
N

∼ F
√
N,

(2.14)

where F is the size of the parity mixing in the single particle-hole state and has the same

order of magnitude as the P-violation in the direct process. The typical values in Eq.2.11

are D0 ∼ 106 eV and D ∼ 10 eV, therefore N ∼ 105, and the size of the P-violation in the

direct process is approximately 10−7 from Eq.2.3. Therefore, the “dynamical enhancement” is

approximately 102 – 103. The other enhancement factor, “structural enhancement,” is caused

by the different centrifugal barriers of neutron waves, and the neutron widths for the s- and

p-wave are written as

Γns ∝ kR, Γnp ∝ (kR)3, (2.15)

where k is the neutron momentum and R is the radius of the nucleus. Therefore the “structural

enhancement” is given as √
Γns
Γnp
∼ 1

kR
. (2.16)

Since typical values of R ∼ 10 fm and k ∼ 10−4 fm−1, the amplitude of the “structural

enhancement” is approximately 103. Thus, it is understood that the P-violation in the direct

process is enhanced 106 times by two types of enhancement factors. On the other hand, the
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parameter x in Eq.2.8 is estimated to be of the order of 1 and can be determined by measuring

the angular distribution of the (n, γ) reaction.

2.3 T-violation in nuclear reactions

2.3.1 Enhancement of the T-violation in the compound nuclear pro-

cess

It has been pointed out by Gudkov that CP-violation can also be enhanced when the enhance-

ment mechanism of P-violation based on the sp-mixing model in the compound nuclear process

is expanded [27]. Since CP-violation is equivalent to T-violation via the CPT theorem, it can be

observed as a T-violating cross section experimentally. The wave function |lsI〉 is transformed

by parity inversion as

P : |lsI〉 → (−1)l|lsI〉. (2.17)

In the case of a time reversal transformation, it changes as follows,

T : |lsI〉 → (−1)iπSyK̂|lsI〉, (2.18)

where I is the target nuclear spin, S is the channel spin, which is defined as S = s+I and K̂ is

an operator that gives complex conjugation. Enhancement of T-violation is caused by mixing

of different channel spin. We then consider the recombination of the angular momentum as

follows,

|((Is)S, l)J〉 =
∑

j

〈(I, (sl)j)J | ((Is)S, l)J〉|(I, (sl)j)J〉

=
∑

j

(−1)1+I+ 1
2 +J

√
(2j + 1)(2S + 1)





1 1
2 j

I J S



 |((ls)j, I)J〉,

(2.19)

where J = s + I + l is the spin of the compound nuclear state. This recombination produces

the following relationship between T- and P-violation as follows,

∆σT = κ(J)
WT

W
∆σP, (2.20)

where the spin factor κ(J) is a coefficient representing the change in the combination of angu-

lar momentum, ∆σT and ∆σP are T- and P-violating cross section in the compound nuclear

reaction, and WT and W are the T- and P-violating weak matrix elements. The spin factor
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Figure 2.3: φp dependence of |κ(J)| for various nuclei.

κ(J) can be described in terms of the target nuclear spin I as

κ(J) =





(−1)2I

(
1 +

1

2

√
2I − 1

I + 1

y

x

) (
J = I − 1

2

)

(−1)2I+1 I

I + 1

(
1− 1

2

√
2I + 3

I

y

x

)
(
J = I + 1

2

)
, (2.21)

where x and y can be written in terms of the j = 1/2 and j = 3/2 components of the partial

neutron width of the p-wave resonance as

x ≡
√

Γn
p,j= 1

2

Γnp
, y ≡

√
Γn
p,j= 3

2

Γnp
, (2.22)

where x and y satisfy the following relationship from Eq.2.6

x2 + y2 = 1. (2.23)

Since the above relation represents a unit circle in the xy plane, the mixing angle φp can be

defined as

x = cosφp, y = sinφp. (2.24)

Fig.2.3 shows the φp dependence of κ(J) for various nuclei. Since the value of κ(J) determines

the experimental sensitivity of the T-violation search, its determination is crucial.
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2.3.2 Experimental concept of the T-violation search

The forward scattering amplitude in the reaction of low energy neutrons with a polarized nuclear

target with only vector polarization can be described as follows,

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.25)

where σ, Î, and k̂ are the incident neutron spin, nuclear target spin and the unit vector parallel

to neutron momentum, respectively. When the propagation of neutrons through a target of

finite thickness can be treated optically, the following relationship is given between the initial

state spinor Ui and the final state spinor Uf ,

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f,

(2.26)

where k is the wave number of neutrons, z is the thickness of the target and ρ is the number

density of the target nucleus. A density matrix S is given as

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.27)

where

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,

(2.28)

where the A term is the coherent scattering amplitude, B is the incoherent scattering amplitude,

C is the P-odd and T-even scattering amplitude and D is the P-odd and T-odd scattering

amplitude. The D term is the T-violating term. Therefore, by experimentally confirming that

the D term has a non-zero value, the discovery of T-violation may be confirmed. As an example

of a measurement of the D term, as shown in Fig.2.4, polarized neutrons are injected in the

direction of z-axis, and neutrons are polarized in the direction of x-axis and target is polarized
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Figure 2.4: Basic concept of the T-violation search. Measurement of the D term with polarized
neutrons and polarized target.

in the direction of y-axis. Then, if D has a finite value, additional neutron spin rotations

other than the contributions of the A, B, and C terms occur in the xy-plane in the polarized

target. Therefore, the following four observables are considered. One is the analyzing power

Ax, i.e., the transmittance when polarized neutrons are injected. The second is the polarization

of transmitted neutrons Px when unpolarized neutrons are injected. Finally, the polarization

transfer coefficient K+x
+x , K−x−x in the target when polarized neutrons were injected. Each of

them has the following relation as observables including the D term,

Ax ≡
Tr
(
σxS

†S
)

Tr (S†S)
= 4

(
ReA∗D
|A|2 +

ImB∗C
|A|2

)
, (2.29)

Px ≡
Tr
(
S†σxS

)

Tr (S†S)
= 4

(
ReA∗D
|A|2 − ImB∗C

|A|2
)
, (2.30)

K+x
+x ≡

Tr
(

1+σx
2 S† 1+σx

2 S
)

Tr (S†S)
=
|A|2 + 2 ReA∗D + |D|2

|A|2 ,

K−x−x ≡
Tr
(

1−σx
2 S† 1−σx

2 S
)

Tr (S†S)
=
|A|2 − 2 ReA∗D + |D|2

|A|2 .

(2.31)

By combining these observables, the terms proportional to D can be extracted. For example, as

shown in Fig.2.5, the summation of Ax and Px gives 8 ReA∗D/|A|2, or the subtraction of K+x
+x

and K−x−x gives 4 ReA∗D/|A|2. In Eq.2.20, WT /W is given an upper limit by a measurement

of the neutron EDM and 199Hg and the ~np measurement [38], ∆σP is determined from the

measurement of longitudinal asymmetry AL, and ∆σT is proportional to the D term. It follows

that the sensitivity for a T-violation search in compound nuclei can be estimated by determining

the spin factor κ(J).
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Figure 2.5: Examples of combinations for observables in T-violation search. The left figure
shows a combination of analyzing power and polarization measurements. The right figure
shows the polarization transitions are measured and subtracted.

2.3.3 Final State Interactions in Neutron Optics

Decay and scattering processes of particles transitioning from the initial state i to the final

state f are discussed. If the reaction matrix proportional to the scattering amplitude is defined

as T , the condition that the scattering matrix is unitary is given as

T † − T = iTT †. (2.32)

If we assume the first-order Born approximation, the right side is negligibly small so that the

T is hermitian (T † = T ). Therefore, the following relationship is obtained,

〈i|T |f〉 = 〈i |T ∗| f〉 . (2.33)

Using the time reversal invariance relation, the following equation is given as

〈f |T |i〉 = 〈−i|T | − f〉∗. (2.34)

The Hermiticity of T , that is, the Eq.2.34 is modified by using Eq.2.33 to give the following

equation,

|〈f |T |i〉|2 = |〈−f |T | − i〉|2. (2.35)
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Therefore, if the reaction process can be represented by the first-order Born approximation,

A T-violation search can be performed by measuring the T-odd term. However, when the

first-order Born approximation cannot be applied, i.e., when the right side of Eq.2.32 cannot

be ignored and the T matrix has no hermiticity, Eq.2.33 is not satisfied. Therefore, false T-

violation occurs in the measurement of the T-odd term, which is called FSI. In general, the

search for T-violation via a measurement of a T-odd term is often limited in sensitivity by

the FSI. However, the forward scattering process in the framework of neutron optics does not

involve the FSI because it does not change the state. Therefore, the attractive feature of this

method is that it is FSI-free, and it is easy to improve sensitivity from a statistical viewpoint.

2.3.4 Candidate nuclei for the T-violation search

It is necessary to select an optimal nuclide used for the T-violation search as this search strongly

reflects the nature of the nucleus used, and each has its advantages. Therefore, it is important

to evaluate and determine these comprehensively. The primary requirement is a large ∆σT.

For this purpose, it is necessary to estimate the magnitude of ∆σT by measuring ∆σP and

κ(J) for each nuclide. As for ∆σP, as shown in Fig.2.1, many nuclides have been studied

in advance, and it is reasonable to determine κ(J) of those nuclides. On the other hand,

experimental constraints need to be considered. The effect of T-violation is observed at the

p-wave resonance. It is necessary to consider the characteristics of the neutron intensity of

the neutron source because it has different resonance energies depending on the nuclide. In

general, the neutron intensity increases with decreasing energy due to the neutron moderation

process. Therefore, nuclides with low p-wave resonance energy are desirable from the statistical

point of view. And, it is also necessary to consider the nuclear polarization method, because

the observable quantity in the T-violation search is proportional to the nuclear polarization.

Fundamentally, it is possible to polarize any nucleus, if the Bruteforce (BF) method using the

fact that the nuclear spin follows the Boltzmann distribution under high magnetic field and

very low temperature is used. However, the BF method requires a long time to achieve high

polarization because of their very long relaxation time (months to a year). Therefore, nuclides

for which Dynamic nuclear polarization (DNP) method [39] has been established are desirable

from the viewpoint of obtaining high polarization. Candidate nuclei for the T-violation search

are listed in Table 2.2. The κ(J) measurements of these nuclides are in progress in parallel

[40, 41]. Among them, 139La with large AL was found to have κ(J) of the order of 1. In

addition, polarization of lanthanum can get close to 50% by applying the DNP method to

single crystal LaAlO3 doped with Nb [42]. Therefore, 139La is one of the most promising

nuclides at present.

20



Table 2.2: Candidate nuclei for the T-violation search. The nuclides are listed in order of
decreasing energy for p-wave resonance.

Nuclide Ep (eV) AL (%) I
Natural

abundance (%)

Polarization

method

139La 0.74 9.8± 0.2 7/2 99.9 DNP [42]

81Br 0.88 1.77± 0.33 3/2 49.3 SEOP1 [43]

117Sn 1.33 0.79± 0.04 1/2 8.6 DNP [44]

131Xe 3.2 4.3± 0.2 3/2 21.2 SEOP1 [45]

115In 6.85 −1.45± 0.11 9/2 95.7 DNP [46]

However, two different values are given from the restriction on the value of φp and κ(J)

for 139La in previous studies as shown in Fig.2.6 and 2.7 [30], and the experimental sensitivity

of the T-violation search remains uncertain. Therefore, it is desired to limit the experimental

sensitivity of the T-violation search to one value of φp and κ(J) of 139La by upgrading the (n, γ)

measurement.

2.4 The angular distribution in (n, γ) reaction

Determining the value of φp and κ(J) is important for estimating the sensitivity of the T-

violation search. These values can be determined by measuring the correlation term in the

1discussed in detail in chapter 3.

