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Abstract

CP-violation beyond the Standard Model is required in order to explain today’s matter dominant uni-
verse. According to the CPT theorem, this implies that as-of-yet unknown T-violating effects should
exist. Several T-violation searches, for example the search for a neutron electric dipole moment, have
been carried out in the world. We are proposing a more sensitive T-violation search using a neutron
induced compound nucleus.

Parity violating effects enhanced by up to 10° times compared to proton-proton scattering have been
observed in several neutron induced compound nuclei. This P-violating effect occurs at a p-wave reso-
nance located at the tail of an s-wave resonance and is theoretically explained as interference between an
s-wave and a p-wave amplitudes (s-p mixing). There is a theoretical prediction that T-violating effects
can also be enhanced in these nuclei under the assumption of the s-p mixing implying that T-violation
can be searched for by making very sensitive measurements on the compound nucleus. However, the
enhancement mechanism of the P-violation has not yet been studied well, and a more detail investigation
is needed.

In order to study the enhancement mechanism, the angular distribution of the (n,7y) reaction was measured
with 139La, which is a possible candidate nucleus for the T-violation search due to its large enhanced P-
violation, by using a high-quality germanium ~-ray detector assembly and a very intense neutron beam
at J-PARC. Resulting from this measurement, a clear angular distribution of y-rays from the p-wave res-
onance was found.

The angular distribution was analyzed within the framework of the s-p mixing, and the ratio of the par-
tial p-wave neutron width to the neutron width in the entrance channel of the compound nucleus was
determined. This result provides the basis to study the enhancement mechanism of P-violation in the
compound nucleus. Moreover, the enhancement of T-violation in the compound nucleus was quantified
using the results, and the experimental sensitivity of the T-violation search using '3°La was also dis-
cussed.

These results indicate a new possibility to adopt the enhancement mechanism of the discrete symmetry

in the compound nucleus to the search for physics beyond the Standard Model.
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Chapter 1

Introduction

1.1 Discrete symmetry violation

Three discrete symmetries: charge conjugation (C), parity (P) and time reversal (T) transformations
are defined in physics. Charge conjugation transformation means the change of a particle into its anti-
particle. Parity transformation means the reversal of spatial coordinates. Time reversal means the reversal
of the direction of time. The conservation of these symmetries in physics was believed in all fundamental
interactions for a long time.

A possibility for P-violation in the weak interaction was proposed by Lee and Yang in 1956 [1]. The ex-
periment to verify P-violation was carried out by measuring the angular distribution of electrons emitted
from polarized °Co by Wu et al. in 1957 [2]. In this experiment, an asymmetric angular distribution
with respect to the spin direction of %°Co was observed exhibiting a direct evidence of P-violation. Sub-
sequently, C-violation in the weak interaction with a meson decay was also discovered in the same year
by Garwin et al. [3] and Friedman et al. [4].

In 1964, CP-violation in the weak interaction in neutral kaon decay was observed by Christenson et
al. [5]. In that time, two kinds of kaon K; and K5 which have different decay channels were observed.
K7 and K5 decay to two pions (797°% and 717 ~) and three pions (97070 and 7t 770, respectively,
and this implies that these two kaon are different CP eigenstates. On the other hand, other two kinds
of kaon K7, and Kg, which have different life times 7, = 5.2 x 107 ® s and 7, = 8.9 x 10~ ! s, were
also observed. Before the experiment by Christenson et al, K7, and Kg were believed to be K3 and K1,
respectively. However, they found that K7, decays to two pions with a branching ratio of 2 x 1073, This
implies that K1, and Kg do not equal to K5 and K and they are mixtures of the two CP eigenstates,
which is an evidence of CP-violation [6]. Later, CP-violation was also discovered at neutral B meson
decay at KEK [7] and SLAC [8].

The CP violation observed in these experiments can be fully described by the Standard Model. Two pos-
sible CP-violation sources exist in the Standard Model. One is the complex phase of the CKM matrix in

the weak interaction. The flavor of quark can be changed by the weak interaction, and the weak current

1



2 Chapter 1. Introduction

is described as

VekMm | s | s (1.1)

where 7# is the gamma matrix, v = i7%y'72~3. Here Vg is a 3x 3 matrix that describes the mixture

of the flavors of quark and given as

Vid Vus Vi c12€13 512€13 s13e” 1013
_ _ —is —is
VokMm = | Vea Ves Veb | = | —s12¢23 — c12c23e™ 13 c1aca3 — s12823513€ 013 sozc13 | 1.2)
i 81
Via Vis Vi 512€23 — €12C23513€ "°13  —c12C23 — S12C23513€” 1 23013

where, 012 = 13.04 + 0.05°,6013 = 0.201 + 0.011°,053 = 2.38 £ 0.06°, and 413 = 1.20 + 0.08
rad [9]. Here, ¢; and s; denote cos 6; and sin 6;, respectively. Because the theory is CP-invariant when
the matrix elements are real, a non-zero 13 implies CP-violation. This CKM matrix can fully explain
the experimental results.

The other CP-violating source in the Standard Model is the 6 term in Quantum Chrome Dynamics (QCD).
The Lagrangian of QCD is given as L = Lqcp + Lg, where Lgcp corresponds the strong interaction
among quarks and gluons, which is CP-invariant term, and Ly corresponds to a CP-violating term given
as [10]

2 ~
Ly = 555G Gy b, (1.3)
where G** is the gluon field strength tensor, é/‘jy = %EWWGO‘W, g is the strong coupling constant and

0 is a constant implying the magnitude of CP-violation. This 6 is determined by only experiments, and the
neutron dipole moment search experiment, explained later, has given the upper limit of § < O(10719).
This implies that CP-violation in the strong interaction is very small, and is called the strong CP prob-
lem[11].

Although the P-, C- and CP-violation have been observed, the conservation of CPT transformation is
believed due to the CPT theorem [12, 13]. According to the theorem, CPT transformation is always
conserved if we assume the locality of the interaction, Lorentz invariance and hermiticity of the Hamil-
tonian, which are very fundamental physics principles. Therefore, the CPT theorem and experimental

results of CP-violation result in the T-violation.

1.2 Discrepancy between theoretical prediction by standard model and

cosmological observation

The Standard Model can fully explain the experimental results of CP-violation. However, there is a

discrepancy between theoretical prediction by the Standard Model and cosmological observation.



1.3. Current status of search for the electric dipole moment 3

In the early universe, the same number of baryons and anti-baryons were created and annihilated to
photons. If there was no symmetry violation between baryons and anti-baryons, baryons would not exist

in today’s universe. The asymmetry between baryons and anti-baryons is evaluated by using 7 as

1= (1.4)
where np and ng are numbers of baryons and anti-baryons, respectively. Since ng — ng is the number
of baryons left in today’s universe and ng + ng is the number of photons generated from the annihilation
of baryons and anti-baryons, the ratio of the number of baryons to the number of photons quantifies
the amount of symmetry violation. This ratio was measured from results of observations of cosmic

microwave background radiation, and found to be
ng —ng ng—n

- B 1079, (1.5)
np + ng Ny

where 7 is the number of photons. On the other hand, the ratio by theoretical estimation using the
Standard Model is
DEZTB 10718 [14). (1.6)
ng +ng
This 10? discrepancy is one of the most important problems in physics. This large discrepancy implies
the Standard Model cannot explain today’s matter-dominated universe.
In 1967, Sakharov proposed the conditions to generate today’s matter-dominated universe, known as the

Sakharov conditions [15]:

1. Baryon number violation
2. C- and CP-violation
3. Processes outside of thermal equilibrium

The 2nd condition strongly suggests that there should be an unknown CP-violation source. This implies

the existence of an unknown T-violation source by invoking the CPT theorem.

1.3 Current status of search for the electric dipole moment

Several T-violation searches have been carried out in the world. The best limit for the T-violation is given
by the Electric dipole moment (EDM) search. Fig 1.1 shows the hierarchy of scales between the CP-odd
sources and three generic classes of observable EDMs. The fundamental CP-violation appears as several
observables through different paths as shown in Fig 1.1. Therefore the results from different observables
complement each other in searching for fundamental CP-violation.

The reason why a non-zero value of the permanent EDM violates T-symmetry is explained as follows. If
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fundamental CP-odd phases

T S

QCD d#’ de / qua qu Ha dqa dq7 w
Muon EDM S _ ‘/ T ¥
nuclear —— Cs.pr | ™ ErNN neutron EDM

EDM s of nuclei and ions

(deuteron, etc)
| o l

EDMs of paramagnetic molecules EDMs of diamagnetic atoms

atomic —— (YbF, PbO, HfF*) (Hg, Xe, Ra, Rn)

Figure 1.1: A schematics plot of the hierarchy of scales between the CP-odd source and three generic
classes of observable EDMs. The dashed lines indicate generically weaker dependencies [16].

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

U=—-—p-B—-d-E. (1.7)
In T transformed coordinates, B, E, p and d are transformed as
B—-B, E—FE pu— —u, d— —d. (1.8)
Therefore U is transformed in T transformed coordinates as
U=—-u-B+d-E. (1.9)

If d is non-zero, the potential U will change by the T transformation. Hence a non-zero EDM value of
the particle implies T-violation.

Experimental searches for EDM have been carried out on several elementary particles and atoms. For
charged particle such as electrons, it is difficult to distinguish the effects of EDM from the Coulomb
force and the Lorentz force. Therefore electrons bounded in atoms have been studied using the Cerium
atom [17] , Thallium atom [18, 19] and so on, which has one unpaired electron. In a non-relativistic
neutral system, any applied electric field will be shielded and the effect of the EDM will not appeare,

which is referred to as the Schiff shielding theorem. However, in fact, this theorem is violated in heavy
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atoms due to the relativistic effect, and the effect of EDM can be detected. This violating effect is
strongly enhanced with a large atomic number, and the paramagnetic enhancement of the electron EDM
is given by [20, 21, 22]

VAL
VT2 112

dpara(de) ~ 1 dea (110)

where J is the angular momentum and Z is the atomic number. The current best limit on the electron

EDM is given by a measurement using the molecule YbF [23] as,

|do| < 10.5 x 107%%¢ - em (90%C.L). (1.11)

On the other hand, nuclear EDMs have been studied in massive atoms such as xenon and mercury, whose
total electron angular spin equal zero. Although this method has the advantage of accumilating statistics
over a long time, the effect from EDM will be reduced by the interaction of the electron cloud with the
E field [24]. The best limit for nuclear EDM is given by the measurement using '’ Hg as [25]

|dng| < 3.1 x 107*e - cm (95%C.L). (1.12)

The neutron EDM (nEDM) has also been studied for a long time. It is advantageous in that the neutron
is a more simple system than the massive atom to compare experimental results with theoretical calcu-
lations. However it is hard to collect statistics over a long time due to the short life time of the neutron
and a difficulty in generating neutrons. The history of the upper limit of the nEDM is shown in Fig 1.2.
Currently the most sensitive nEDM search is given by the measurement using a storage method with
ultracold neutrons (UCN) at ILL as

|dy| < 2.9 x 10725 - cm (90%C.L). (1.13)

The nuclear EDM can be used to estimate the nEDM, and the limit from '°?Hg gives a similar sensitivity
to the above nEDM limits.

Although a new type of neutron source for high-density UCN, which enables us to probe the nEDM
on the order of 10727 to 10728 e-.cm, has been internationally developed, the improvement of the upper
limit of the nEDM has saturated in recent years as shown in Fig 1.2. Thus a completely different method
with different systematic uncertainties is required to improve the experimental sensitivity to search for

T-violation.

1.4 Overview and organization of this thesis

We are proposing a new method to search for T-violation using a neutron induced compound nucleus.

Large enhanced P-violation has been observed in the neutron induced compound nucleus due to the in-
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Figure 1.2: The upper limit of the experimental value of nEDM. [26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36, 37, 38, 39, 40].

terference between an s-wave resonance and a p-wave resonance. There is a theoretical prediction that
the CP-violation in the nucleon-nucleon interaction, in which CP-violation in g,y coupling in Fig 1.2,
is enhanced in a neutron induced compound nucleus in the same mechanism, and the effect can be ob-
served by measuring the T-odd term in the forward scattering amplitude of a polarized neutron with a
polarized nucleus. However, the enhancement factor x(.J), which represents the sensitivity for the T-
violation search, has not been determined yet in all nuclei, and the experimental sensitivity to T-violation
depends on properties of the target nucleus. Therefore, a target nucleus to use in the experiment needs to
be selected carefully by measuring (/). The details of the theory and the principles of the experimental
method of the T-violation search are discussed in Chapter 2. The properties of the candidate nuclei are
also summarized there.

Initial tests to select the candidate nuclei and verify the principles are carried out on beam line 04 at
MLF in J-PARC. These tests consist of measuring the angular distribution of emitted y-rays in neutron
absorption reactions of the target nucleus. My research focuses on the measurement and analysis of the
angular distribution of the emitted y-rays. The principles of the angular distribution measurement are
given in Chapter 3.

The measurement was performed with 1391 a_ which is a first candidate nuclei for the T-violation search,
by using a very intense neutron beam and a high resolution germanium detector assembly. The facilities
and experimental setup are described in Chapter 4.

Resulting from the measurement, a clear y-ray angular distribution from a neutron induced compound
nucleus was observed and the important parameter «(.J) was determined for the first time. The measure-

ment results and analysis are described in Chapter 5 and Chapter 6, respectively.
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More detailed analysis, further experiments for the detailed study and the experimental sensitivity for the

T-violation search are discussed in Chapter 7. Finally this thesis concludes in Chapter 8.






Chapter 2

Discrete symmetry violation in a
compound nucleus

In this section, discrete symmetry violation in a neutron induced compound nucleus is described.

2.1 PNC effect in a compound nucleus

2.1.1 PNC effect in proton-proton scattering

In the nucleon-nucleon interaction where the strong interaction is dominant, parity non-conserving (PNC)
effect caused by the weak interaction is very small. PNC effect in proton-proton scattering has been ob-
served by several experimental groups who measured the longitudinal asymmetry of the scattering cross
section using a polarized proton beam and an unpolarized proton target. The longitudinal asymmetry,

App, is given as

ot —o=
App = F—, 2.1)
Opp + Opp

_l’_

where o, and o,
helicity proton respectively. Ay, was measured at several incident proton energies and values were
approximately 1077 [41, 42, 43].

This P-violating effect is theoretically explained as follows. The total scattering amplitude f consists of

are the scattering cross sections of the unpolarized proton to positive and negative

the parity conserving part fpc and the parity non-conserving part fpnc as

f? = |fec+ fencl?
_ 9 frcfene + fTpefpne \fPNCP)
= |l <1 " | fec|? lfecl? )

2.2)
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The asymmetry corresponds to the second term of Eq. 2.2.

frcfine + ffrefene | fenc|

APP

Q

| frcl? U fecl
Vene 9
~ ~ G
Vec Flt
~ 2x107". (2.3)

Here, Vpne and Vpe are the parity conserving and the parity non-conserving light meson exchange po-
tential and G and m, are the Fermi coupling constant and the pion mass, respectively. This theoretical

estimation is consistent with the experimental results.

2.1.2 PNC effect in a compound nucleus

The compound nucleus model was introduced by Niels Bohr in 1936. An incident particle is captured
by a target nucleus and the nucleus becomes an excited state that has a long lifetime of the order of
10718 ~10716 5, called "compound nucleus". This lifetime is long enough to share the energy of the
incident particle among all nucleons and the information of the entrance channel is lost by a large number
of the collisions between nucleons. As a result, a complete statistical equilibrium is established in the
compound nucleus. Subsequently, particles, for example, -y, neutron or proton, are emitted from the
compound nucleus as an exit channel.

In several neutron induced compound nuclei, large P-violation up to 10~! has been observed. The
P-violation was evaluated as a longitudinal asymmetry Ap, of the helicity dependence of the neutron

absorption cross section as

+ —
g — 0
Ay = o 2.4)
T abs + O abs

where aibs and o, - are the neutron absorption cross section of target nucleus corresponding to positive
and negative helicity neutrons respectively. This large P-violation has been observed in the vicinity of
p-wave (neutron orbital angular momentum [ = 1) resonances located at the tail of large s-wave (I = 0)
resonances, shown as Fig 2.1, in neutron absorption reactions of 3°La, 131 Xe, 117Sn, In, 8'Br and so
on. This implies that the P-violation in nucleon-nucleon interactions is enhanced by up to 10° times in
the p-wave resonance of a neutron induced compound nucleus. The observed large P-violation in several
nuclei are shown in Fig 2.2.

Theoretically, the large enhancement of the P-violation is explained as an interference of an s-wave
resonance amplitude and a p-wave amplitude (s-p mixing) as follows. The angular momentum of the

incident neutron can be written as
7 =1+s, (2.5)

where [ is the orbital angular momentum of the incident neutron and s is its spin. The p-wave amplitude

can be one of two state of j = 1/2 or j = 3/2. On the other hand, the s-wave amplitude can only allow
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S-wave resonance

Cross section

p-wave resonance

Es E,  Neutron energy

Figure 2.1: Schematics of a p-wave resonance located at the tail of a large s-wave resonance. The large
enhanced P-violation has been observed at such p-wave resonance.
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Figure 2.2: Longitudinal asymmetry of several nuclei.



12 Chapter 2. Discrete symmetry violation in a compound nucleus

j = 1/2 state. The neutron width of s-wave resonance I'y and p-wave resonance I'}) can be written as

re=re I

. g, IM=T"
P.j=7% pj=3' "8

. 1.
Sv]:§

(2.6)

When the angular momentum of the compound state J is the same in the s-wave and the p-wave state,
these two opposite parity amplitude: j = 1/2 states of the s-wave amplitude and j = 1/2 states of the
p-wave amplitude can interfere with one another via the weak interaction. As nucleons can interact with
each other for much longer time in a compound state than in a direct process, this parity mixing between
two opposite parity amplitudes can be much larger in the compound state than in a direct process.

The value of Ay, corresponding to the enhanced P-violation can be theoretically described as

9 o
W s 2.7)

Av= =g T
p s p

where Eg and E), are the resonance energies of the s-wave and the p-wave resonance and W is the
matrix element of the transition from the s-wave (p-wave) state to the p-wave (s-wave) state via the weak

interaction. Here x is given as

(2.8)

The magnitude of Ay, can be theoretically estimated as follows. The Hamiltonian of the compound
state consists of a parity conserving part Hpc and a parity non-conserving part Hnpc. If the s-wave
amplitude and p-wave amplitude are mixed, the mixed s- wave and p- wave amplitudes |s') , |p) can be
written as s I D) s D)

! S| HIpNC [P / S| {1IPNC [P
J) = |g) — =|p) — L I g 29
where |s) and |p) are s-wave and p-wave amplitudes and E and Ej, are the resonance energy of s-wave
resonance and p-wave resonance, respectively. The weak matrix element W corresponds to (s| Hpnc |p).-
The s-wave and p-wave state can be described as an expansion in a number of single particle-hole states

in the nuclear shell model as

N N
) =Y aili), Ip)=>_b;li), (2.10)
( J

where N is a number of states. The magnitude of a; and b; are on the order of 1/ V/N because of the

normalization requirements of |s) and |p). IV can be estimated as
N~ @2.11)

where AF is the energy required to excite one nucleus from the ground state and D is the energy

difference between the states. If we use the typical values of AE ~ 10° eV and D ~10 eV, we
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obtain N ~ 10°. Therefore the weak matrix element can be described as
W = [{s[Hpnc|p)|

N
= > aib; (il Henc 1)
ij

<i|H§\1[\IC |J> « \/N (2.12)

Here, the condition that the phase of a; and b; appear at random are used in Eq 2.12. Therefore
2W /E, — Es in Eq 2.7 can be written as

2w W] (i[Hpxc U>\/N

2.1
E,—E, D AE 213

where m/ AF is the magnitude of the P-violating effect in the single particle state which
is order of ~ 1077, and VN = 10? ~ 103, The factor 2W /(E, — Es) is referred to as "dynamic
enhancement".