21



x
<latexit sha1_base64="T5eNG1t/rh/1LJqdf1tI18J36qA="></latexit><latexit sha1_base64="T5eNG1t/rh/1LJqdf1tI18J36qA="></latexit><latexit sha1_base64="T5eNG1t/rh/1LJqdf1tI18J36qA="></latexit><latexit sha1_base64="T5eNG1t/rh/1LJqdf1tI18J36qA="></latexit>

�p
<latexit sha1_base64="I2h0h2PEFFJcEbA/bkGjr96Hol0="></latexit><latexit sha1_base64="I2h0h2PEFFJcEbA/bkGjr96Hol0="></latexit><latexit sha1_base64="I2h0h2PEFFJcEbA/bkGjr96Hol0="></latexit><latexit sha1_base64="I2h0h2PEFFJcEbA/bkGjr96Hol0="></latexit>

y
<latexit sha1_base64="AuLdew5jpKTPI6dy3LbA+v6AZWo="></latexit><latexit sha1_base64="AuLdew5jpKTPI6dy3LbA+v6AZWo="></latexit><latexit sha1_base64="AuLdew5jpKTPI6dy3LbA+v6AZWo="></latexit><latexit sha1_base64="AuLdew5jpKTPI6dy3LbA+v6AZWo="></latexit>

(x, y) = (cos�p, sin�p)
<latexit sha1_base64="hwQISh0MCxI9oNFs85o0fawuI+Y="></latexit><latexit sha1_base64="hwQISh0MCxI9oNFs85o0fawuI+Y="></latexit><latexit sha1_base64="hwQISh0MCxI9oNFs85o0fawuI+Y="></latexit><latexit sha1_base64="hwQISh0MCxI9oNFs85o0fawuI+Y="></latexit>

Figure 2.6: The restricted regions of φp was determined by measuring the angular distribution
of the 139La(n, γ) reaction with unpolarized neutrons [30]. Blue and green regions represent
the a1 and a3 terms, respectively. The dark color region represents the 1σ region, and the light
color region represents the 2σ region.
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Figure 2.7: The restricted regions of κ(J) for 139La was determined by measuring the angular
distribution of the 139La(n, γ) reaction with unpolarized neutrons [30].
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(n, γ) reaction. The differential cross section of the (n, γ) reaction can be written as [47]

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn ·

(
k̂n × k̂γ

)
+ a3

((
k̂n · k̂γ

)2

− 1

3

)
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(
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)(
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(
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))
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)))
,

(2.36)

where k̂n and k̂γ are units vectors parallel to momenta of neutron and γ-ray, σn and σγ are

the neutron and γ-ray spins, respectively (See Appendix A for a detailed expression of the

correlation term). When incident neutrons are unpolarized and the γ-ray circular polarization

is not measured, Eq.2.36 can be described as

dσnγf (θ)

dΩγ
=

1

2

(
a0 + a1 cos θ + a3

(
cos2 θ − 1

3

))
, (2.37)

where θ is the polar angle of the emitted γ rays with respect to the incident neutron momentum

as shown in Fig.2.8. The a1 and a3 terms have an angular distribution which can be expanded

in terms of x and y as

a1 = a1xx+ a1yy,

a3 = a3xyxy + a3yyy
2.

(2.38)

The theoretical calculation for x and y for 139La were determined by measuring the angular

distribution using unpolarized neutrons. In previous studies, φp was determined from the results

of a1 and a3 terms. Additionally, when incident neutrons are polarized perpendicular to the

incident direction as shown in Fig.2.8 and the circular polarization of the γ-rays is not measured,

23



kγ
→

z

x

y

θ  φ 

Polarized
neutron

σn→

γ-ray
kn
→

Figure 2.8: Definition of coordinate systems and vector elements. The z axis is defined in the
beam direction, the y axis is the vertical upward axis, the x axis is perpendicular to them. The
polar angle in the spherical coordinate is denoted by θ and the azimuthal angle is ϕ.

Eq.2.36 can be described as

dσ±nγ(θ, ϕ)

dΩ
=

1

2

(
a0 + a1 cos θ + a3

(
cos2 θ − 1

3

)

±
(
−a2 sin θ sinϕ− a4 sin θ cos θ sinϕ

+ a9 sin θ cosϕ+ a11 sin θ cos θ cosϕ

))
,

(2.39)

where ϕ is the azimuthal angle. In particular, the a2 term is important because its amplitude

is predicted to be large given the value of φp in previous studies. The a2 term can also be

expanded in terms with x and y dependencies as

a2 = a2xx+ a2yy, (2.40)

where

a2x = −2 Im
∑

rsrp

V1rsV
∗
2rpβ 1

2
P

(
JrsJrp

1

2

1

2
1IF

)
,

a2y = −2 Im
∑

rsrp

V1rsV
∗
2rpβ 3

2
P

(
JrsJrp

1

2

3

2
1IF

)
,

(2.41)

where Jrs , Jrp are the spin of the compound states for s- and p-wave resonances, respectively.

Variable I is the spin of the target nucleus and F is the spin of the final state. Therefore, the
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Eγ = 5161 keV ground 3-
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35 keV 5-
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Figure 2.9: Transition scheme for neutron capture of 139La. The scheme does not depict
transitions from the s-wave resonance or other higher excited state [48].

value of a2 depends on these variables, and it is required that the final state can be separated

precisely and that the neutron resonance energy can be specified in the measurement. The state

transition during the excitation and decay of compound nuclei for 139La is shown in Fig.2.9. In

this study, the author focused on the process in which 139La absorbs neutrons, forms a p-wave

resonance, and then transitions to the ground state. Figure 2.10 shows the energy dependence

of the cross sections for a2x and a2y terms in the vicinity of the p-wave resonance for the case

of F = 3 and the value of J was used from table.2.3. Therefore, by determining the amplitude

of a2 experimentally, the value of x, y, and φp are determined.
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Figure 2.10: Energy dependence of the cross sections for a2x and a2y terms in the vicinity of the
p-wave resonance for the case of F = 3, Js1 = 4, Jp = 4, and Js2 = 3. The a0 term represents
the uncorrelated absorption cross section of the (n, γ) reaction. The presence of a2 changes the
resonance amplitude.

Table 2.3: Resonance parameters of 139La used in the analysis. r is
the type of partial wave, Er is the resonance energy, Jr is the spin of
compound state, lr is the orbital angular momentum of the incident
neutron, Γγr is the partial γ width, gr = (2Jr + 1) / [2 (2I + 1)] is the
statistical factor and Γnr is the neutron width.

r Er (eV) Jr lr Γγr (meV) grΓ
n
r (meV)

s1 −48.63a 4a 0 62.2a (571.8)a

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

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

a Taken from Ref.[49, 50].
b Taken from Ref.[30, 51].

c Taken from Ref.[52].
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Chapter 3

Experimental Procedure

The experiment was performed at beamline 04, Accurate Neutron-Nucleus Reaction measure-

ment Instrument (BL04 ANNRI), of the Materials and Life science experimental Facility (MLF)

of the Japan Proton Accelerator Research Complex (J-PARC). Facilities and equipment are de-

scribed in the following sections.

3.1 J-PARC MLF

J-PARC located in Tokai, Ibaraki, Japan, uses high intensity proton beams to carry out cutting-

edge research in a wide range of fields such as elementary particle physics, nuclear physics,

materials science, life science, and nuclear engineering. As shown in Fig.3.1, J-PARC has

three accelerators and three experimental facilities. There are a linear accelerator (LINAC),

a 3 GeV Rapid-Cycling Synchrotron (RCS) and a 50 GeV Synchrotron (MR) as accelerators,

and the Material an Life Science Experimental Facility (MLF), the Neutrino Facility, and the

Hadron Experimental Facility as experimental facilities [53]. MLF is an experimental facility

for material and life science using high intense pulsed neutrons and muons beams. The protons

accelerated to 3 GeV by the RCS are injected into the mercury target at MLF at 25 Hz and

cause a spallation reaction to generate neutrons.

As shown in Table 3.1, the incident proton beam from the RCS has a width of 150 ns

with an interval of 600 ns (double bunch), and the average proton beam power was 530 kW or

600 kW during measurements. The high energy neutrons generated by the spallation reaction

are moderated by a light water moderator and a supercritical hydrogen moderator at 20 K

and 1.5 MPa. In order to collect neutrons efficiently into moderators, beryllium is placed as a

neutron reflector around moderators, which amplifies the neutron intensity by approximately

a factor of 10. A neutron absorber (Decoupler) is inserted between the moderator and the
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Figure 3.1: Bird’s-eye view of J-PARC accelerators.

Table 3.1: Characteristics of the proton beam of RCS [53].

Parameter Value

Perimeter 348 m

Designed beam power 1 MW

Extraction energy 3 GeV

Repetition rate 25 Hz

Bunch width (double bunch) 100 ns

neutron reflector to suppress the broadening of the pulse width in the moderator. In addition,

in order to improve the time structure characteristics of the neutron beam, a plate of cadmium

or gadolinium is inserted into the moderator as a neutron absorber (Poison). In MLF, three

types of moderators: Coupled, Decoupled and Poison moderators, are used according to the

pulse characteristics required for each beam line as shown in Fig.3.2. The beam line used in

this study utilizes neutrons supplied from the coupled moderator. Couple moderators have a

wider neutron pulse width than those of other moderators because no decoupler is inserted,

however they have the highest neutron intensity as shown in Table 3.2.

3.1.1 BL04 ANNRI

BL04 ANNRI was designed and constructed for the purpose of high-precision measurements of

neutron reaction cross sections of minor actinides and fission products required for the devel-

opment of innovative nuclear systems.

As shown in Fig.3.3, BL04 is a beam line of approximately 30 m in total length, and

surrounded with a concrete biological shield. The neutron beam was collimated to a 15-mm-
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CM Coupled moderator DM Decoupled moderator PM Poisoned moderator

Figure 3.2: Top-view of MLF facility in J-PARC [53].

Table 3.2: Design characteristics of the moderators of MLF at J-PARC [53].

Type of

moderators

Time-integrated

thermal neutron

flux (n/s · cm2)

Peak neutron

flux at 10 meV

(n/eV · s · cm2)

Pulse width

in FWHM

at 10 meV (µs)

Coupled 4.6× 108 6.0× 1012 92

Decoupled 0.95× 108 3.0× 1012 33

Poisoned (thicker side) 0.65× 108 2.4× 1012 22

Poisoned (thinner side) 0.38× 108 1.4× 1012 14
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diameter spot at the target position, placed 21.5 m from the moderator surface [54]. The

lead filter (37.5 mm-thick in total) was installed to suppress the background caused by fast

neutrons and γ flashes. The disk choppers operated in synchronization with the timing of

the proton beam incidence to avoid frame overlap due to low-energy neutrons. In this study,

a 3He spin filter as a neutron polarizer was installed 1.5 m upstream from the target. The

germanium detector assembly was arranged surrounding the target to detect the γ rays from

the (n, γ) reaction. Neutrons passing through the target were detected by neutron detector

located 27.9 m from the moderator through a downstream collimator. To avoid saturation of

the neutron detector, a 10 µm-thick gadolinium foil was placed 3 m upstream from the neutron

detector. Almost all regions from the moderator to the beam stopper were evacuated to reduce

the background due to neutron scattering with atmosphere.

3.2 Experimental apparatus

3.2.1 γ-ray detectors

The germanium detector assembly shown in Fig.3.4 was used to detect the γ rays emitted from

the target [55]. A right handed system is used in this thesis as shown in Fig.2.8, and the neutron

beam direction is defined to be along the z axis.

The germanium detector assembly consists of two kinds of detectors. One is an “A-type

detector”, located above and below the target. Each A-type detector has seven separated

germanium crystal regions. The other is called a “B-type detector”, which consists of eight

germanium crystals surrounding the target. The shape of the germanium crystals of the A-

type and B-type detectors are cylindrical with a diameter of 70 mm and a height of 78 mm and

a diameter of 70 mm and a height of 89 mm, respectively. Germanium crystals are protected

by neutron shields such as lithium fluoride (LiF) and lithium hydride (LiH) to prevent lattice

defects due to scattered neutrons and to reduce the background caused by (n, γ) reactions

other than the sample. In addition, to protect fast neutrons and γ rays, the whole germanium

detector assembly is covered with a shield consisting of iron, a boron compound and lead. The

nuclear target is placed at the center of the beam duct through the center of the detector. The

beam duct is made of aluminum (A5052) and the inside wall is covered with LiF plates. The

beam duct is evacuated (∼ 10−1 Pa) to prevent scattering of neutrons by atmosphere.