On the other hand, /I'%/T'} in Eq 2.7 is referred to as "structural enhancement". The neutron width
is proportional to a factor of the centrifugal potential, (kR)?*!. If we use typical values of k ~ 2 x
10~* fm~! and R ~10 fm, this enhancement factor | /T2 /I'% is approximately 10%. If we assume that z
is the order of 1, we can obtain Ay, ~ 10~!, and the large enhancement in the compound nucleus can be

explained theoretically. However, x has not been determined experimentally.

2.2 Enhancement of T-violation in a compound nucleus

V. P. Gudkov predicted that CP-violation can be also enhanced through the same mechanism as in the
enhancement of P-violation [44]. This effect can be studied by measuring the T-violating cross section of
neutron absorption. The wave function |Is) is transformed as (—1) |IsI) in a P transformation. On the
other hand, the T transformed wave function becomes (—1)"™v K |IsI). Here, I is the spin of the target
nucleus, and the channel spin S is defined as S = s + I. The T-violation is caused by the interference
between states which have different channel spin.

The T-violating cross section Ao is written as

Aot = H(J)%AO‘P, (2.14)

where Aop is the P-violating cross section, W and W are the T-violating and P-violating matrix ele-
ments, and «(J) is a spin factor. x(J) is represented by two channel spin components of S = I + 1/2
and S = I — 1/2 and the spin of the target nucleus /, and represented as

n I‘n

.1 3
x2 _ p:]_z 2 p.J 2 ) (2‘15)

;Y
o o
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x and y satisfy
24+t =1 (2.16)

due to the relation I'® = T™ |
p p.Jj

+ F; o8- A mixing angle ¢ of j = 1/2 and j = 3/2 components can
then be defined as ’

_1
-2

r=-cos¢, y=sing. 2.17)

r(J) is given as a function of z and y for the case of J = I — S and J =1 + %

. 0 (bR v=1-))
K =
i (13 50) =14

The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or ¢. As
examples, ¢ dependencies of x(.J) of ¥9La, 131Xe, 8'Br and 17Sn are shown in Fig 2.3. The value
of x(J) has not yet been measured in all nuclei, and it is necessary to determine «(.J) to estimate the

T-violating cross section by measuring x.

10°e
102 E_ ..............................................................................................................................................
10 =
2 5
=
107! ;
10—2 S B | e oy o | . R— l ...................
10—3 1 1 1 1 1 1 1 | 1 1 1 1 .Ilkl 1 1 1 1 | 1 1 1 1 |

0 50 100 150 200 250 300 350
¢ [deg]

Figure 2.3: Comparison of the ¢ dependence of x(.J) for 13La (black line),'3' Xe (pink line) ,'*7Sn (blue
line) and 3! Br (red line).
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2.3 Experimental principle of the T-violation search

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

If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as
f=A4Bo-I+Co-k+Do-(Ixk), (2.18)

where o,I and k are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state U;

is transformed into the outgoing neutron spin state U given as

Us = 6U;,
S = ei(n—l)kz’

2
n=14+ ITQP 7 (2.19)

where 2 is the thickness of the target, p is the number density of the material and k is the neutron wave
length. Here G is described as

S=A+Bo - I+Co-k+Do-(Ixk), (2.20)
A = %4 cos b,
B = 24 —SlzbZB',
C = eiZA/¥ZC/’
D — 67;ZA’ SlzbZD,,
2mpz
7 =
k; M
b = Z\/B?+(C?+ D2 (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.

B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
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polarized target called "pseudo-magnetic effect”. C'is the P-violating (P-odd, T-even) term, which is
enhanced for some nuclei discussed previously. D is the T-violating (P-odd, T-odd) term corresponding
to the T-violating cross section in Eq. 2.14. Therefore a non-zero value of D implies T-violation. Note
that Eq 2.18 is the formalism in the case of I = 1/2, and we need to add tensor terms to the forward
scattering amplitude in the case of I > 1/2. However, contributions of the tensor terms are typically
smaller than that of other terms and ignored in this thesis for the rough estimation of the D term. The
explicit formalism of the higher rank terms will be published [45].

There are six possible ways to measure D experimentally as shown in Fig 2.4. A coordinate system
defines the beam axis as z-axis, the vertical direction as y-axis and the x-axis is such that they form a
right-handed coordinate system. D can be searched most sensitively by measuring the analyzing power
A, and the polarization P,. The analyzing power is defined as the efficiency that the x component of
neutrons initially polarized along the x-axis is transmitted through a y-polarized nuclear target, and can

be written as
Ay =Tr [eTame} = 4(ReA*D + ImB*C). (2.22)

The polarization is the increase in the x component of initially unpolarized neutrons after passing through

a y-polarized nuclear target, and can be written as
P, =Tr [%GTG] — 4(ReA*D — ImB*C). (2.23)

In this case, the experimental sensitivity is given as 8ReA* D, which is obtained by the sum of the
analyzing power and the polarization. Note that K7 in Fig. 2.4 denotes a polarization in the = component
of initially z-polarized neutrons after passing through a y-polarized nuclear target, and K7 and K_ are
defined as

1 1
K =Tr { +20x St +20’z 6} = |A]> + 2ReA*D + | D)?,
1- 1-
K %=Tr [ 2‘”6* 2””” 6] = |A? = 2ReA*D + |DJ. (2.24)

Since D is proportional to Ao, the experimental sensitivity can be estimated from the values of A,
k(J), Wp /W and Aop. The values of A and Aop have been measured as the neutron capture cross
section and the longitudinal asymmetry, respectively. The upper limit of W /W has been given by the
experimental search for the EDM. However, x(.J) has not been measured yet in all of compound nuclei,
and it is desirable to determine the value (.J) for the candidate nuclei of the T-violation search in order

to estimate the experimental sensitivity.
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Figure 2.4: The combination of the observables to obtain the D term. The white, gray and black arrows
denote the direction of the neutron spin, neutron momentum and target nuclear spin, respectively. A,+ P,
gives us the largest measurement value.
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2.4 The candidate nuclei for the T-violation search

First of all, it is necessary to find proper nuclei for the T-violation search. Needless to say, nuclei that
have large Aot are better for the sensitive T-violation search. This means that nuclei that have large
Aocp and large x(J), which has not been measured in all nuclei, are advantageous. Additionally, lower
resonance energy of the p-wave resonance is better in order to obtain high statistics as the intensity of
a neutron beam from a typical neutron source increases in the lower energy region. The method for
the nuclear polarization is also important. It has not been established for most of nuclei, and typically
nuclei that have large spin are difficult to polarize due to the quadrupole coupling of the nuclear spin.
Exceptionally, the polarization of 3?La, whose spin is 7/2, has been studied well and high polarization
was achieved.

The compound nuclei which have non-zero P-violation and less than 50 eV resonance energy are listed
in Table 2.1 to select the realistic candidate nuclei. The target nuclei whose spin is zero are not listed
because they cannot be polarized. Although any of these nuclei can in principle be a target nucleus for
the T-violation search, possible candidate nuclei may be '3°La and '3!Xe, which are the nuclei whose
P-violation is large, resonance energy is low, and polarization methods have been rather established. The

detailed properties of these nuclei are explained as follows.

1391 a
A very large P-violation of 9.8 + 0.2% has been observed on the 0.758 eV p-wave resonance
of 39La, which is the lowest resonance energy among the nuclei which have the enhanced P-
violation. The natural abundance is also large (99.911%). '3°La has a large nuclear spin of 7/2.
About 50% polarization has been achieved using a Neodymium doped LaAlOs crystal using the
method of dynamic nuclear polarization in PSI [46]. In this experiment, a 2.35 T magnetic field

was applied and the temperature of the sample was less than 0.3 K.

131xe
A large P-violation of 4.3 + 0.2% has been observed on the 3.2 eV p-wave resonance of '3 Xe.
There are nine isotopes of Xe, and the natural abundance of 3'Xe is 21.2%. The spin exchange
optical pumping method can be used to polarize this nucleus [47]. However the spin relaxation
time of 13! Xe is rather short compared to that of 12?Xe due to the quadrupole coupling of the 3/2
nuclear spin of 131 Xe. Since the melting point is higher than that of nitrogen, it can be used as a
solid nuclear target by using liquid nitrogen.

From this information, '*°La can be a good candidate nuclei. Hereafter we assume that a T-violation
search experiment using '3°La is planned. The properties of the neutron absorption cross section of
139La are described in next section.

In order to estimate the experimental sensitivity, x(.J) needs to be determined by measuring ¢, which
can be obtained from the angular distribution of emitted vy-rays in *?La(n,7) reactions. The method to

measure ¢ is discussed in next chapter.
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Polarization
Ey [eV] Ay [%] I | Abandance [%] method
13914 || 0.758 9.8+0.2 | 7/2 99.911 DNP
81Br 0.88 0.7740.33 | 3/2 49.31 -
178n 1.33 0.7940.04 | 1/2 7.68 -
131 3.2 43402 | 3/2 21.2 SEOP
5n || 6.853 | —1.454+0.11 | 9/2 95.72 -
U3cd || 7.00 | —0.80+0.36 | 1/2 12.22 .
133Cs 9.50 0.24+0.02 | 7/2 100 -
s || 1346 | 0.6140.07 | 9/2 95.72 -
1211 24.63 | 1.65+0.16 | 5/2 100 -
UsIn || 29.68 | 0.44+0.04 | 9/2 95.72 -
1097 ¢ 32.7 1.2240.02 | 1/2 48.16 -
H78n || 34.04 | —0.08+0.02 | 1/2 7.68 -
107Ag || 35.84 | —4.074+0.38 | 1/2 51.84 -
U5 || 40.68 | —0.554+0.04 | 9/2 95.72 -
103Rh || 44.47 | 233£0.19 | 1/2 100 -

19

Table 2.1: The properties of the candidate nuclei for the T-violation search. The nuclei whose P-violation
was observed with over 20, resonance energy is greater than 50 eV and target nuclei spin is non-zero are

listed. The nuclear polarization method has not been established except for 3°La and '3'Xe.
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2.5 Properties of the neutron absorption reaction of *’La

Typical cross sections of 3°La with neutrons are shown in Fig 2.5. The reactions of '3°La with low
energy neutrons are described by elastic scattering and absorption. The formalism of the neutron absorp-
tion reaction is summarized in Appendix A. The parameters of resonances in *?La(n,~) reactions whose

10°

= 10°

o

<

= 10

g

= 1

5}

R

w 107!