During the experiment, germanium crystals were cooled to 77 K by either liquid nitrogen or a

mechanical refrigerator. The energy threshold level for γ-ray detection was set at approximately

100 keV in order to avoid electronic noise. Typical energy resolution is 2.4 keV for 1.332 MeV

γ-rays during accelerator shutdown and 5.4 keV during accelerator operation [56]. In this
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Figure 3.3: Top view of BL04 ANNRI.

31



y z

x

Type-A detector

Type-B detector

x z

y

Nuclear target

Neutron shield

Type-A detector

Type-A detector

Incident
neutrons Neutron shieldCollimator

Beam duct

γ-ray shield

Figure 3.4: Germanium detector assembly. The left figure is a sectional view and the right
figure is a top view.

analysis, only the lower A-type detectors were used because the B-type and the upper A-type

detectors’ condition were unstable. The correspondence between the position and the detector

number of the lower A-type detectors is shown in Fig.3.5 and Table 3.3 [57].

3.2.2 Neutron detectors

Two types of lithium glass scintillation detectors were used to detect neutrons transmitted

through the target [58]. One was a 6Li 90% enriched type (GS20) and the other was a 7Li

99.99% enriched type (GS30). The size of both scintillators is 50 mm × 50 mm × 1 mm. The

1
2

3

4
7

5
6

y z

x

Figure 3.5: Number correspondence of the
lower A-type detector (Top-view).

Table 3.3: Correspondence table of detector’s
number and position angle.

Detector θi (deg) ϕi (deg)

1 70.9 258.2

2 90.0 246.3

3 109.1 258.2

4 109.1 281.8

5 90.0 293.7

6 70.9 281.8

7 90.0 270.0
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Figure 3.6: Figure of neutron capture cross sections for 6Li and 7Li. The dashed line, dotted
line, and solid line show the cross section for 6Li (n, α), 6Li (n, γ), and 7Li (n, γ), respectively
[59].

6Li reacts with neutrons mainly as follows,

6Li + n→ 3H + α (4.78 MeV). (3.1)

By doping the scintillator with 6Li, 3H, and α-particles produced by the above reaction produce

scintillation light. Therefore, it can be used as a neutron detector. The 6Li isotope has a neutron

absorption cross section of 940 barn for 25 meV neutrons as shown in Fig.3.6. On the other

hand, 7Li has a very low sensitivity (0.045 barn for 25 meV neutron) for neutron detection. Since

GS20 and GS30 have similar sensitivities for γ rays, the γ-ray background of GS20 was evaluated

by GS30 by installing two detectors in close proximity as shown in Fig.3.7. Scintillators were

connected to the Hamamatsu Photonics H7195 photomultiplier tubes (PMT) whose diameters

were 2 inches through a triangular light guide to increase the collection efficiency of scintillation

light, and an ORTEC 556H was used for high-voltage power supply.

3.2.3 Data acquisition system

Two types of an analog to digital converter (ADC) were used for germanium detectors and

neutron detectors for data acquisition. Since germanium detectors have a high energy resolution,

they also require a high ADC resolution. A V1724, 8 channels, 14 bit, 100 MS/s, peak hold

digitizer manufactured by CAEN was used as the ADC for the germanium detectors [60]. The

neutron detector requires a fast response to the ADC because a high count rate was assumed
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Figure 3.7: Top view of neutron detectors. Detectors were installed at 27.9 m from the moder-
ator surface. GS30 and GS20 were installed in close proximity. Blocks of lithium fluoride were
installed to prevent scattered neutrons from irradiating the PMTs.

for a high flux neutron beam. A V1720, 8 channels, 12 bit, 250 MS/s, charge sensitive digitizer

was used as the ADC for neutron detectors [60]. The characteristics of each ADC are listed in

Table 3.4. The process of signal processing of each ADC is described below. A block diagram

of the signal processing of V1724 and V1720 and schematics of the waveform processing are

shown in Fig.3.8, 3.9, 3.10, 3.11.

V1724

The signal from the germanium detector is converted from analog to digital by the ADC.

The sampling rate is reduced by the Decimator to suppress high frequency noise. The

signal is distributed to two signals, one sent to the “Trigger & Timing Filter (TTF)”

and the other to the “Trapezoid Filter (TF)”. TTF converts the signal to a bipolar

signal, sends the zero-crossing point to the Counter, and sends it as a trigger signal to

TF signal system. The Clock (CLK) outputs the Time Stamp of the signal sent to the

counter, and the origin of the time is the timing information of the proton entering the

mercury target supplied from MLF. On the other hand, the signal sent to TF is shaped

into a trapezoid. After the trapezoidal shaping, the integration region of the trapezoidal

signal is determined by referring to the trigger signal sent from TTF, and the pulse height

information is output after the integration. When the time difference between the signals

∆t in Fig.3.9 is in the range of 0.4 µs to 3.2 µs, it is called a “pile-up event”, and the

time stamp is recorded but the pulse height information is not recorded. Furthermore,

when two signals are close and ∆t is less than 0.4 µs, the two signals are processed as one

signal, and neither time stamp nor pulse height information is recorded. Such an event is

called a “dead event”.
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Table 3.4: Characteristics of ADCs [60].

Model V1724 V1720

Sampling clock frequency 100 MHz 250 MHz

Resolution 14 bits 12 bits

Digitization Peak-Hold Charge-Integration

Impedance 50 Ω common mode 100 Ω differential mode

Decimator

Trigger ＆ Timing
Filter

Trapezoidal
Filter

Baseline
Mean

Comp.

Comp.

Counter

Sub Peak
Mean

Zero

Thr.

CLK

Time Stamp

Pulse Height

Trigger

Armed

Input Signal

Figure 3.8: Block diagram of the signal processing chain for V1724 [60].

V1720

As in V1724, the analog signal from the Li-glass detector is converted into a digital signal

by the ADC. The signal is distributed to TTF and Delay circuit. TTF converts the signal

to a dipole signal and records the zero crossing point as the event generation time. The

information of the point exceeding the threshold is transmitted to the Delay circuit. The

signal sent to the Delay circuit is delayed, and the gate signal generated by the trigger

signal from the TTF system is referred to, integrated by the Accumulator, and output as

the pulse height information.

In the timing processing system, the difference between proton incident timing and the detection

time is recorded as time information tm. We can calculate the neutron energy En applying the

time-of-flight (TOF) method and the pulse height information obtained in V1724 correspond

to γ-ray energy Eγ after energy calibration.
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Figure 3.9: Schematic of the waveform processing in pulse height and time information pro-
cessing system in V1724 [60].
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Figure 3.10: Block diagram of the signal processing chain for V1720 [60].
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Figure 3.11: Schematic of the waveform processing in pulse height and time information pro-
cessing system in V1720 [60].

3.2.4 Neutron polarizer

A 3He spin filter was used as the neutron polarizer. The 3He spin filter polarizes neutrons by

utilizing the large spin-dependent cross section between 3He and neutrons: the absorption cross

sections for 25 meV neutrons with spins parallel and antiparallel to 3He are approximately 0

and 10666 barn, respectively. The 3He spin filter is a glass cell filled with 3He gas and alkali

metal. The 3He was polarized by a spin exchange optical pumping (SEOP) method [61]. In

this experiment, two kinds of SEOP methods were used. Each principle is described below.

SEOP

The SEOP method is a kind of DNP method. The rubidium atoms are polarized by

the infrared (∼770 nm) circularly polarized laser as shown Fig.3.12, and the 3He nuclei

are polarized via the hyperfine interaction. Since rubidium is solid at room temperature,

metal rubidium is vaporized by heating (170 ◦C – 230 ◦C) and spin exchanged with 3He.

During these process, the quantization axis is defined by the applied external magnetic

field. Type 180 glass (GE180) manufactured by General Electric Co. is generally used for

the glass cell. Since GE180 does not contain boron with large neutron absorption cross

section which is often contained in ordinary glass, neutron absorption is suppressed. In

addition, since the surface is non-porous, relaxation of the 3He polarization due to the

wall collision can be suppressed.

Hybrid SEOP

The hybrid SEOP method is an evolution of the traditional SEOP method, in which ru-
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Table 3.5: Physical parameters of alkali met-
als

Element K Rb

σsd (Å2) 0.0128a 0.0994a

kse (cm3/s) 7.5× 10−20b 6.8× 10−20c

a Taken from Ref.[63].
b Taken from Ref.[64].
c Taken from Ref.[65].

bidium metal and potassium metal are filled in a glass cell [62]. Laser-pumped rubidium

atoms spin exchange with potassium atoms and polarize the potassium atoms at approx-

imately 100%. And, the polarization of the potassium atom transfers to the 3He nucleus

via the hyperfine interaction. Although there is a process in which the polarization of

alkali metal is relaxed by the collision of alkali metal atoms, while the spin exchange rate

kse with 3He is approximately equal as shown in Table 3.5, the spin destructive cross sec-

tion σsd of potassium is one order lower than that of rubidium. As a result, the presence

of potassium atoms facilitates the polarization of 3He.

In this experiment, laser pumping was carried out in a SEOP system at either a polarizatoin

station located within or outside of MLF as shown in Fig.3.13. As shown in Fig.3.14, a glass

cell installed in a solenoid coil in the SEOP system was temperature-controlled by a heater and

optimum temperature was determined by monitoring the polarization of 3He by the adiabatic

fast-passage (AFP) NMR method as shown in Fig.3.15. AFP-NMR is a method to flip the spin

by following the spin to the effective magnetic field by applying the oscillating magnetic field

in the direction perpendicular to the static magnetic field applied [66].

The polarization of 3He is relaxed by various processes. The main processes include the

relaxation by the magnetic dipole interaction between 3He, the collision with the wall of the

glass cell, and the spatial inhomogeneity of the magnetic field [67, 68]. Since the spatial in-

homogeneity of the magnetic field strongly depends on the experimental environment, it is

especially necessary to construct the optimum magnetic field environment in correspondence

with the experimental environment. For this the optimum magnetic field design was estimated

with Finite Element Method (FEM) analysis using Femtet manufactured by Murata Software

Co. and FEMM [69], and the solenoid coil and a guide magnet were developed and installed.

Details of the magnetic field design are given in Appendix B.

A solenoid coil was used to define the quantization axis and to suppress the relaxation of 3He

polarization due to the inhomogeneity of the external magnetic field. In this experiment, up

and down polarized neutrons are defined as parallel and antiparallel to the x axis, respectively.

38



Circularly polarized 
photon (795 nm)

Collisional mixing

Radiationless 
quenching from N2

2S1/2

2P1/2

mj = -1/2 mj = 1/2

Spin relaxation

Figure 3.12: Energy state and transition process of rubidium in the SEOP method (A simplified
two-level transition scheme). When rubidium interacts with polarized photons, rubidium is
excited from the ground state of 2S1/2 to 2P1/2. However, it is restricted to the transition from
mj = −1/2 to mj = 1/2 by the selection rule of magnetic quantum numbers. In addition, it
transitions from 2P1/2 to 2S1/2 by the collision with the nitrogen molecules. This process is
repeated, the electrons at a specific level increase, the rubidium atoms become polarized, and
the polarized rubidium and 3He nuclei can exchange spin via the hyperfine interaction, and the
3He nuclei become polarized.

A magnetic field of approximately 15 G was applied by the solenoid coil at the cell installation

position. In order to polarize neutrons along the x axis, after 3He was polarized by SEOP, the

glass cell was rotated adiabatically 90 degrees in the solenoid coil as shown in Fig.3.16.