§ total :

U 10—2 = elastic ................... ................... ................... ...... d
b e U

1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi | R
10* 100 107 107 1 10 10> 100 10*
Neutron Energy [eV]

Figure 2.5: Cross sections of '3?La with neutron. The small peak at 0.75 eV is the p-wave resonance of
the 139La. The values of the cross sections were cited from Ref. [48]

resonance energy is less than 100 eV have been measured as shown in table 2.2. The '??La+n state

E, [eV] Jr |1
—48.63®) 4@)
0.758 = 0.001(P)
72.30 £ 0.05()

[ [meV] gr I [meV] g T2 [meV]
62.2(2) 82(®)
40.11 £1.940) | (5.6 £0.5) x 107°()

75.64 + 2.21() 11.76 + 0.53()

N

W N 3
oS = O

Table 2.2: Resonance parameters of 3°La. (a) taken from Ref. [49]. (b) taken from Ref. [50]. (c)
calculated from Refs. [51] and [50]. ng‘f}lT is the reduced neutron width.

decays to *°La by ~-ray emission and the Q-value of this reaction is 5160.98 keV. The level scheme
related to the 139La(n,)'%La reaction is schematically shown in Fig. 2.6.

As shown in Table 2.2 and Fig. 2.5, there are large negative and positive s-wave resonances and a p-wave
resonance located on the tails of these s-wave resonances. We assume the p-wave resonance interferes

with the negative and/or positive s-wave resonance.
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Figure 2.6: Transitions from 3°La+n to 4°La. 13%La has three neutron resonances in lower energy
region, and the resonance state decays to the 1“°La by emitting -rays.
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The angular distribution in (n,7) reaction

As discussed in the previous section, (.J) needed to be determined in order to evaluate the T-violation
sensitivity. In this section, the angular distribution of the (n,y) reaction based on interference between
s-wave resonances and p-wave resonances in order to measure ¢, which is the parameter to decide x(.J),

is described.

3.1 The angular distributions in (n,7) reactions

The amplitudes of the (n,y) reaction can be described using Feynman diagrams as shown in Fig 3.1.
The diagram 1 and 2 of Fig 3.1 correspond to the processes that a neutron is absorbed as an s-wave or
a p-wave state as an entrance channel and a ~-ray is emitted from the same state as an exit channel.
The diagram 3 and 4 of Fig 3.1 correspond to the processes that a neutron is absorbed as an s-wave or
a p-wave state as an entrance channel, subsequently the states are mixed by the weak interaction, and a

~-ray is emitted from the different state as an exit channel. The amplitudes of these processes V; — V}

\/ gTSP?SF: f

are written as

o= _ZQkE —E,, +il,./2’
V, = Z V9015 g
2 2k B, — E,, +il,, /2’
NN
Vs = —
3 ;% By — B,y + i1y, /2)(En — Er, +i0,,/2)
Sy p

Vv, = _Zi \/grpF{}pW\/FZSf A

B 2k (BEy — By, + iy /2)(En — By, + i, /2)’

Ts,Tp

where £ is the momentum of neutron, F,, is the kinetic energy of the neutron, I} is the neutron width,

I‘Zf is the partial ~v width to f-th final state, £, is the resonance energy of the neutron resonance and W

23
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) n fg% ’ n fs%
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Fs st \/Fg ng
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Figure 3.1: Feynman diagrams of amplitude of (n,7y) reactions through s-wave and p-wave state. The
circle denotes the weak interaction.

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

20, + 1
e 2
I 90+ 1) (32)

where J,. and [ is the angular momentum of the compound status and spin of the target nucleus. When

the interference between an s-wave and a p-wave amplitude is considered, V; — V, are given as follows.

1 \/9rTRT) (14 )

TsTrsf

2%k Ey—E, +il, /2"

oo 1 VIR
2

2k B, — E,, +il,,/2’

1 Vor LR W JI7 (L4 5)

2k (En — En, +iLy, /2)(By — By, +1i0,/2)’
Lm0
2k (En — By, + 1Ty, /2)(By — B, + 0y, /2)

vV, =

Vs =

Vi = (3.3)
Here, the contributions of the other far s-wave resonances are taken into account as the correction term
a, B and 7.

The differential cross section of the (n,) reaction induced by polarized and unpolarized neutrons can be
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written as
oy, i A P2 L
= —(ag+ arkn k»y + a20n (kin X k:7) + as (kin kify) - =
o, 3

+ ar7(oy k) (kn - k) (om - (Rn X 12;7))>, (3.4)

where k,, is a unit vector parallel to the incident neutron momentum, k. is a unit vector parallel to
the emitted y-ray momentum, o, is a unit vector parallel to the incident neutron spin and o is a unit
vector parallel to the emitted ~y-ray spin. Expressions of the coefficients ag-a7 are given by the products
of amplitudes V; — V} as

2
ap = Z’V1r5’2+z“/2rp|7
s Tp

a = 2Re ) Vir Vo, P (e, Iy, 53U F) 2 5,

TsTpJ
1.
ay = —2Im Y VirVar, BiP (o, 5 7L F) 2,
TsTpj
21 1
a3 = 3VI0Re Y Vo, Vo P(Jy, Judi'2IF) S 0 % 3 0 zrizr o,
rpihd’ 9 i il
21 1
ay = —6\/511’[1 Z ‘/QTPVYQ*T{)P(JTPJTI/)]]/QIF) 1 % % Zijszj/7
o’ 9 i
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where

P(JTjjkIF) = (—1)"*"/“'+”Fg¢(2j DRI D+ DT +1)
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where J, 7, 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

P . (3.8)

Z?“pj = T

The ag term denotes the typical cross section of the neutron resonance described with the Breit-Wigner
functions. The a1g term corresponds to the helicity dependence of the neutron absorption cross section,
and Ar, in Eq. 2.7 is derived from a1g in Eq. 3.5. The ratio of the P-violating cross section ag to the

. 2. .
p-wave cross section agp, = |Va,p|” is given as

—22W In Iy
Mo _ ’ 2 (By — E)+ —(Ey— Eyp) ) . (3.9)
T2 n 2 p
Ap  (En— B2+ | 1D Iy

Since Es — E, > I's when the s-wave resonance is far from the p-wave resonance, Eq. 3.10 at £, = F),

can be written as

aio 22 W In
AL R T 3.10
apy By — EN\T . (-10)

3.2 The angular distributions in (n,7) reactions for unpolarized neutrons

Hereinafter we assume that the ~y-ray polarization is not measured and the incident neutrons are not

polarized. In this case the differential cross section is written as

don, 1 1
dQVf = 5 (ao + a1 cos by + az (0082&Y - 3>> , (3.11)
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where 0., is the polar angle of the emitted -ray with respected to incident neutron momentum.
A value of ¢ can be extracted from a; and a3 since these are both functions of x and y. The coefficients

can be decomposed as a sum of terms containing 2, zy and y? or = and y as

al = 12T + a1y,
ag = azeyy + asyyy’, (3.12)
where
i 11
a1y = 2RezVlTSVQTPP(JTSer§§IIF),
TsTp
. 13
ay = 2ReZVMSVQTPP(JTSJTp§§IIF),
TsTp
s 21 1
a3y = 3\/10ReZwrpgi,pP(JTpJTé§§21F) o113,
>34
- 211
asyy = 3VIORe )  Var, Vi P(Jy, Jyy 552IF) 4 0 5 3 (3.13)
24 4

The coefficients as,, is not written in the above equations since the P coefficient is identically zero. As
a1 and az are coefficients of the angular dependent term as shown in Eq 3.11, these can be obtained by
measuring the angular distribution of individual y-rays from the p-wave resonance as long as both the
spin of the compound state (J) and the spin of the final state (F’) are known.

As an example, neutron energy dependences of ag, a1z, a1y, a3zy and asy, in the case of a p-wave
resonance of the 139La(n,y) reaction for F' = 3 assuming J; = 4,J; = 4 and J3 = 3 are shown in
Fig 3.2 using the resonance parameters of Table 2.2. As shown in Fig 3.2, the shape of the ag, which
is described as a Breit-Wigner function, will be distorted due to the asymmetric shape of a; at an angle
which is cos 0, # 0. The asymmetry of the a; and the height of the a3 vary with the value of the ¢, and
therefore we should perform an experiment to measure the peak shape of the p-wave resonance gated

with certain ~y-rays at several angles in order to extract a value of ¢.
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Figure 3.2: Neutron energy dependences of ag, a1z a1y, a3zy and azy, in 139La(n,v) reactions to the
F' = 3 final state in the case of J, = 4 and J3 = 3 using the resonance parameters in Table 2.2. The ag
is described by Breit-Wigner function. The a; and a3 has a symmetric and an asymmetric shape at the
peak of the p-wave resonance.






Chapter 4

Facilities and experimental setup

As shown in previous section, the T-violation sensitivity can be evaluated by measuring the angular
dependence of ~y-rays from a neutron induced compound nucleus. To perform this measurement, a
high intensity neutron beam and a high resolution -ray detector is needed. These measurement were
carried out at beamline 04 ANNRI (Accurate Neutron-Nucleus Reaction measurement Instrument) of
the Material and Life science experimental Facility (MLF) of the Japan Proton Accelerator Research

Complex (J-PARC). The facilities and the experimental setup are described in this section.

4.1 Facility for the neutron beam

J-PARC is a high-intensity proton accelerator facility in Tokai, Ibaraki, Japan. A bird’s-eye view of the
facilities of J-PARC is shown in Fig 4.1. In J-PARC, there are three accelerators: a linear accelerator
(LINAC), a 3GeV Rapid Cycle Synchrotron (RCS), and a Main Ring (MR). The pulsed proton beam
from those accelerators are injected to the three facilities: the Material and Life science experimental fa-
cility, the Neutrino facility, and the Hadron Experimental facility (Hadron-hall), and are used for various
applications.