Since the spin of 3He follows the magnetic field of the solenoid coil, 3He is polarized in the

x axis direction. The spin filter was installed into the beam line after the 3He was polarized

in the 3He polarization station [70]. As shown in Fig.3.17, unpolarized neutrons were injected

through the side of the solenoid coil. After passing through the spin filter, a guide magnetic

field was applied from the 3He spin filter to the target using a permanent magnet to maintain

the polarization of neutrons.

3.2.5 Nuclear target

Lanthanum and melamine (C3H6N6) were used as nuclear targets. The lanthanum target was

a metal lanthanum plate of 40 mm× 40 mm× 3 mm with a purity of 99.9%. Table 3.6 shows

the concentration of impurities in the lanthanum target. The melamine target was a melamine

resin plate of 40 mm × 40 mm × 2 mm. The melamine target is used for the relative γ-ray

detection efficiency correction using γ rays emitted by 14N(n, γ) reaction of nitrogen contained
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Figure 3.13: Top view of the 3He pumping system in the pumping station at MLF. The circularly
polarized laser irradiated from the laser module is diffused by a collimator, reflected by two
mirrors, and irradiate a glass cell fixed in a cylindrical container of a NMR coil and a heater
installed inside a solenoid coil.

Main coil
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Magnetic shields

3He cell Drive coil
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Figure 3.14: Cross-sectional view of 3He spin filter. A solenoid coil of 300 mm in diameter and
500 mm in length with an aluminum wire of 0.95 mm in diameter coated with polyester was
used as a conductor. The main coil is one wound layer, and the compensation coils are one
wound layer on both outer sides. The entire solenoid is covered with a 0.1 mm thick permalloy
film to shield the external magnetic field. A drive coil for NMR is wound around a cylindrical
container inside the solenoid coil. This cylindrical container is also covered with a jacket heater,
which is used to raise the temperature of the glass cell when 3He is laser-pumped. In addition,
a pickup coil is installed in the lower part of the glass cell in order to detect the signal by NMR
and evaluate the polarization ratio of 3He.
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Figure 3.15: Time dependence of the polarization ratio of 3He detected by the AFP-NMR
during the laser pumping. Black and white points represent SEOP and hybrid SEOP methods,
respectively. The solid line shows the fitting result by the buildup function (1 − e−t/τbuild),
where t is the pumping time and τbuild is time constant of the buildup for the 3He. It takes 1–2
days to reach the maximum polarization ratio of 3He in the case of the SEOP method, while it
takes about half a day in the case of the hybrid SEOP method. Note that since the intensity of
the NMR signal depends on the size of the cell and the positional relationship with the pickup
coil, the comparison of the absolute values of both is not very important.

Neutron beamPumping laser

Figure 3.16: Arrangement of the glass cell in solenoid coil. In laser pumping, the glass cell is
installed in a direction coaxial with the solenoid coil. The glass cell is rotated by 90 degrees
when it is installed into the beam line and irradiated by the neutron beam. The aluminum
cylinder around which the solenoid coil is wound and the permalloy film have holes 50 mm in
diameter on the side surfaces to prevent direct neutron beam irradiation.
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Figure 3.17: 3He spin filter and a guide magnet for neutron spin transport. The left figure is
a solid view of the system. Unpolarized neutrons were injected from the side of the solenoid
coil and polarized by passing through the 3He spin filter installed in the solenoid coil, after
which they irradiate the downstream nuclear target. The right figure is a top view of the
system. Solid arrows indicate the direction of the magnetic field and a dashed arrow indicates
the direction of the neutron beam. The magnetic field antiparallel to x axis outside the solenoid
coil was canceled by the guide magnet composed of permanent magnets, and in addition, the
magnetic field was applied in the x axis parallel direction. Therefore, polarized neutrons always
maintained polarization due to adiabatic transport in the guiding magnetic fields.
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Table 3.6: Impurities within the lanthanum target evaluated by the Inductively Coupled Plasma
(ICP) spectrometry.

Material Quantity (ppm)

Neodymium 101

Cerium 81

Praseodymium 63

Samarium 57

Dysprosium 48

Yttrium 36

Target holder

FEP film

50 mm

62 mm

Target

54 mm

7 mm

13 mm42 mm

Figure 3.18: Illustration of the target and the target holder. The target packaged with FEP
film is fixed to the PTFE holder.

in melamine. Emitted γ rays are considered to be isotropic because 14N has no p-wave resonance

or resonance with higher angular momentum below 400 eV. In addition, since the energy of the

γ-rays are over 2000 keV – 11000 keV, corrections in the region of our interest are possible.

All targets were packaged in a 5 µm thick fluorinated-ethylene-propylene2 (FEP) film to

avoid oxidation and neutron scattering. FEP film is composed of only carbon and fluorine, which

allow low background measurements because of their small neutron reaction cross sections. In

addition, since it does not contain hydrogen, background by scattered neutrons is suppressed,

and it is thus suitable as a packing material. The target packaged with FEP film is fixed to a

polytetrafluoro-ethylene3 (PTFE) holder as shown in Fig.3.18. PTFE is also a low background

material like FEP. The target is installed in the center of the germanium detector with sub-

milli-order precision by a target changer in BL04.

2(−CF2 − CF2−)n (−CF2CF (CF3)−)m
3(−CF2 − CF2−)n
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Chapter 4

Measurement

This chapter describes the results of asymmetry measurements of the 139La(~n, γ) reaction with

polarized neutrons as well as the methods used for calibration and correction of data. The

experiments were carried out over three beam cycles as shown in Table 4.1 and all results are

summarized in Table.4.2 at the end of this chapter. In the measurement, a 3He spin filter was

installed onto the beam line, and the polarization direction of 3He was flipped by the AFP-

NMR method approximately once every 4 hours. Pulse-height and time information of γ rays

emitted in the (n, γ) reaction were acquired from germanium detector, and pulse-height and

time information of transmitted neutrons which passed through the target were acquired from

lithium glass detectors.

4.0.1 Determination of Neutron Energy by TOF method

Neutron energy En can be determined by the TOF method. The time information tm acquired

by the ADC and En have the following relationship,

En =
1

2
mnv

2
n

=
1

2
mn

(
L

tm − t0

)2

,

(4.1)

Table 4.1: Conditions for a series of measurements.

Series Beam power (kW) Measurement time (hour) DNP method

March 2019 520 82 SEOP

May 2019 520 72 SEOP

June 2020 600 72 Hybrid-SEOP
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Figure 4.1: The time variation of the number of protons incident on a mercury target measured
by the current transformer on May 28, 2019 is shown. The proton beam intensity fluctuates
by approximately 1%. The decrease in the number of protons indicates that the proton beam
injection stopped due to a malfunction of the accelerator.

where mn is mass of neutron, vn is velocity of neutron, L is the distance from the surface of

the moderator to the target and t0 is the timing offset of the data acquisition. The value of L

was 21.5 m and 27.9 m for germanium detector and lithium glass detector, respectively, and

the value of t0 was approximately 2.5 µs.

4.0.2 Proton beam current correction

The number of protons injected into the spallation source was measured by the current trans-

former and provided with the time of incidence as shown in Fig.4.1. Since the number of

neutrons produced by spallation is proportional to the number of incident protons, each mea-

surement was normalized using this information.

4.1 Measurement of transmitted neutrons

Neutrons transmitted through the target are detected by lithium glass detectors. The perfor-

mance of the 3He spin filter, the 3He polarization ratio, and neutron polarization ratio were

evaluated by the measurement of transmitted neutrons, and they were used to correct the

analysis of the (~n, γ) reaction.
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Figure 4.2: Neutron pulse-height spectra of GS20 and GS30. Black and red lines represent the
spectra of GS20 and GS30, respectively. The ratio of the single neutron detection events in the
200 channel to the double neutron detection events in the 360 channel is approximately less
than 0.1% and was statistically negligibly small in this measurement.

4.1.1 Neutron event selection

Two-dimensional data of the pulse-height and TOF information were acquired from the lithium

glass detectors. Figure 4.2 shows the pulse height spectra of GS20 and GS30. The large peak

near 200 channels in the pulse-height spectrum of GS20 corresponds to a single neutron detection

event, and the peak near 360 channels corresponds to a double neutron detection event. Most

components of the pulse-height spectrum of the GS30 is γ-ray background events, while the

small peaks near 200 channels correspond to the single neutron detection events as well as

those seen in the pulse-spectrum of GS20. This peak was used for the pulse-height calibration

between GS20 and GS30. These neutron event regions were gated and neutron events were

selected. Figure 4.3 shows the TOF spectra of GS20 and GS30, and there is a structure in

which the number of events rapidly decreases around tm ∼ 35000 µs in the spectrum of GS20,

because low-energy neutrons were cut by the disk chopper. Since only γ-ray background exist

in this region and the counts of both spectrum are equal, it is estimated that the γ-ray detection

efficiency was approximately equivalent. The γ-ray background was removed by subtracting

the spectrum of GS30 from GS20. γ-ray background events were less than approximately 1%

of neutron events in the region excluding high and low energies (750 µs 6 tm 6 25000 µs).

Therefore, this region is used in the analysis involving the lithium glass detector.
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Figure 4.3: Neutron TOF spectra of GS20 and GS30. Black and red lines represent the spectra
of GS20 and GS30, respectively.

4.1.2 Determination of Neutron transmittance and polarization ratio

The neutron transmittance for the unpolarized 3He spin filter is written as

Tunpol = Tcell exp (−nHetHeσHe), (4.2)

where Tcell is the neutron transmittance of the vacuum glass cell, nHe is the atomic number

density of 3He, tHe is the cell length and σHe is the neutron total cross section of 3He. Therefore,

the effective thickness nHetHe of 3He which fills the cell can be evaluated by measuring the

transmittance of the unpolarized 3He spin filter and the transmittance of the vacuum glass

cell, separately. The ratio of the neutron TOF spectra of the two measurements is shown in

Fig.4.4. The absorption cross section component contained in σHe is extrapolated from the cross

sections at 25 meV, assuming the energy dependence from the 1/vn law. The value of nHetHe

was evaluated by fitting using Eq.4.2. The largest contribution to the systematical uncertainty

of the value of the nHetHe is the shape difference between the 3He cell and the vacuum glass cell,

and it is assumed that there is a shape difference of at most 1%. The neutron transmittance of

the 3He spin filter when the 3He is polarized Tpol can be described as follows,

Tpol = Tunpol cosh(PHenHet∆σHe), (4.3)

where PHe is the polarization ratio of the 3He and ∆σHe is the neutron absorption cross section

of 3He. As shown in Fig.4.5, the polarization ratio of 3He was evaluated by fitting using Eq.4.3.
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Figure 4.4: Ratio of neutron transmission through unpolarized 3He to that through the vacuum
glass cell. The solid line is the result of fitting by Tunpol/Tcell = exp(−nHetHeσHe). From this
result, the effective thickness of 3He can be determined.

The neutron polarization ratio Pn and the 3He polarization ratio PHe are related through

Pn = tanh(PHenHet∆σHe). (4.4)

The neutron transmittance of the 3He spin filter has time dependence due to the relaxation of

3He polarization (See Appendix B for details on the mechanism of 3He relaxation.). Therefore,

the neutron transmittance of the 3He spin filter and the polarization ratio of neutrons incident

on the target also change. Figure 4.6 shows the time dependence of the polarization ratio

of 3He from the installation of the 3He spin filter onto the beamline towards the end of the

measurement. The polarization of 3He relaxes with time according to the following,

PHe = P0e
−t/τdecay , (4.5)

where P0 is the polarization ratio of 3He at the start of the measurement, τdecay is the relaxation

of 3He time and t is the measurement time. The relaxation of 3He time was estimated by fitting

using Eq.4.5. These results were used to correct the analysis of (~n, γ) reaction in the following

section.
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Figure 4.5: Ratio of neutron transmission through polarized 3He to that through unpolarized
3He. The solid line is the result of fitting by Tpol/Tunpol = cosh(PHenHetHe∆σHe). From this
result, the 3He polarization can be determined.
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Figure 4.6: Time dependence of the polarization ratio of 3He in the depolarization process. The
polarization of 3He relaxed with time. The solid line is the fitting result of the relaxation time
constant using the exponential decay function as given by Eq.4.5
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Figure 4.7: Pulse-height spectrum of γ rays from the (n, γ) reaction with a lanthanum target.

4.2 Measurement of γ rays from (~n, γ) reaction

γ rays generated by the (n, γ) reaction were detected by the germanium detector. The ger-

manium and neutron detectors can obtain two-dimensional pulse-height and TOF information.

Hereinafter, the total number of γ-ray detected by the germanium detector is denote Iγ .

4.2.1 Energy calibration for γ-ray energy

Figure 4.7 shows the pulse-height spectrum of the germanium detector obtained by neutron

irradiation of the lanthanum target. The value of the pulse-height is proportional to the energy

deposit of γ rays in the germanium crystal. Since the utilization of peaks in the low and high

energy regions enables energy calibration over a wide range, the energy calibration for the pulse-

height utilizes peaks of a 511 keV photo-peak due to electron-positron pair production and a

5098 keV peak from the 139La(n, γ) reaction. Figure 4.8 shows the neutron TOF spectrum of

the germanium detector obtained by neutron irradiation of the lanthanum target.

4.2.2 Pile-up correction

As described in the previous chapter, the ADC that processes signals from the germanium de-

tector which lose pulse-height information are labeled “pile-up events” when the time difference

between the signals ∆t in Fig.3.9 is in the range of 0.4 µs to 3.2 µs. When gated by γ-ray
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Figure 4.8: Neutron TOF spectrum of γ rays from the (n, γ) reaction with the lanthanum
target. The resonance at around tm ∼ 1800 µs and 200 µs are the p-wave resonance of 139La
and the s-wave resonance of 139La, respectively.

energy, a “pile-up event” is missing from the neutron TOF spectrum because it has no γ-ray

energy information. If the number of “pile-up events” at time tm is defined as Npu and the

number of “non pile-up events” (Events with both time and pulse height information) is defined

as Nnpu, then the ratio of these events is defined as Rpu = Npu/Nnpu. Events gated by γ-ray

energy are corrected in the following relation.

Ngated = N ′gated (1 +Rpu) , (4.6)

where N ′gated is the number of events before the correction when gated by γ-ray energy, and

Ngated is the number of events after the correction. Figure 4.9 shows the spectrum of a typ-

ical pile-up ratio of the lower A-type detector in the vicinity of the p-wave resonance of the

139La(n, γ) reaction. It can be seen from this that the pile-up correction is approximately 5%

– 6% corrected in the vicinity of the p-wave resonance. Since the total “dead events” are one

order of magnitude smaller than the “pile-up events”, they are statistically negligibly small in

this analysis.
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Figure 4.9: The spectrum of the pile-up ratio in the vicinity of the p-wave resonance in the
139La(n, γ). At the resonance, since the count rate increases, the time difference between the
signals becomes short, and pile-up events tend to occur.

4.2.3 Relative γ-ray detection efficiency correction

Each germanium crystal has different size, mounting angle, and γ-ray detection efficiency.

Therefore, it is necessary to correct the relative γ-ray detection efficiency between crystals.

As described in the previous chapter, 5269 keV γ rays from the 14N(n, γ) reaction were used

to correct the relative γ-ray detection efficiency. Figure 4.10 shows the γ-ray spectrum of the

14N(n, γ) reaction, and in the vicinity of 5269 keV is closed up. Compton scattering background

components included in the full-absorption peak region were subtracted, and the i-th detector’s

relative γ-ray detection efficiency εi was determined from the ratio of the number of events

in the full width at quarter maximum (FWQM) region of the peak. The difference in relative

γ-ray detection efficiency between the lower A-type detectors used in this measurement is less

than 10%.

4.2.4 Transverse asymmetry

The transverse asymmetry using inclusive γ-ray transitions and single γ-ray transitions were

analyzed. The γ-ray yield for the i-th detector in the p-wave resonance region for incident up-

and down- spin neutrons can be written as, considering the small cross section in the vicinity
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Figure 4.10: γ-ray spectrum of the 14N(n, γ) reaction with melamine target, in particular, a
detailed drawing around transitions of 5269 keV and 5298 keV from 14N(n, γ). 5269 keV γ rays
were used to correct the relative γ-ray detection efficiency. The dashed line shows the fit result
of the background component estimated by a polynomial function.

of the p-wave resonance, respectively,

n±nγ(θi, ϕi) ∝
∫

Eγ

dEγ

∫

tm
dtm

∫

Ωi

dΩσ±nγ(θ, ϕ)εi, (4.7)

where θi and ϕi are the i-th detector’s mounting angle, Ωi is the i-th detector’s solid angle. The

integral region in the p-wave is defined as Ep − 2Γp 6 En 6 Ep + 2Γp. Resonance parameters,

as in Table 2.3, have been well determined by previous studies and used in this analysis.

The γ-ray yield in each detector was weighted using the detector position and lower A-type

detectors were added to give the following expressions,

N± =
∑

i

′ n±nγ(θi, ϕi)

εiλi
, (4.8)

where the i-th detector’s angular weight factor λi is defined as − sin θi sinϕi and
∑
i

′
represents

the summation of lower A-type detectors. The asymmetry εγ between N+ and N - is defined

as follows,

εγ =
N+ −N−
N+ +N−

, (4.9)

and considering the difference in polarization ratio of neutron between up- and down- spin
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neutrons, the transverse asymmetry A′LR is expressed as follows using εγ

A′LR =
2εγ(

P+
n + P−n

)
− εγ

(
P+
n − P−n

) , (4.10)

where P±n is the neutron polarization ratio in each neutron polarization direction obtained from

Eq.4.4. Here, when only the p-wave resonance region was focused, the background components

in the vicinity of the p-wave resonance, derived from the s-wave resonance and resonances of

other nuclei were subtracted from Eq.4.8. The transverse asymmetry A′LR was then defined as

in Eq.4.10.

4.2.5 Neutron multiple scattering event correction

Neutron scattering in the target prior to absorption alters the neutron momentum vector and

hence impacts the asymmetry. Taking such scattering events into account, A′LR is given by

A′LR =

(
N+
s=0 +Ns≥1

)
−
(
N−s=0 +Ns≥1

)
(
N+
s=0 +Ns≥1

)
+
(
N−s=0 +Ns≥1

) , (4.11)

where N±s=0 represents the number of events that emit γ rays without scattering in the target

and Ns≥1 represents the number of events that emit γ rays after scattering more than once in

the target, respectively. Therefore, A′LR and the true asymmetry ALR can be related by

ALR = A′LR

(
1 +

Ns≥1

Nr

)
, (4.12)

where Nr is defined as
N+
s=0+N−s=0

2 , which is equal to the component of the p-wave resonance.

The ratio was estimated using a Monte Carlo simulation and estimated to be Ns≥1/Nr =

0.072 ± 0.002 in the vicinity of the p-wave resonance. In the simulation, the polarization

direction of incident neutrons is assumed to be transverse to the beam axis and to be spatially

isotropically scattered when potential scattering occurs in the target.

Inclusive γ-ray transition

The asymmetry in the resonance region and continuous regions was evaluated by setting the

threshold for Eγ to 2000 keV – 15000 keV. Since most of the energy of delayed γ rays generated

in this measurement is less than 2000 keV, the effect of delayed γ rays with time-dependent

yield can be avoided by setting the threshold value to 2000 keV. As shown in Fig.4.11, it was

confirmed that the value of the transverse asymmetry Aall,inc
LR for inclusive γ-ray transitions

before the background subtraction described later was zero over the entire region. The asym-

metry was evaluated focusing on the p-wave region. The s-wave component was evaluated by
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Table 4.2: Summary of measurement results.

Series Ainc
LR Agnd

LR nHetHe (atm · cm) τdecay (hours) P̄He

March 2019 0.015± 0.008 0.56± 0.24 19.3± 0.1 127.0± 0.1 0.5

May 2019 −0.010± 0.008 0.67± 0.33 19.3± 0.1 122.3± 0.1 0.5

June 2020 0.003± 0.005 0.86± 0.20 25.4± 0.1 93.8± 0.1 0.6

Combined 0.003± 0.004 0.73± 0.14 - - -

fitting linear functions with 1400 µs 6 tm 6 1600 µs, 1900 µs 6 tm 6 2200 µs and subtracted

as shown Fig.4.12. Figure 4.13 shows γ-ray yield in the vicinity of the p-wave resonance ac-

cording to the spin state of incident neutrons after background subtraction. As a result, the

value of the transverse asymmetry Ainc
LR for inclusive γ-ray transitions was zero consistent in all

measurements.

Single γ-ray transition

The asymmetry for a single γ-ray transition was evaluated by applying the same procedure. In

Fig.4.14, the peak at Eγ = 5161 keV is the transition from the compound state of 139La + n

to the ground state of 140La (spin of the final state: F = 3). This 5161 keV transition is the

highest energy transition from p-wave resonance in the 139La(n, γ) reaction and free from the

background induced from the same reactions [30]. The gate range was full width at quarter

maximum (FWQM) of the full-absorption peak of the 5161 keV. The neutron energy dependence

of the asymmetry for the 5161 keV single γ-ray transition was evaluated. As shown in Fig.4.15,

it was confirmed that the value of the transverse asymmetry Aall,gnd
LR for the 5161 keV single

γ-ray transition before the background subtraction was zero in the region outside of the p-wave

resonance. The asymmetry was evaluated focusing on the p-wave region. The s-wave component

was evaluated by fitting linear functions with 1100 µs 6 tm 6 1600 µs, 1900 µs 6 tm 6 3300 µs

and subtracted as shown Fig.4.16. Figure 4.17 shows γ-ray yield in the vicinity of the p-wave

resonance according to the spin state of incident neutrons after background subtraction and

the transverse asymmetry TOF spectrum. As a result, the value of the transverse asymmetry

for 5161 keV single γ-ray transition was a statistically significant value in all measurements.

Finally, the results obtained for each measurement are shown in Table 4.2, where P̄He represents

the average 3He polarization ratio during the measurement.
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Figure 4.11: Asymmetry for the entire region when the threshold of the γ-ray was set to
2000 keV – 15000 keV.
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Figure 4.12: γ-ray yield in the vicinity of the p-wave resonance when the threshold of the γ-ray
was set to 2000 keV – 15000 keV. White points show the γ-ray yield in the vicinity of the p-wave
resonance for up-polarized neutrons. The solid line shows fitting results to background. Black
points indicate p-wave components after subtraction of background. The small bump around
tm ∼ 1700 µs is a result of the resonance of 149Sm.
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Figure 4.13: γ-ray yield in the vicinity of the p-wave resonance for each polarization direction of
incident neutrons. White and black points indicate the up- and down- polarization, respectively.
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Figure 4.14: Pulse-height spectrum of γ-ray from 139La(n, γ) reaction, in particular, a detailed
drawing around 5161 keV. Only the 5161 keV peak was used in this analysis.
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Figure 4.15: Asymmetry for the entire region for the 5161 keV single γ-ray transition.
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Figure 4.16: γ-ray yield in the vicinity of the p-wave resonance for up-polarized neutrons.
White points show the γ-ray yield in the vicinity of the p-wave resonance for up-polarized
neutrons. The solid line shows the result of fitting to background. Black points indicate p-wave
components after subtraction of background.
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Figure 4.17: γ-ray yield in the vicinity of the p-wave resonance for each polarization direction
of incident neutrons and the transverse asymmetry TOF spectrum. In the upper side figure,
white and black points indicate the up- and down- polarization, respectively.
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Chapter 5

Analysis

In this chapter, the experimental results obtained in the previous chapter are analyzed using

the sp-mixing model. In addition, a combined analysis was carried out using the results of a

previous study.