MLEF is a facility for the materials and life science using the intense pulsed neutron and muon beams.
The neutrons are generated in nuclear separation reactions in a liquid mercury target by using a 3 GeV
proton beam. The high energy neutrons generated from the mercury target are moderated by a light water
moderator and a hydrogen moderator at 20 K and 1.5 MPa flow, and guided to 23 neutron beam ports of
MLEF. The energy range of the neutron beam is from cold to epithermal energies. There are three types
of moderators: a coupled moderator, a decoupled moderator and a poisoned moderator. The coupled
moderator provides the most intense neutron beam among the moderators and is used for the experiment

in this thesis. The characteristics of the moderators are summarized in Table 4.2.

The primary proton beams were supplied at a repetition rate of 25Hz and in single-bunch mode,
which in which the pulsed protons consist of a bunches of 100 ns. During typical operation, double-
bunch mode, in which the pulsed protons consist of two bunches of 100 ns width on intervals of 600 ns,

is used. An advantage of this mode of operation is that the neutron beam intensity increases in the

31



32

972MHz, 3MW
E3766A
24 Sets

324MHz, 3MW
E3740A
20 Sets

RIS

Materials and Life Science
Experimental Facility

s v e

Linac
(overall length 300m)

-

3GeV Synchrotron

(perimeter 300m)

Chapter 4. Facilities and experimental setup

Hadron Experimental Facility

Neutrino Experimental
Facility

50GeV Synchrotron
(perimeter 1600m)

Figure 4.1: A bird’s view of the J-PARC accelerators [52].

Time-integrated | Peak neutron | pulse width in
Type of number of | thermal neutron | flux at 10 meV FWHM at
moderator beam ports | flux [n/s-cm?] [n/eV-s-cm?] | 10 meV [us]
Coupled 11 4.6 x 10% 6.0 x 1012 92
Decoupled 6 0.95 x 108 3.0 x 10'2 33
Poisoned (thicker side) 3 0.65 x 108 2.4 x 10!2 22
Poisoned (thin side) 3 0.38 x 108 1.4 x 102 14

Table 4.1: Design characteristics of the moderators at 10 m from the moderator surface at 1 MW of beam

power at J-PARC [53].
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thermal and cold energy regions where the structure of the double bunch pulse is negligible due to
the moderation process. However, double-bunch mode makes the time resolution of the neutron beam
worse in epi-thermal region. Therefore, single-bunch mode is better for the experiments where high time
resolution of the neutron beam is important such as measurements of neutron absorption cross sections.

The average proton beam power generating spallation neutrons is 150 kW during the measurement.

Parameter Value
Designed beam power 1 MW
Operated beam power 150 kW
Extraction energy 3 GeV
Repetition rate 25 Hz
Bunch width of the proton beam (single bunch) | 100 ns

Table 4.2: Parameters of RCS [53].

4.2 Beam Line 04 at MLF

The schematics of the ANNRI installed in beam line 04 (BL04) is shown in Fig. 4.2. The z-axis is
defined in the beam direction, the y-axis is the vertical upward axis, and the x-axis is perpendicular to
them, thus z, y and z forms a right-handed frame.

The germanium detector assembly, a sodium iodide (Nal) scintillator detector and lithium-6 and -7 glass
scintillators can be used at ANNRI on beam line 04. The angular distribution of the y-ray was measured
by using the germanium detector assembly. The nuclear target was placed at the center of the detector
assembly and the length from the moderator surface to the target was 21.5 m. The neutron beam from
the moderator goes through the Ty-chopper, the neutron filters, double disk chopper and the rotary col-
limator, which were used for the adjustment of the experimental conditions, and is stopped by a beam
stopper made from iron. The material of the neutron filter can be selected from manganese, cobalt, alu-
minum, silver, indium, lead, and cadmium. Since the energy dependences of the neutron absorption cross
section in each nucleus are different, these filters are used to suppress the neutron beam in unnecessary
energy regions. The lead filter is mainly used to suppress the ~y-ray background from the upper stream.
In our measurement, only the lead filter (thickness: 37.5 mm) was used. The Ty-chopper was a semi-
circlar plate whose surface was painted by 95 wt% isotopically enriched boron carbide. It was operated
synchronously with the proton injection to suppress the slow neutron (less than 3 meV) to avoid frame
overlap.

Five collimators between the moderator and the germanium detector assembly were installed. The sizes
of collimator holes become smaller as the collimators become closer to the germanium detector assem-
bly. The collimator consisted of an upper-stream collimator and down-stream collimator and were used
for the adjustment of the intensity and the size of the neutron beam. The collimator closing to the ger-
manium detector assembly decides the spatial distribution of the neutron beam [54]. This collimator is
called "rotary collimator" and the hole size can be selected from 4 sizes of 6 mm, 7 mm, 15 mm and

22 mm. The collimator of 22 mm size was primally used in our experiments.
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Figure 4.2: Schematic of the ANNRI installed at the beamline 04 of J-PARC/MLEF. (A) Collimator, (B)
To-chopper, (C) Neutron filter, (D) Disk chopper, (E) Collimator, (F) Iron, (G) Germanium detector
assembly, (H) Concrete, (I) Boron resin, and (J) Beam stopper (Iron).

4.2.1 Spatial distribution of the neutron beam

The spatial distributions of the neutron beam at ANNRI were measured by K.Kino et al [54]. They
measured the spatial distribution of the neutron beam by putting a position sensitive Li-glass scintillation
detector at a 21.5 m sample position. The detector has 256 Li-6 enriched glass scintillator pixels of size
2.1 x 2.1 mm? and thickness of 1mm. The scintillation light generated from °Li + n — a+ t reaction
in the scintillators are detected by a position sensitive photo-multiplier tube. Since position and TOF are
measured simultaneously, a TOF versus position intensity plot can be obtained. Figure 4.3 shows the

measured spatial distributions for the 22 mm-diameter beam.
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Figure 4.3: Spatial distributions of the neutron beam in ANNRI for 22 mm-diameter beam [54].

4.2.2 Energy resolution of the neutron beam

The neutron energy is calculated from the time of flight from the moderator to the nuclear target. How-
ever the pulsed neutron beam has a time structure and it makes the energy resolution of the neutron beam
worse. One origin of the time structure is moderation process of the neutrons in the moderator. Another
is the time structure of the incident proton beam to the mercury target. The time structure can be negli-
gible in thermal and cold energy regions. However it cannot be ignored in the epithermal region which
is used for the measurement of the neutron resonances. In our experiment, the evaluation of the time
structure is important to measure a1 and a3 in Fig. 6.3 accurately.

Some functions to describe the pulse structure of the neutron beam were proposed. Typically, Ikeda-
Carpenter function [55], Cole-Windsor function [56], Gunsing function [57, 58], Gauss function [59, 60]
and so on are used, and we need to select the function that can reproduce the pulse structure for each
moderator. The pulse structure of the neutron beam at beam line 04 was evaluated by K.Kino et al [54].
They adopted Ikeda-Carpenter function to reproduce the pulse structure of beam line 04 and the double
differential of the flux of the pulsed neutron beam I,, can be described as a function of F,, and the time

measured from the primary proton beam injection ¢ as

(;)Ezjgt(En,t) = % {(1 — R)(at)?e ™ + 2R(a0‘_2ﬁm3
X [e—ﬁt —e (1 + (@ — B)t + ((1_25)2152)} } ,

“4.1)

Intensity (n/mm2/1 o 2protons)
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where parameters «, 5, C, R depend on E},. The Ikeda—Carpenter function was originally proposed by
S. Ikeda and J. M Carpenter to describe the pulse structure of the neutron beam from the polyethylene
moderator in room temperature at the Intense Pulsed Neutron Source of the Argonne National Labo-
ratory [55]. The double differential of the neutron beam flux on the moderator surface of the J-PARC
spallation source was calculated using MCNPX [61], and was fitted with the Ikeda—Carpenter function.

The examples of the simulated time structure and fitting result from the Ikeda-Carpenter function are

shown in Fig 4.4.
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Figure 4.4: Examples of the simulated time structure of the neutron beam and fitting results [54].

The dependence of neutron energy on the fitting parameters g, v, 8, R, and C were obtained by
fitting of the pulse shape of neutron beam with a polynomial function[54] as shown in Fig 4.5. The
neutron energy dependence of the FWHM of the time structure is shown in Fig 4.6, and the simulated
results are confirmed by comparing with experimental results. In the thermal region, the time structure
can be obtained by measuring Bragg’s peaks. When the neutron beam goes through a crystal, only
neutrons that satisfy Bragg’s law are scattered. Since the scattered neutrons have the same energy, the
time structure of the neutron beam can be obtained from the time structures of the Bragg’s peaks. A mica
target with dimensions of 50 x 50 mm? and a thickness of 5 mm were used in their measurement. In the
epithermal region, the time structure can be obtained from the neutron resonances. Since the resonance
width of the neutron capture reaction is broadened by the time structure of the neutron beam, the times
structures can be evaluated by measuring the width of well known neutron resonances. Tantalum foils

were used in their measurements.
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Figure 4.6: Energy resolution of the neutron beam at ANNRI [54].
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Figure 4.7: The simulation and measured value of the energy resolution of the neutron beam at ANNRI
[54].

4.3 Germanium detector assembly

The germanium spectrometer at ANNRI is a y-ray detector assembly which has high resolution and
large solid angle. It was originally developed to measure neutron absorption cross sections of minor
actinides and long-lived-fission products with the time of flight (TOF) method. The configuration of
the germanium detector assembly is shown in Fig. 4.8. A coordinate system defines the beam axis as
z-axis, the vertical direction as y-axis and the x-axis is such that they form a right-handed coordinate
system. The origin was taken as the center of the nuclear target. The polar angle in spherical coordinates
is denoted by 0 and the azimuthal angle as ¢.

The assembly consisted of two types of detector units: Type-A (Fig. 4.9) and Type-B (Fig. 4.10). Two
combinations of seven Type-A detectors were placed above and below the target. The shape of the Type-
A detector is hexagonal to enable clustering as shown in (Fig. 4.9). Germanium crystals are protected
by neutron shields against damages resulting from scattered neutrons; shield-1 and shield-3 are made
from LiH with a thickness of 22.3 mm and 17.3 mm, respectively. Shield-2 is made from LiF and the
thickness is 5 mm. Lead plates are placed between shield-2 and shield-3 in order to eliminate low energy
~-rays, which were not used in our experiment. The crystal surfaces facing the target were 6 = 71°, 90°,
and 109°. The side and back of the cluster is surrounded by bismuth germanate (BGO) scintillators.

Eight type-B detectors were placed on the xz-plane at § = 36°, 72°, 108°, and 144°, as shown
in Fig. 4.10. The central crystals of the upper and lower type-A detectors are denoted as d1 and d8,
respectively, and the other surrounding six detectors are denoted d2-d7 (d9-d14). The names of Type-B

detectors are shown in Fig. 4.10.

The crystal shape of the type-A detector and type-B detector are also shown in Fig 4.12.
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Figure 4.8: Configuration of the germanium spectrometer assembly.
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E

Figure 4.9: Schematics of the upper seven Type-A detectors. (A) Electrode, (B) Germanium crystal, (C)
Aluminum case, (D) BGO crystal, (E) y-ray shield (Pb collimator), (F) Neutron shield-1 (22.3 mm LiH),
(G) Neutron shield-2 (5 mm LiF), (H) Neutron shield-3 (17.3 mm LiH), and (I) Photomultiplier tube for
BGO crystal.
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d22

d19

Figure 4.10: Schematics of Type-B detectors. (A) Pb collimator, (B) Carbon board, and (C) LiH powder.

Figure 4.11: The crystal shapes of type-A detector (left) and Type-B detector (right)
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The BGO scintillators surrounding the germanium detectors can be used as detectors to veto Compton-
scattering events from the germanium detectors back to the BGO scintillators. All detectors are sur-
rounded by a shielding made of borax resin, lead, and iron. Generally, it is difficult to use semiconductor
detectors with a neutron beam since performance of the semiconductor detectors decrease as a result of
neutron scattering. On the other hands, the careful shielding of LiF and ®LiH from scattered neutrons
enable the germanium detectors of ANNRI for use with the high intensity neutron beam of J-PARC.
The germanium detector assembly is surrounded by lead and iron shielding. Type-B detectors are in-
serted to the side holes of the shielding and fixed.

The beam duct consists of two layers. The outer layer is made from 3 mm-thick aluminum with a cross-
sectional dimensions of 86 mm X 96 mm. The inner layer is made from 10.5 mm-thick LiF as a shielding
for scattered neutron. The beam duct can be removed by moving the lead and ion shielding.

The nucleus target was placed inside of the beam duct and was drawn out from the beam pipe with an
automatic target changer without moving the lead and iron shielding.

The germanium crystals were kept at a temperature of 77 K during operation. Type-A detectors and
Type-B detectors are cooled by liquid nitrogen and refrigerators X-COOLER II of ORTEC, respectively.
In our measurement, d16 and d17 were not used since these were not cooled sufficiently. The typical
energy resolution for the 1.332 MeV ~y-rays was 2.4 keV when the neutron beam was off. it became

5.4 keV when the beam was on as a result of electronic noise from the acceleratorss [62].

146 mm

Figure 4.12: The schematics of a unit of type-B detector. (A) BGO crystal, (B) Germanium crystal, (C)
Electrode, (D) and (E) Aluminum case.



4.3. Germanium detector assembly 43

4.3.1 Energy calibration and linearity of pulse height

The relationship between the pulse height of the germanium detector signal and deposited ~y-ray energy
of y-ray into the germanium crystal was obtained by utilizing the 511 keV photo-peak due to pair creation
of electron and positron and the 7724.03 keV photo-peak as the maximum energy of 27 Al(n,7) reaction.
Since the energy of these y-rays are well-known, they can be used for the energy calibration. Additionally
the linearity of pulse height is also ensured using intense photo-peaks from 27Al(n,7) reaction, and
good linearity is confirmed up to 7724.03 eV as shown in Fig 4.13. Since the relationship can changed

according to the temperature of the amplifiers, it was measured every day during the experiment.
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Figure 4.13: The relationship between the pulse height and the photo-peak energy. The Black dots and
the dashed line show measured peak values of the full absorption peak and best fit by a linear function.

4.3.2 Definitions of symbols describing detector characteristics

We define the symbols to describe the detector characteristics in this section. We use ¢4(E, €2y, (E3')a)
to denote the probability of the case where an energy of (Ei/n)d is deposited in the d-th detector when a
~-ray with an energy of E., is emitted in the direction of {2,=(0.,, ). The polar angle and the azimuthal
angle of the direction of the emitted y-ray is denoted by 6, and ., respectively. ¥4(Ey, 2y, (EY')a)
satisfies

E’Y
[ vatE e EaaE. -1 42)
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We define the distribution of the deposited energy as
Va(Ey, (EY)a) = | vYa(Ey, Qy, (EY)a)dy, (4.3)
Qq

where €2 is the geometric solid angle of the d-th detector. The photo-peak efficiency of d-th detector for
~-rays with energy FE. is defined as

pk,w (E,ry“)}i“-‘r n m m
k(g ) = / LGBy, (E™))d(E™),, (44)
(Bx)y

where (E,r;“)zl‘ﬂr and (Efyn)g_ are the upper and lower limits of the region of the energy deposited, used to

defined the photo-peak region, as schematically shown in Fig. 4.14. The relative photo-peak efficiency

T ()
m\pk
(EY)a

Figure 4.14: Schematic of the definition of the photo-peak in the pulse height spectrum.

is also defined as

4.5)
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In the case of angular distribution of «y-rays this is expanded using Legendre polynomials as Z;io cpPp(cosb,),

and the photo-peak count of the d-th detector can be written as

[o.¢]
Na(Ey) = No Z P p,

p=0
_ 1 pEmyt )
Py = — - d(E,IYn)d/dQ,pr(COSQW)wd(E,y,Q,Y).
47T (E’tyn)';z

(4.6)

4.3.3 Simulation of the germanium detectors

Simulations using GEANT4.9.6 were performed to obtain response functions of each detector. The
experimental data of y-ray spectra from the radioactive source of 3"Cs (E,=0.662MeV), °Co at
E,=1.173MeV, 1.332MeV and 22Na at E,=1.275MeV was obtained in each detector, and we re-
produce the these data by the simulation. The experimental data and the simulated result of the ~y-ray
spectrum of '37Cs is shown in Fig. 4.15, and we can confirm that the simulation can reproduce the y-ray
spectrum for low energy ~y-rays. Subsequently, we compared the experimental data and simulation re-
sults by using 1#N(n,7) reactions with a Melamine target (see Section 4.5.2) to check the reproducibility
of the simulation for high energy ~-rays. The reasons why “N(n,y) reactions are used is that there are
over ten kind of y-rays from 2000 keV to 11000 keV in ¥N(n,7) reactions. The results are shown in
Fig. 4.16. The simulated response functions for individual y-rays in *N(n, 7) reactions are generated
and normalized by the integral of the full absorption peak to that of experimental value. Since back-
ground ~y-rays from Li(n,7y), F(n,7), Al(n,y), Fe(n,y) and Ni(n,7) exist, these are also taken into account.
The reproducibility of the simulation is evaluated by using Chi-squared test as shown in table 4.3 for
each detector, and we finally confirm that the simulation can reproduce the experimental data.

From the results, it is shown that the simulation can reproduce the detector characteristics sufficiently.
The photo-peak efficiency of the detector assembly is evaluated as approximately 4%.
The determined values of Pdm are listed in Table 4.4 for p = 0,1,2. The quantity Py corresponds to
egk’w. The table also contains the weighted average of the viewing angle of each detector §,; determined
as Py(cosfy) = P,/ Pao.
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Figure 4.15: Comparison of the pulse height spectrum for 7-rays from a radioactive Cs source (gray
line) and the numerical simulation (black line) for a type-B detector unit (left) and a type-A detector unit
(right). As the simulation reproduces the experimental data faithfully, these almost overlap.
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Figure 4.16: Comparison of pulse height spectrum for prompt y-rays emitted in **N(n,) reaction (gray
line) and the numerical simulation (black line) for a type-A detector unit (left) and a type-B detector unit
(right). As the simulation reproduces the experimental data faithfully, these almost overlap.
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detector ID || x?/ndf

dl 1.63
d2 1.93
d3 1.23
d4 1.52
ds 0.28
dé 1.29
d7 1.54
d8 0.79
d9 1.00
d10 2.47
dil 1.85
d12 1.40
d13 1.09
d14 1.35
di1s 1.89
dl6 2.22
d17 1.26
di8 2.34
d19 1.55
d20 -

d21 -

d22 1.92

Table 4.3: Summary of y%/ndf between ~-ray spectrum of the melamine target and the simulated response
function for each germanium detector.
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4.4 Data acquisition system

Cross section measurements of minor actinides and long-lived-fission products have been performed
using the existing germanium detector assembly and data acquisition system. This system consists of
three main ADC modules, five fast timing modules, and a coincidence module. It can detect coincident
y -ray events from the germanium crystals and BGO crystals. Therefore germanium detector Compton-
scattering events may be distinguished as those which reach either the other germanium crystals or the
BGO crystals.Although this system was useful for the precise measurement of cross sections, it is not
suitable for measurements with high count rate.

A data taking system employing CAEN V1724 modules was recently installed to achieve high count rate
acquisition capabilities. Since the signals from the germanium crystals are processed independently, a
count rate increase by more than a factor of 10 can be realized. However, a method to detect coincident
events has not yet been established. As we need to obtain high statistics in the vicinity of the p-wave
resonance in order to resolve the infrequently emitted gamma rays from the p-wave resonance to a par-

ticular final state, our experiment was performed using this system.