5.1 Analysis of 139La(~n, γ) reaction using sp-mixing model

5.1.1 a2 term analysis

The result of the asymmetry given by Table 4.2 was interpreted using the sp-mixing model, in

which the differential cross section for a compound nuclear reaction induced by up- and down-

spin neutrons
dσ±nγ(θ,ϕ)

dΩ can be written as,

dσ±nγ(θ, ϕ)

dΩ
=

1

2
×

(
a0 + a1 cos θ + a3

(
cos2 θ − 1

3

)

±
(
−a2 sin θ sinϕ− a4 sin θ cos θ sinϕ

+a9 sin θ cosϕ+ a11 sin θ cos θ cosϕ

))
, (5.1)

where the definition of θ, ϕ follows Fig.2.8. The a0 term consists of the s-wave (a0s) and the

p-wave (a0p), respectively (a0 = a0s + a0p).
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The differential cross section
dσ±nγ(θ,ϕ)

dΩ without the s-wave component of the cross section
dσ±nγ,p(θ,ϕ)

dΩ is described as

dσ±nγ,p(θ, ϕ)

dΩ
=
a0p

2
×

(
1 +A1 cos θ +A3

(
cos2 θ − 1

3

)

±
(
−A2 sin θ sinϕ−A4 sin θ cos θ sinϕ

+A9 sin θ cosϕ+A11 sin θ cos θ cosϕ

))
, (5.2)

where

A1 =
a1

a0p
, A2 =

a2

a0p
, A3 =

a3

a0p
,

A4 =
a4

a0p
, A9 =

a9

a0p
, A11 =

a11

a0p
. (5.3)

Generally, the resonance curve obtained by the (n, γ) reaction is broadened by the thermal

motion of target nucleus, and the resonance energy shifts by the time structure of the incident

neutron beam. As shown in Fig.5.1, the A2 term satisfies the following relationship because a0p

and a2 have the same energy dependence in the vicinity of the p-wave resonance.

A2 =
a2 ∗Rdop(tm) ∗Rmod(tm)

a0p ∗Rdop(tm) ∗Rmod(tm)

=
a2

a0p
, (5.4)

where Rdop(tm) and Rmod(tm) are the response function of the resonance width broadening due

to thermal motion of target nucleus and time structure of neutron beam due to the moderation

process. Therefore, the effects on these resonance structures are canceled, and A2 is found to

be a constant in the vicinity of the p-wave resonance.

The asymmetry A+−,p for the γ-ray yield for neutron spin in the p-wave resonance region

after subtraction of the s-wave resonance component is given as

A+−,p =

∫
dΩ
∫
dEnσ

+
nγ,p(θ, ϕ)−

∫
dΩ
∫
dEnσ

−
nγ,p(θ, ϕ)∫

dΩ
∫
dEnσ

+
nγ,p(θ, ϕ) +

∫
dΩ
∫
dEnσ

−
nγ,p(θ, ϕ)

=
−Ā2 sin θ sinϕ− Ā4 sin θ cos θ sinϕ+ Ā11 sin θ cos θ cosϕ

1 + Ā3

(
cos2 θ − 1

3

) , (5.5)

where Āi is the integrated value of Ai. The integral region was defined as the total width of

the resonance centered on the resonance (Ep− 2Γp 6 En 6 Ep + 2Γp). The effect of A1 and A9

are sufficient small upon integration, because they are both odd functions of energy centered at
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Figure 5.1: Energy dependence of the a0p, a2, and A2 terms. The a0p and a2 terms have the
same energy dependence in the vicinity of the p-wave resonance.

the p-wave resonance. A4 and A11 are canceled when the geometric configuration of the γ-ray

detectors satisfies symmetrical relations with respect to the x and z axis, respectively. The A3

term was evaluated by a previous study [30] and found to be

Ā3 = 0.568± 0.083. (5.6)

Further, the definition and value of B3 for θ = 0◦ are given by

B3 ≡ 1 + Ā3

(
cos2 θ − 1

3

)

= 0.812± 0.028. (5.7)

It follows that A+−,p has the following relationship,

A+−,p ×B3 = −Ā2 sin θ sinϕ

=
Γp

Ep − Es1

√
Γns1
Γnp

√
Γγs1,gnd

Γγp,gnd

×
(
−5

8
cosφp −

√
35

16
sinφp

)
sin θ sinϕ

= − (0.719 cosφp + 0.418 sinφp) sin θ sinϕ. (5.8)
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Table 5.1: Ratios of the γ width from each resonance to the corresponding ground state [30].

Γγs1,gnd

Γγs1
:

Γγp,gnd

Γγp
:

Γγs2,gnd

Γγs2

1 : 0.796 ± 0.020 : 0.009 ± 0.006

The partial γ width used in the analysis is shown in Table 5.1. The measurement result Agnd
LR

in the previous chapter and A+−,p in the theoretical calculation are equivalent. Therefore, the

left side of Eq.5.8 gives the following values from Eq.5.7 and value of the Agnd
LR ,

A+−,p ×B3 = 0.59± 0.12. (5.9)

The following results are obtained by solving Eq.5.8 for φp,

φp =
(
−14.5+13.1

−10.9

)◦
,
(
75.0+10.8

−13.4

)◦
. (5.10)

The value of x corresponding to φp is then

x = 0.97+0.06
−0.03, 0.26+0.22

−0.19. (5.11)

The above result is shown in Fig.5.2 in the xy plane. From these values of x, the value of W is

determined using Eq.2.7.

W =
(
−2.17+0.16

−0.07

)
meV,

(
−8.12+3.70

−20.7

)
meV. (5.12)

Further, the value of κ(J) from the value of φp is obtained as follows from Eq.2.20.

κ(J) = 0.61+0.17
−0.14, 3.22+6.53

−1.24. (5.13)

The restricted region of |κ(J)| is shown in Fig.5.3.
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Figure 5.2: The limit region of φp on the xy-plane is obtained by measurements. Blue, red, and
green regions represent the a1, a2, and a3 terms, respectively. The dark color region represents
the 1σ region, and the light color region represents the 2σ region.
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Figure 5.3: Value of |κ(J)| as a function of φp. Blue and red regions represent the a1 and a2

terms results, respectively. The dark colored region represents the 1σ region.
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5.1.2 Combined analysis integrating the results of previous studies

The same discussion as above is analyzed by integrating the measurement results of previous

studies. Values of φp were limited by determination of a1 and a3 by measurement of angular

distribution of (n, γ) reaction in a previous study [30]. As shown in Fig.5.4, each measurement

limits the value of φp in the xy-plane. By multiplying the probability distributions in each

measurement, we obtain a probability distribution derived from the three results shown in

Fig.5.5. Then, considering the probability distribution on the unit circle, the distribution is as

shown in Fig.5.6, and the region of the 95% confidence level is obtained as follows,

φp =
(
105.4+9.1

−7.9

)◦
. (5.14)

The value of x corresponding to φp is then

x = −0.26+0.13
−0.15. (5.15)

The above result is shown in Fig.5.2 in the xy plane. From these values of x, the value of W is

determined from the Eq.2.7.

W =
(
7.94+8.17

−2.85

)
meV. (5.16)

Further, the value of κ(J) from the value of φp is obtained as follows from Eq.2.20.

κ(J) = 1.62+2.60
−0.95. (5.17)

The restricted region of |κ(J)| is obtained by a combined analysis and shown in Fig.5.7.
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Figure 5.4: Determined range of φp on the xy-plane by correlation term measurement. The
upper left shows the result of a1, the upper right shows the result of a2, the lower center shows
the result of a3, respectively [30].
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Figure 5.5: Visualization of the value of φp on the xy-plane by the combined analysis
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Figure 5.6: Probability distribution of φp on a unit circle by the combined analysis
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Figure 5.7: Value of |κ(J)| as a function of φp by the combined analysis
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Chapter 6

Discussion

6.1 Interpretation of (~n, γ) reaction correlation measure-

ments

In the previous chapter, the author tried to determine a single φp region by the combined

analysis of measurement results. However, it is also true that there is the discrepancy of

approximately 3σ between each measurement result. It is not possible to conclude whether

this discrepancy is due to experimental uncertainty or to the incompleteness of the sp-mixing

model. For example, in the sp-mixing model, it is assumed that the mixing occurs only in the

entrance channel and no mixing occurs in the exit channel. However, there are few examples

in which this was confirmed experimentally [71]. Under such circumstances, it is important

not only to carry out further high-precision measurements, but also to give restrictions to

φp multilaterally by different measurements or analysis. Specifically, the measurement of a6

and a13 terms become possible by measuring the circular polarization of γ rays in the (n,~γ)

reaction. The coherency of the exit channel can be discussed by studying in detail the final

state dependence of the (n, γ) reaction. In addition, if the target can be polarized, φp can be

also accessed by measuring the pseudo-magnetic rotation described in the later section [72].

6.2 Estimation of the sensitivity for the T-violation search

In this section, the results obtained by combined analyses are used to discuss quantitatively the

search for T-violation.

71



6.2.1 Estimation of experimental sensitivity

The T-violating cross section in the transmission measurement may be described using EFT

as in Eq.1.9. The P-violating cross section ∆σ 6P in neutron-deuteron scattering may also be

described using the Desplanques, Donoghue, Holstein (DDH) model as follows [29].

∆σ 6P
2σtot

' (0.395 b)

2σtot
h1
π, (6.1)

where h1
π is a P-violating pion nucleon coupling constant. The ratio of the T-violating weak

matrix element to the P-violating weak matrix element can be obtained by taking the ratio of

Eq.1.9 to Eq.6.1.

WT

W
=

∆σ 6T6P
∆σ 6P

' (−0.47)

[
ḡ

(0)
π

h1
π

+ (0.26)
ḡ

(1)
π

h1
π

]
. (6.2)

Upper limits are given for ḡ
(0)
π and ḡ

(1)
π from nEDM and 199Hg atomic EDM measurements,

respectively [73, 74].

ḡ(0)
π < 1.6× 10−10, ḡ(1)

π < 0.5× 10−11. (6.3)

The value of h1
π utilizes the limitations of the DDH coupling constants by various experiments

shown in Fig.6.1. Although the experimental result of 18F gives a smaller value than the

~np measurement [38], considering the complexity of the system, we adopt the result of ~np

measurement, which is a simple few-body system, in this estimation.

h1
π = (2.6± 1.2stat ± 0.2sys)× 10−7. (6.4)

Thus, the WT/W is restricted as follows,

∣∣∣∣
WT

W

∣∣∣∣ < 2.9× 10−4. (6.5)

Substitution in Eq.2.20 gives the following relationship,

|∆σT| < 1.4× 10−4 barn, (6.6)

where the values of κ(J) and ∆σP are 1.6 and 0.3 barn, respectively.
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Figure 6.1: Experimental constraints on isoscalar and isovector DDH couplings. Limitations
from five experimental results are shown: ~pp, ~pα, ~np, 18F, and 19F [75–77]. The DDH best
value point is indicated by a blue star and limiting regions by lattice QCD are indicated by
blue bands [29, 78].
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6.2.2 Estimation of statistical reach of experiment

The author discusses from a statistical point of view the optimum thickness of the nuclear target

and the measurement time required to reach the upper limit of nEDM discussed in the previous

section. First, the measurement of Px is discussed. When unpolarized neutrons are injected

into a polarized nuclear target as shown in Fig.6.2, the number of neutrons with positive and

negative spin NP± can be described as follows,

NP± = Ne−Ote−OHe [cosh (PHeO
′
He)∓ Px sinh (PHeO

′
He)] , (6.7)

where N is the number of incident neutrons, Ot, OHe, and O′He are defined as follows,

Ot ≡ ntttσt, OHe ≡ nHetHeσHe, O′He ≡ nHetHe∆σHe, (6.8)

where nt is number density of the target, tt is thickness of the target and σt is the total cross

section of the target nucleus. Therefore, the sum of the counts N ′ of different spin components

can be described as follows,

NP+
+NP− = N ′ = 2Ne−Ote−OHe cosh (PHeO

′
He) . (6.9)

Assuming that the neutron transmittance Tunpol for the nuclear target and the unpolarized 3He

spin analyzer are known as follows (Here, it is assumed that the contribution of the change in

neutron transmittance according to the polarization of the nuclear target is negligibly small.),

Tunpol = e−Ote−OHe . (6.10)