The output signal is processed by using four CAEN V1724 modules [63]. The output signal from each
germanium detector is amplified by the preamplifier, and the information of the timing and the pulse
height of the signal is extracted by CAEN V1724 as shown in Fig 4.17. The signal fed into CAEN
V1724 is divided into two branches: one is for the timing and triggering and the other for the pulse
height. In the timing and triggering branch, the signal is converted to a bipolar signal with a trigger and
timing filter. A signal over threshold triggers a time of zero crossing measurement, used as the time
of signal detection with a resolution of 10 ns. In the pulse height branch, the signal is converted to a
trapezoidal signal with a trapezoidal filter and the height of the flat top of the signal from a baseline
determines the pulse height. A signal scheme for the triggering and the timing and the pulse height is
shown in Fig 4.18.

The CAEN V1724 has a sampling rate of 100 Msample/s and a resolution of 14 bit, which is ap-
proximately 137 pV due to the maximum input voltage of 2.25 V peak-to-peak. The CAEN V1724
transferred the stored data to the computer during each 4 ms when 1024 event data are accumulated in
the local buffer. In the case that the speed accumulating the data in the local buffer exceeds the speed
to write the data to the computer, whose counting rate is around 300 kcount/s, there is a possibility that
CAEN V1724 can stop. The origin of the timing is determined by the signal of the injection of the proton
pulse to the mercury, which is generated in 25 Hz. In the case that the accelerator is stopped for a long
time, the timing is reset in each10.7374 s since the data recoding region of the timing is 32 bit.

Two signals temporarily closer than approximately 0.4 us were processed as a single event, which is
called as dead event. On the other hand, their pulse heights were recorded as a zero when their time
difference was in the range of approximately 0.4 us to 3.2 us and these events called as pile up events.
These events are generated in the measurement with a high counting rate. If these events cannot be

negligible, the correction is needed for the analysis.
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Figure 4.17: Block diagram of the signal processing. A signal from the germanium detector is divided
into two branches: one for the timing and triggering and the other for the pulse height. In the branch of
timing and triggering, the signal is converted to a bipolar signal. Signals over a threshold are triggered
and the time of zero crossing determines the timing of the signal. In the branch of the pulse height, the
signal is converted to a trapezoidal signal and the height of the trapezoidal from a baseline determines
the pulse height of the signal.
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Figure 4.18: Schematic of the signal processing when two signals are detected. The input signals fed
into the timing and triggering filter and the trapezoidal filter are converted to bipolar signal and trape-
zoidal signal. The bipolar signal over the threshold determines the timing, and then the pulse height is
determined using the height of the trapezoidal signal.
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4.5 Nuclear targets

Lanthanum, boron carbide and melamine targets were used for our experiment. Properties of the targets
are described in this section. The targets were sealed by polytetrafluoroethylene with a thickness of

10 pm due to the regulations at MLF.

4.5.1 Lanthanum target

A "La target with dimensions of 40 mm x40 mm x 1 mm was used in this experiment to measure the
angular dependence of «-rays. The target thickness such that multiple scattering of incident neutrons in
the target are sufficiently small was determined by Monte-Carlo simulations.

The purity of the "'La target was 99.9%. Contamination of the target was evaluated by inductively

coupled plasma spectroscopy and given in table 4.5.

contamination | quantity (ppm)
Cerium 200
Praseodymium 120
Neodymium 200
Samarium 200
Dysprosium 200
Yttrium 200
Iron 227
Silicon 120
Aluminum 110
Carbon 100
Sulfur 100
Chlorine 150

Table 4.5: The contaminations of the lanthanum target.

4.5.2 Boron carbide target

The boron carbide target was used to measure the neutron beam intensity. The chemical formula of boron
carbide is B4C and -rays from '°B(n,ay)"Li reactions were used for the measurement. Boron carbide
powder made from 95% enriched !B was diluted with 20 times as much carbon powder and pressed
into a tablet with dimensions of 0.59 mm X ¢5.08 mm and mass of 20.1 mg.

The reasons why '°B(n,ay)7Li reactions are used to measure the neutron beam intensity are that its
reaction cross section is large (3837 barns for thermal neutrons [49]) and it is easy to separate back-
ground y-rays from contamination of the target and the detector material since only single energy y-ray
(477.6 keV) is emitted in the reactions.
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4.5.3 Melamine target

The melamine target was used to correct the detection efficiency and the solid angle coverage of each
detector. The chemical formula of melamine is C3HgNg and the 'N(n,y) reaction was used for the
correction. A tablet-shaped melamine target with dimensions of 1.0 mm x ¢5.08 mm was used.

The reasons why *N(n,y) reactions are used for this correction are that the ~-rays in the reactions are
emitted isotropically and the correction for a wide range of the y-ray energies are possible since there are
over ten kinds of y-rays from 2000 keV to 11000 keV in the reaction. It can be reasonably assumed that
the y-rays are emitted isotropically, as the 1N does not have any resonance below 400 eV and p-wave or

higher angular momentum components of the incident neutron are negligibly small in this energy region.
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Measurement

In this section, the results of the angular distribution and corrections for the measurement are described.

5.1 Definitions of the symbols describing the measurement results

Neutron energies are measured using the Time-of-Flight (TOF) method. Here, the corresponding neutron

energy El' is defined as

m L\?2
Ey == <t> : (5.1)

where m,, is the neutron mass, L is the distance between the target and the moderator surface and ¢, is
the time between ~-ray detection and the timing pulse of the injection of the proton beam bunch. The
deposited y-ray energy E.' obtained by the calibration of the pulse height using Al(n,y) as as shown in
Section 4.3.1 is also defined.

The neutron energy in the center-of-mass system E is described as

mnma <Pn DA )2

My +ma \ Mn ma

E = 5.2)

where p;, is the momentum of the incident neutron in the laboratory system, p is momentum of the

target nucelus, and my is the mass of the target nucleus.

The divergence of the neutron beam is sufficiently small and the following can be assumed:

Pn =V 2myEy e, (5.3)

where e, is the unit vector parallel to the beam axis.

The total number of ~-rays is denoted as 1.

53
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5.2 Measurement of the beam intensity spectrum

The beam spectrum was obtained by measuring the y-rays via 'B(n,ay)"Li reactions with the boron
carbide target placed at the center of the germanium detector assembly. The measurement was performed
for 4.7 hours (4.3 x 10° shots) with ¢22 mm beam size. An energy spectrum of y-rays and the TOF
spectrum are shown in Fig 5.1 and Fig 5.2, respectively. The TOF spectrum was drawn with the gate at
E,=477.6 keV photo-peak to select events from the °B(n,ay)"Li reaction. Neutrons over 27 ms were
suppressed by the disk chopper to avoid frame overlap as shown in Fig 5.2.

The number of the y-ray events I, is described as
L(By) = F(Ey)eP*(E,)S(1 — exp(—pdo(Ey))), (5.4)

where F'(E,) is the beam intensity, €’*(E, ) is the detection efficiency of the germanium detector assem-
bly for 477.6 keV -rays, S is the area ratio of the target size to the beam size, p is the number density
of 10B, d is the thickness of the boron carbide target and o(E,) is the cross section of the °B(n,ay)"Li
reaction.

The beam intensity spectrum F'(£,,) was obtained by the division of I, (E,) by (1 —exp(—pdo(FEy))) as
shown in 5.3. Here, the effect of the multiple scattering of neutrons in the target was taken into account
by using a Monte Carlo simulation. The cross section of the 'B(n,ay)7Li reaction is referred to from
JNDLE-4.0 [48].
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Figure 5.1: ~-ray spectrum with the boron carbide target. The largest photo-peak at 477 keV is a full
absorption peak from the '°B(n,ay)7Li reaction.
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Figure 5.3: Beam intensity spectrum measured with the boron carbide target.
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5.3 Measurement of the angular distribution in '**La(n, ) reactions

5.3.1 ~-ray spectrum and TOF spectrum

The measurement for the angular distribution in '3*La(n,y) reactions was carried out using the lan-
thanum target for 60 hours (5.4 x 107 shots) with $22 mm beam size. We obtained 2-dimensional
data of «y-ray energy and TOF, and the results are shown as a 2-dimensional histogram corresponding
to 01 ~/ Ot™IEZ in Fig. 5.4. The ~-ray spectrum and the TOF spectrum can be obtained by projecting

10°

OI? /Ot DEY" (count/keV /us)

—_—
S
[S)
i

Figure 5.4: 8217 / Ot™IET 2-dimensional histogram of ~-rays with the lanthanum target as a function
of leading-edge timing ¢™ and photo-peak v-ray energy EZ'. The corresponding neutron energy E;" is
also shown.

the 2-dimensional histogram on E}" and E7' as shown in Fig. 5.5 and Fig. 5.7, respectively. Figure 5.7
shows the TOF spectrum integrated the ~y-ray energy over 2 MeV to eliminate the delayed v-rays and
normalized by the incident beam intensity spectrum measured with the boron carbide target. The p-wave
resonance is observed at t™ ~ 1800 us, and the 1/v component is the tail of the negative s-wave reso-

nance as listed in Table 2.2. The positive s-wave resonances of 13?La and 13®La are also observed.

The level scheme related to '3°La(n,y)'“°La reaction is schematically shown in Fig. 2.6. The -
ray transitions to the ground state and low excited states of 1“OLa are observed and the spins and the
parities of the excited state were identified as shown in the expanded 01,/ OEZ (Fig. 5.6). The highest
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Figure 5.5: Pulse height spectrum of y-rays 01,/ OEZ! from the (n,y) reaction with lanthanum target as
a function of £
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Figure 5.6: Expanded pulse height spectrum of 01,/ OEZ from the (n,7y) reaction with lanthanum target
as a function of EX'. The full absorption peaks from the ~-ray transitions to the ground state and low
excited state of 14°La were observed and the spins and the parities of the final state were identified. Three
peaks around 4600 keV are single escape peaks of the three peaks around 5100 keV.
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139La 72.30 eV s-wave
138L.a 2.99 eV s-wave
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Figure 5.7: ~-ray count normalized by the incident beam intensity as a function of ¢™ for EJ* > 2MeV,
which is referred to as 01, /0t™.