The neutron transmittance Tpol when the 3He spin analyzer is polarized can then be described

as follows,

Tpol =
N ′

2N
= Tunpol cosh (PHeO

′
He) . (6.11)

Therefore, Px can be described as

Px =
NP+

−NP−

NP+
+NP−

Tpol√
T 2

pol − T 2
unpol

. (6.12)

Next, in the Ax measurement, the incident neutron is polarized using the spin polarizer,

and it is injected to the nuclear target as shown in Fig.6.2. The asymmetry of the count of

transmitted neutrons NA± is taken according to the polarization direction of neutrons. The Ax
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Figure 6.2: Top view of the concept of the experimental setup for the T-violation search for the
measurement of Ax and Px.

can be described as

Ax =
NA+ −NA−

NA+ +NA−
. (6.13)

The statistical uncertainties of Ax and Px in Eq.6.12 and Eq.6.13 can be described as

∆Ax =
2
√
NA+NA−

(NA+ +NA−)
3/2

=
1√

2NTpol

,

∆Px =
2
√
NP+NP−

(NP+ +NP−)
3/2

Tpol√
T 2

pol − T 2
unpol

=
1√

2NTpol

Tpol√
T 2

pol − T 2
unpol

,

(6.14)

where the following condition was used for the deformation of Eq.6.14,

NA+ = NA− = NP+ = NP− = NTpol. (6.15)

75



Taking into account the neutron and target nuclear polarization of Ax and Px in Eq.2.29 and

2.30, we can rewrite as follows,

Ax = 4

(
PnPt

ReA∗D
|A|2 + P 2

nPt
ImB∗C
|A|2

)
,

Px = 4

(
PnPt

ReA∗D
|A|2 − P 2

nPt
ImB∗C
|A|2

)
,

Ax + Px = PnPt
8 ReA∗D
|A|2 ,

(6.16)

where Pn and Pt are the polarization ratio of the incident neutron and target nucleus. The

following relationship is required for a 95% confidence level determination of 8 ReA∗D values

through Ax and Px measurements,

1.96

√
∆Ax

2 + ∆Px
2 = PnPt

8 ReA∗D
|A|2 . (6.17)

The following relational expression is obtained by substituting Eq.6.14 and applying equation

deformation,

1√
N

= PnPt
8 ReA∗D
|A|2

√
T 2

pol − T 2
unpol

2T 2
pol − T 2

unpol

√
2Tunpol

1.96
. (6.18)

Therefore, the optimum target thickness can be estimated by defining the right side of the

above equation as the FOM. Figure 6.3 shows the thickness dependence of the FOM. The

optimum thickness of the target is obtained by minimizing N in Eq.6.18 with a maximum at

approximately 3.2 cm. Next, the optimum effective thickness of 3He is estimated. In general,

when determining the optimum effective thickness of 3He for the neutron polarizer, the FOM

is defined as FOM ≡ P 2
nTn. Figure 6.4 describes the neutron transmittance, polarization ratio

and the FOM for 70% 3He polarization and En = 0.74 eV. The optimum effective thickness of

3He at 300 K is nHetHe = 72 atm · cm. The time required for the T-violation search is estimated

based on the optimized target thickness and the effective thickness of 3He discussed above. The

time required to measure the cross section equivalent to the upper limit of nEDM given in Eq.6.6

is given by Eq.6.3. Assuming that the experiment is carried out at the Port07 of J-PARC MLF

as shown in Fig.6.5, the neutron flux spectrum at the Port07 is estimated as shown in Fig.6.6 by

Monte-Carlo simulation when the proton power is 1 MW. We assume that the target with cross-

sectional area of 4× 4 cm2 is located 15 m from the moderator surface. In this case, the flux of

neutrons irradiated to the target is 1.8×107 n/s at 0.74±0.05 eV. Therefore, the measurement

time required for the target polarization ratio and the 3He polarization ratio is estimated as

shown in Fig.6.7. Assuming the ideal case where 3He and the nucleus are perfectly polarized
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Figure 6.3: Target thickness dependence of the FOM. The FOM defined in Eq.6.18 has extremal
value at tt = 3.2 cm, therefore the optimum thickness of the target is 3.2 cm.
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Figure 6.4: Effective thickness of 3He dependence on transmittance, polarization, and FOM.
When the polarization ratio of 3He is 70%, the FOM has a maximum at nHetHe = 72 atm · cm
which is the optimum thickness.
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Figure 6.5: 3D view of the experimental setup for the T-violation search created by Dr. Mor-
ishima.

and suppression factor | sinβ/β| ∼ 1 (discussed in detail in later chapters as “pseudomagnetic

field”), the time required is estimated to be approximately half a day. On the other hand,

assuming the real case where the target nuclear polarization ratio is 40%, the polarization ratio

of 3He is 70%, the suppression factor is also approximately 1 as a realistic case which can be

achieved by the present technology, the time required is estimated to be approximately 10 days.

In addition, the measurement time dependence of the T-violation search for the value of φp is

shown in Fig.6.8.

6.2.3 Method for determining higher order tensor polarization com-

ponent

In the discussion of the experimental sensitivity in the previous section, it was sufficient to

consider the leading term of the forward scattering amplitude (only the vector polarized com-

ponent). In practice, however, the nuclear spin of 139La is 7/2 and has a higher order tensor

polarization component. Therefore, it is necessary to separate the false T-violation signal caused

by the higher order tensor polarization component, and they are determined by measuring the

correlation terms.

Equation 2.25 describes the forward scattering amplitude for a nuclear target with spin 1/2.

The forward scattering amplitude for a target with a nuclear spin of 7/2 can be described as

[79]

f = α+ σ · β, (6.19)
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Figure 6.6: Time-integrated intensity on the moderator for the Port07 (coupled moderator).
The dashed line shows the 0.74 eV region [53]

Figure 6.7: Polarization dependence of the time taken to reach the T-violation search region
equivalent to nEDM assuming κ(J) = 1.6. The values realistically achievable with current
techniques are shown by red stars.
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Figure 6.8: φp dependence of measurement time for the T-violation search. The star marks
indicate the center value of each analysis result. Red indicates the case of the combined analysis
and blue one indicates the case of the a2 measurement. The polarization of 3He and nuclear
target are assumed to be 0.7 and 0.4 (“real condition”), respectively.

where α and β are respectively expressed as follows.
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)
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(
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)2
))

Î

+
(
P1D

′ + P2G
′
(
k̂n · Î

))(
k̂n × Î

)
,

(6.20)

where Pi is the spherical-tensor polarization of the i-th rank, and coefficients in the amplitude

for 139La are the following: In this case also, the following relationship is obtained using the

density matrix S defined in Eq.2.27,

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.27)
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where,

A = eiα cosβ, B = ieiα
sinβ

β
βB ,

C = ieiα
sinβ

β
βC , D = ieiα

sinβ

β
βD,

α = Z

(
A′ + P1H

′
(
k̂n · Î

)
+ P2E

′
((
k̂n · Î

)2

− 1

3

))
,

βB = Z

(
P1B

′ + P2F
′
(
k̂n · Î

)
+

1

3
P3B

′
3

((
k̂n · Î

)2

− 1

))
,

βC = Z

(
C ′ + P1K

′
(
k̂n · Î

)
− 1

3
P2F

′ +
2

3
P3B

′
3

(
k̂n · Î

))
,

βD = Z
(
P1D

′ + P2G
′
(
k̂n · Î

))
,

β =
√
β2
B + β2

C + β2
D,

Z =
2πρ

k
z.

(6.21)

In Eq.2.29, 2.30, and 2.31, the polarization direction of neutrons is only along the x-axis,

however the following relation is obtained by polarization along the y- or z-axis.

Ay = 4

(
ReA∗B
|A|2 +

ImC∗D
|A|2

)
, Az = 4

(
ReA∗C
|A|2 +

ImD∗B
|A|2

)
, (6.22)

Py = 4

(
ReA∗B
|A|2 − ImC∗D

|A|2
)
, Pz = 4

(
ReA∗C
|A|2 − ImD∗B

|A|2
)
, (6.23)

K±y±y =
|A|2 ± 2 ReA∗B + |B|2

|A|2 , K±y∓y =
|C|2 ± 2 ReC∗D + |D|2

|A|2 ,

K±z±z =
|A|2 ± 2 ReA∗C + |C|2

|A|2 , K±z∓z =
|D|2 ± 2 ReD∗B + |B|2

|A|2 .

(6.24)

The determination of the tensor polarization component is attempted by combining the above

observable quantities. First, the determination of P1 is carried out by measuring K±z∓z including

B term. The B term contains βB depending on P1, P2, and P3, and βB depends on B′, F ′,

and B′3, and their dependence on neutron energy is different (See Appendix C for details). The

spin rotation due to the pseudomagnetic field (discussed in the next section) varies with the

magnitude of the polarization. Thus, P1 is determined, however the polarization components

contained in P2

(
k̂n · Î

)
and P3

((
k̂n · Î

)2 − 1
)

are indefinite. Then, it is considered to change
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the k̂n · Î formed by the angle between neutron beam direction and the target polarization

direction. One way to change the k̂n · Î using the divergence of the incident neutron beam

by scanning the neutron upstream slit. Another way is to change it by tilting the direction of

the polarization maintaining magnetic field applied to the target. Scanning k̂n · Î in the above

method changes P2

(
k̂n · Î

)
+P3

((
k̂n · Î

)2 − 1
)
, so that P3 and P2

(
k̂n · Î

)
are determined from

the minimum values (k̂n · Î ∼ 0). Finally, to determine P2, the K±z±z are measured and its

asymmetry is calculated as follows,

K+z
+z −K−z−z

K+z
+z +K−z−z

=
2 ReA∗C
|A|2 . (6.25)

The C term depends on C ′, P1K
′, P2F

′/3, and P3B
′
32/3. The asymmetry calculation cancels

k̂n · Î-dependent P1K
′ and P3B

′
32/3. Therefore, only C ′ and P2F

′/3 can be extracted, and P2

can be determined by fitting with P2 as a free parameter. The higher order tensor polarization

components are determined by the above process, and finally the D term is measured by Ax

and Px measurements.

6.2.4 Pseudo-magnetic rotation in target

When a polarized neutron propagates in a polarized nuclear target, neutron spin rotates around

the nuclear spin vector due to the neutron–nucleus strong interaction [80]. This property

produced by nuclear spin and polarized neutrons is called “Pseudo-magnetism”, compared with

the Larmor precession of neutron in magnetic field as shown in Fig.6.9. The B term in Eq.2.27

corresponds to the incoherent amplitude due to the pseudomagnetic field. The existence of this

term causes a large spin rotation in the target and can generate false T-violation. Also, as shown

in the Eq.6.21, | sinβ/β| behaves as a suppression factor, and the experimental sensitivity for

the D term can be reduced. Therefore, suppressing spin rotation by applying a compensation

magnetic field corresponding to the pseudo-magnetic field has been discussed. The effective

magnetic moment of neutrons in a matter with number density N has the following relation.

µeff =
µnmn

2π~2N
, (6.26)

where µn is the neutron magnetic moment. For βB in Eq.6.21, the term due to the external

compensation magnetic field is added as follows,

βB = Z

(
P1B

′ − µeffB0 + P2F
′
(
k̂n · Î

)
+

1

3
P3B

′
3

((
k̂n · Î

)2

− 1

))
, (6.27)
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Figure 6.9: Illustration of the spin precession by a pseudo-magnetic field and a magnetic field.
The upper figure shows spin rotation due to a pseudo magnetic field, and the lower figure shows
spin rotation due to a magnetic field.
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(T)External magnetic field :

Figure 6.10: Magnetic field dependence of the suppression factor vicinity of the p-wave resonance
in a 3.2-cm-thick LaAlO3 crystal. It is not suppressed when the magnetic field which can cancel
the pseudo-magnetic field is applied, and the damped oscillation can be observed when it is
removed.

where B0 is the magnetic field applied in the direction parallel to the nuclear spin. When an

external magnetic field is applied to a nuclear spin polarized LaAlO3 target, the suppression

factor exhibits damped oscillation as shown in Fig.6.10. Since the B term, which is primarily

responsible for producing the pseudo-magnetic field, depends on the nuclear polarization, the

applied magnetic field must be adjusted according to the nuclear polarization of the target.

When a LaAlO3 crystal with a thickness of 3.2 cm is 100% polarized, it is necessary to apply an

external magnetic field of approximately 0.24 T to cancel the pseudo magnetic field. As shown

in Fig.6.11, the amount of spin rotation of neutrons changes according to the amplitude of the

pseudo-magnetic field. This dependence can therefore be used to determine the polarization of

the target nucleus discussed in the previous section.
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Figure 6.11: Energy dependence of neutron spin rotation due to the pseudo-magnetic field. The
above figure shows the energy dependence of the neutron spin rotation when the B′ term is
completely suppressed by an external magnetic field. The middle and lower figures show the
external magnetic field increased by 0.01 T from the fully suppressed condition.
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Chapter 7

Conclusion

In order to access BSM physics, a new type of T-violation search using the symmetry violation

enhancement mechanism in compound nuclear reactions has been discussed. The enhancement

parameter κ(J) should be determined experimentally. Angular correlation measurements in

the 139La(n, γ) reaction with unpolarized neutrons in previous studies have constrained the

value of the parameter, however the precise range remains uncertain. In this study, the angu-

lar correlation measurement was improved by polarizing the incident neutrons. A large 3He

spin filter was installed onto J-PARC MLF BL04 to produce polarized neutrons. In order to

minimize the depolarization of 3He, a large solenoid coil and a guide magnet for neutron polar-

ized transport were developed using FEM analysis. As a result, a sufficiently long relaxation

time (τdecay ∼ 100 hour) was achieved. A left-right asymmetry for single γ-ray transitions was

found in 139La(~n, γ) using polarized neutrons Agnd
LR = 0.73 ± 0.14. The φp and κ(J) were re-

stricted by the analysis using the sp-mixing model. Restricted regions are uniquely determined

by an integrated analysis using limitations from previous studies. Results are obtained to be

φp =
(
105.4+9.1

−7.9

)◦
and κ(J) = 1.62+2.60

−0.95. Using these results, the author estimated the exper-

imental sensitivity of the T-violation search. As the result, it was clarified that this method

can be a powerful probe for the T-violation search. In addition, the condition required for the

T-violation search was quantitatively clarified.

It is also desirable to verify the robustness of the sp-mixing model by measuring the correla-

tion term in further (n, γ) reactions. Concretely, it seems to be an effective method of measuring

correlation terms such as a6 or a13 through the measurement of circularly polarization of γ rays

in the (n,~γ) reaction.
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Appendix A

The angular distribution in (n, γ)

reaction

On the basis of the sp-mixing model, we consider the amplitude of the (n, γ) reaction caused by

the s- and p-wave neutrons, as shown in Fig.A.1. There are amplitudes where the entrance and

exit channels are unchanged and amplitudes where the entrance and exit channels are different

through the weak interaction.

V1 = −
∑

rs

1

2k

√
grsΓ

n
rsΓ

γ
rsf

En − Ers + iΓrs/2
,

V2 = −
∑

rp

1

2k

√
grpΓnrpΓγfrp

En − Erp + iΓrp/2
,

V3 = −
∑

rs,rp

1

2k

√
grsΓ

n
rsW

√
Γγrpf(

En − Erp + iΓrp/2
)

(En − Ers + iΓrs/2)
,

V4 = −
∑

rs,rp

1

2k

√
grpΓnrpW

√
Γγrsf

(En − Ers + iΓrs/2)
(
En − Erp + iΓrp/2

) , (A.1)

where k is the neutron momentum, En is the kinetic energy of the neutron, Γnr is the neutron

width, Γγrf is the partial γ width to f -th final state, Er is the resonance energy of the neutron

resonance and W is the weak matrix element. where gr is statistical weight factor and defined

as

gr =
2Jr + 1

2(2I + 1)
, (A.2)
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3. 4.

Figure A.1: Diagrams of amplitude of (n, γ) reactions through s- and p-wave state. The circle
denotes the weak interaction.

where Jr and I is the spin of the compound status and the target nucleus, respectively. Each

correlation term for the (n, γ) reaction can be described as a1–a17 using V1–V4:
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where
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where J , j, I, and F are the spin of the compound state, total angular momentum of the

neutron, spin of the target nucleus and spin of the final state, respectively. The ratios of partial

neutron widths to neutron widths of p-wave resonances are given as
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Appendix B

3He polarization relaxation

The polarization of 3He is relaxed by various factors. These main factors are the relaxation

by the magnetic dipole interaction between 3He, by the collision to the glass cell wall, by the

magnetic impurities in the cell, and by the spatial inhomogeneity of the magnetic field. When

the polarization relaxation rates for each relaxation process are Γdipol, Γwall, Γimp, and Γfield,

the 3He polarization relaxation rate ΓHe and the polarization relaxation time constant T1 of a

certain 3He spin filter have the following relation,

1

T1
= ΓHe = Γdipol + Γwall + Γimp + Γfield + · · · . (B.1)

While Γdipol, Γwall, and Γimp are intrinsic values of the spin filter, Γfield depends on the ex-

ternal magnetic field. Therefore it is important to design the magnetic field according to the

measurement environment. Since 3He atoms thermally motion in the glass cell, the neutron

polarization is relaxed by a spatial inhomogeneity of the magnetic field, and the polarization

relaxation rate Γfield due to the spatial inhomogeneity of the magnetic field is given as follows:

Γfield = D

∣∣∣~∇Bx
∣∣∣
2

+
∣∣∣~∇By

∣∣∣
2

B2
0

, (B.2)

where D is the diffusion coefficient of 3He, and Fig.B.1 shows the relationship between spatial

inhomogeneity and relaxation time. It is shown that the mean free path of 3He collisions in the

glass cell becomes shorter as the pressure increases, and the relaxation time becomes longer and

less affected by the spatial inhomogeneity of the magnetic field. The gas pressure of 3He in the

spin filter used in this experiment is 3 atm. To achieve a relaxation time of about 100 hours, the

spatial inhomogeneity of the magnetic field less than approximately 2× 10−3 cm−1 is required.

In general, the spatial uniformity of the magnetic field is improved by increasing the diameter
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Figure B.1: Relation between spatial homogeneity of magnetic field and relaxation time. The
solid, dotted and dashed lines show when the gas pressure is 1, 3, and 10 atm, respectively. As
the gas pressure in the cell becomes higher, the mean free path of 3He becomes shorter and the
influence of the spatial inhomogeneity of the magnetic field decreases.
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Figure B.2: Magnetic field in the x-axis direction from the solenoid coil to the target position
estimated by FEM analysis. A magnetic field of 15 G is applied to the 3He cell section, 80 G
was applied to the target installation position, and a nonzero magnetic field was applied to the
surface of the solenoid coil.

and the length of the solenoid coil. However, due to the spatial restriction of the installation

position in the beamline, there is a restriction especially on the diameter. In addition, it is

necessary to connect the solenoid magnetic field and the magnetic field for neutron polarized

transport without making zero magnetic field. For this purpose, as shown in Fig.3.17, it is

necessary to install a guide magnet near the solenoid to cancel the magnetic field generated

by the solenoid. Furthermore, as shown in Fig.3.16, since neutrons pass through the side of

the solenoid, we do not want to place as much material as possible in the neutron transmission

region from the viewpoint of radio activation. There are three constraints: (1) Constraints

on the radial direction of the solenoid coil, (2) Constraints on the arrangement of the guide

magnet, and (3) Constraints on the material of the solenoid coil. Under these constraints, the

parameters of the polarizers were determined by FEM analysis. As a result, as shown in Fig.B.2,

the system which can transport the neutron polarization while keeping the quantization axis

without making zero magnetic field region from the 3He cell to the target was realized. In

addition, by adjusting the position of the guide magnet and the size of the hole made in the

permalloy film wound on the solenoid surface, we found a parameter that minimizes the effect

of the guide magnetic field on the spatial homogeneity of the magnetic field inside the solenoid.

As shown in Fig.B.3, a solenoid coil has been developed that satisfies the spatial homogeneity

2× 10−3 cm−1 of the magnetic field at the cell installation position.
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Figure B.3: Homogeneity of the magnetic field around the 3He spin filter installation position
in the solenoid coil estimated by the FEM analysis.
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Appendix C

Forward scattering amplitude for

139La

Coefficient of the forward scattering amplitude for 139La with I = 7/2 in Eq.6.20 is described

as [79]
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where as0 and as1 are neutron scattering lengths with the total spins J = 4 and J = 3,

correspondingly, W pp
T is a T-violating matrix element due to interference between p-wave reso-

nances and is considered to be negligibly smaller than WT. The xS and yS satisfy the following

relationship from Eq.2.19.


 xS

yS


 =

1√
3(2I + 1)


 −
√

2I − 1 2
√
I + 1

2
√
I + 1

√
2I − 1




 x

y




(
J = I − 1

2

)
,


 xS

yS


 =

1√
3(2I + 1)


 −2

√
I
√

2I + 3
√

2I + 3 2
√
I




 x

y




(
J = I +

1

2

)
.

(C.2)

Figures C.1 and C.2 show the energy dependence of the real and imaginary parts of correlation

terms. The forward scattering amplitudes of nuclear spins larger than 1/2 have correlation

terms due to higher order tensor polarization. Since their presence can cause false T-violation, it

is important to establish a evaluation method and separation method of the tensor polarization

component. Here, we focus on the different energy dependence of each correlation term, and

discuss the separation method of each correlation term and higher tensor polarization. Equation

6.19 is rewritten as follows when it is separated by the energy dependent and independent matrix

terms.

f = RαµLµνWν , (C.3)

where R is the nuclear radius and each matrix can be expressed as,
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Figure C.1: Energy dependence of the real part of forward scattering amplitude for 139La with
I = 7/2.
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Figure C.2: Energy dependence of the imaginary part of forward scattering amplitude for 139La
with I = 7/2.
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where Rr gives the Bright-Wigner amplitude formula for the rth resonance as follows,

Rr =
iΓr/2

E − Er + iΓr/2
. (C.6)

Each constant contained in the energy independent matrix Lµν can be described as follows,
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The energy dependence matrix Wν obtained via the matrix expansion shows clearly that each

correlation term has a different energy dependence, and Fig.C.3 shows the polar coordinate

representation of each component of the Wν . Since the D term has the energy dependence of

the third component of theWν , the energy dependence is different in the whole region from the

zeroth component, in the p-wave resonance part from the first component, and in the s-wave

resonance part from the second component. In addition, it is estimated that these contributions

can be easily discriminated, since the amplitude also differs at least 102 times or more.

Next, a method of discriminating other correlation terms with the same energy dependence

as the D term is discussed. All the components in the fourth column of the Lµν have the same

energy dependence as the D term. The angle between the nuclear target and the neutron beam

in Eq.C.5 is defined as χ, and it can be expressed as follows by matrix decomposition for each

rank of the tensor polarization.

Lµν = L(0)χ0

µν + P1L(1)χ0

µν + P2L(2)χ0

µν + P3L(3)χ0

µν

+ cosχ
(
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µν + P3L(3)χ1
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)

+ cos2 χ
(
P2L(2)χ2
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,

(C.8)
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Figure C.3: Polar representation of the neutron energy dependence of each element of the Wµ

matrix. The radius is defined as Wµ and the argument is arg(Wµ). The black, green, red,
and blue dots represent 10 log |W0|, 10 log |W1|, log |W2|, log |W3|, respectively. The dots are
plotted every 0.001 eV, and the pink dots are plotted every 0.01 eV. Since the real parts of
W2 and W3 change their sign in p-wave resonance, their phases change rapidly vicinity of the
p-wave resonance.

where the index i in matrix L(i)χk

µν represents the rank of the proportional tensor polarization,

and k represents the power exponent of the proportional cosi χ. Therefore, by controlling the

tilt angle χ and the polarization Pi, each element is determined from its dependence.
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