3000

-}

peak at E'=5161keV corresponds to the ~-ray transition to the ground state of 14013 (spin of the final
state: ['=3), the second highest peak corresponds to the overlap of two transitions at EJ'=5131keV
and 5126 keV to the first and second excited states at excited energy 31 keV (F=5),35keV (F'=2),
and the third highest peak at E7'=5098keV corresponds to the fourth excited state at 63 keV (F=4).
Figure 5.8 shows the magnified 2-dimensional histogram of 91/ Ot™OEY! in the vicinity of the p-wave
resonance and the y-ray transition to the ground state of 14°La. The p-wave resonance was selectively
observed only for two ridges corresponding to the transition at EX'=5161 keV and the sum of transitions
at £7'=5131keV, 5126 keV, but not for the ridge at EX'=5098keV. According to the dependence
of 8211, / Ot™OEY on ™, and therefore on the incident neutron energy, the negative s-wave resonance
contributes to all three y-ray transitions, and the p-wave resonance contributes to the 5161 keV transition
and 5131 keV and/or 5126 keV transitions.

Since the second highest peak corresponds the overlap of two transitions, hereafter we consider the
angular distribution of the 5161 keV ~-rays corresponding to the transition to the ground state of 4°La,

in order to study the interference between the s- and p-wave amplitudes.
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Figure 5.8: Magnified 2-dimensional histogram. The p-wave resonance is observed at only 5161 keV
and 5131 keV and/or 5126 keV photo-peaks.
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5.3.2 Fitting to obtain the resonance parameters

The resonance energy E, and the total width I',. of the r-th resonance were obtained by fitting I, (t™)
normalized by the beam spectrum with functions of the neutron absorption cross section with convolu-
tions of the pulse shape of the neutron beam and the doppler effect of the target nucleus. The formalism
of the neutron absorption cross section is described in Appendix A. The Ikeda—Carpenter function as
shown in Eq 4.1 is used to describe the pulse shape. The energy spectrum at a given time ¢™ at a distance

of L from the moderator surface is given as

ol 0’1 m
vy = [ap @ (g g [T .
gm () / d 8En8t( )t 2E’> (5:5)

The free gas model is adopted to describe the thermal motion of the target nuclei, which leads to the

~-ray yield in the form of

oI, 0?1, m
2™ = Iy | dE'd3 (Bt — Ly —
gem () 0 / pAOEnat( ’ 2E’)
" 1 ¢—PA/2maksT
(2rmakpT)3/2
Ony (En) __—noy(E) Az
S (1 e ) (5.6)

as long as the target is sufficiently thin, such that multiple scattering is negligible. Iy is the normalization
constant, Az is the target thickness, n is the number density of target nuclei, kp is the Boltzmann
constant, and 7" is the effective temperature of the target, which can be used as a fitting parameter. The
neutron spectrum, which does not include ~y-rays less than 2 MeV to eliminate radio active ~y-rays from
excited '0La, was fitted by Eq. 5.6 whose fitting parameters is E», I, T and I; as shown in Fig. 5.9.
The obtained resonance parameters are shown in Table 5.1, together with the published values. As the
neutron width of the p-wave resonance is negligibly smaller than -ray width of the p-wave resonance,

the total width of p-wave resonance was used as the y-ray width of p-wave resonance.

published values this work
E, [eV] [ [meV] gr1I' [meV] E, [eV] [ [meV]
0.758 4 0.001®) | 40.11 +1.94© | (5.6 +0.5) x 10~°(9) || 0.7404 + 0.002 | 40.41 & 0.76

Table 5.1: Resonance parameters of 3°La of the published value and the measured value in this work.
(b) taken from Ref. [50]. (¢) calculated from Refs. [51] and [50].
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Figure 5.9: Fitted result of the p-wave resonance. The solid line shows the best fit. The Breit-Wigner
functions of the s-wave and the p-wave resonance with the convolutions of the pulse shape of the neutron
beam and the thermal motion of the target nucleus is adopted as the fitting function.
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5.3.3 Correction for the relative photo-peak efficiency

In order to obtain the angular distribution of -rays, the correction for the relative photo-peak efficien-
cies of all germanium crystals is needed. The relative photo-peak efficiency, including both the detection
efficiency and the solid angle coverage, was measured using the photo-peak counts of the y-rays from
the *N(n,y) reaction measured with the melamine target placed at the center of the germanium detector
assembly.

The measurement was performed for 7.7 hours (7.0 x 10° shots) with ¢22 mm beam size. The ~-ray
spectrum is shown in Fig 5.10. The intense y-ray peaks from N(n,7), '2C(n,y) and 'H(n,Y) reactions
were observed in the spectrum.

The photo-peak counts of the v-rays at E'=5262keV from the 14N(n,) reaction are used to eval-
uate the relative photo-peak efficiencies for 5161 keV ~-rays from 3°La(n,y). An enlarged ~-ray
oL,/ OEY of d7 detector is also shown in Fig. 5.11. The v-ray background at EJ'=5262keV is eval-
uated by a best-fit third polynomial of EZ'. The fitting regions are 5320keV<E7*<5360 keV and
5200 keV<EZ*<5240 keV. The photo-peak counts are obtained by subtracting the background for all

detectors and the relative efficiencies € dpk’l/ A‘(]E,ry]f1 = 5262 keV) are obtained as shown in Table 5.2.
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Figure 5.10: Pulse height spectrum of y-rays 91, /OE~" from the (n,7) reaction with the melamine target
as a function of E7". Solid lines shows the energies of the intense photo-peaks which can be used for the
correction for the relative photo-peak efficiency. Dashed lines and dotted lines show the ~y-ray energies
from 12C(n,q/) and 1H(n,y), respectively.
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Figure 5.11: Expanded pulse height spectrum of ~y-rays 01,/ OEZ' from the (n,y) reaction with the
melamine target as a function of EZ. The dotted line shows the fitting result of the background ~-rays
caused by Compton scattering of higher energy y-rays.

detector €dpk’1 4(E§/n = 5262keV)

1 1

2 0.997 £ 0.027
3 0.920 + 0.026
4 1.041 £ 0.028
) 1.025 £ 0.028
6 1.092 £ 0.029
7 0.999 + 0.027
8 0.923 £0.026
9 0.915 £ 0.026
10 0.998 + 0.027
11 0.945 £ 0.026
12 0.979 £ 0.027
13 1.046 £ 0.028
14 1.142 £0.030
15 0.892 £ 0.025
16 0.356 +0.014
17 0.945 + 0.026
18 1.170 £ 0.031
19 0.917 + 0.026
20 -

21 -

22 1.113 £ 0.030

Table 5.2: The relative photo-peak efficiencies & dk’l/ * for all detectors. d20 and d22 detectors were not
used.
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5.3.4 Correction for the background ~-rays

The photo-peak counts of the 5161 keV transition were determined by subtracting the background counts
caused by Compton scattering of the more energetic y-rays from targets other than the lanthanum target.
In order to evaluate the background, two energy regions were used: (I) 5200 keV<EZ'<5290keV and
(1) 4900 keV<EX' <4980 keV. The contribution of Compton scattering of y-rays corresponding to the
three photo-peaks are contained in region (II). The amount of this contribution from Compton scattering
was estimated using the response function 1) given in Eq. 4.3 and obtained by simulation. The back-
ground in region (II) was estimated by subtracting the Compton contribution from the ~y-ray counts in
region (II). The background was estimated using a best-fit third-order polynomial of E7" in regions (I)
and (II).

There still remains a possible contamination of prompt ~y-rays from impurities overlapping with the
5161 keV photo-peak. The possible contamination was examined over the entire pulse height spectrum,
and was determined to be less than 0.08% of the photo-peak. The possibility of contamination was

neglected as the determined upper limit of 0.08% is smaller than the statistical error of the photo-peak.

5131 keV
5161 keV

5098 keV
5126 keV

W
III|IIII|IIII|IIII|IIII|I

0l,/OE7 (arbitrary unit)

5050

. 'I"'T":"'E.'1"'r"=' eann e s e n e nnnas
5100 5150 5200
ET (keV)

Figure 5.12: Expanded I, (E7"). The broken line shows the background determined by the simulation.
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5.3.5 Correction for the pileup of the detector signals

Due to the data acquisition system design, the pulse heights of the events were recorded as a zero
when their time difference was in the range of approximately 0.4 us to 3.2 us. These pileup events
are amounted to 2% of the total y-ray counts in the vicinity of the p-wave resonance. The dead events,
which occurred when two events are closer than approximately 0.4 us, are 0.2%, which can be ignored
following analysis since it is sufficiently small compared to the statistical error of the total y-ray counts.
As the pileup events do not have the information of the pulse height, the neutron spectrum gated with
5161 keV photo-peak is needed the correction for the pileup events. The number of the events gated with
the ~-ray energy is corrected as

Ngated =N, (57)

where Ngateq 18 corrected number of the events gated with the ~y-ray, N, !

gated is the number of the events

gated with the ~-ray energy before the correction, Npjeyp 1S the number of pileup events and Niggar 18
the number of the total events. The neutron spectra gated with 5161 keV at f; = 90° before and after
the correction for pileup events are shown in Fig. 5.13.

(arbitrary unit)
(V)
TR, |
o

m
n
[
I
-

oL, /0F

02 04 0.6 0.8 1 12 14
m
EM (eV)

Figure 5.13: The neutron spectra in the vicinity of the p-wave resonance gated with 5161 keV at §; = 90°
before (black points) and after (red points) the correction for pileup events. The correction amount is
approximately 2% at the peak of the p-wave resonance.
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5.3.6 Angular Distribution

Equation 5.6 was extended to describe the angular distribution of y-rays as

82["/ m /13 m / dan'y
i (™) = o [ AB a0 B pa) 0 (E.0,),
0% m
m / _ /ogm n
O ELpA) = 55 <E,t L 2E,>
(2mrmakpT)3/2
1
_ —no(E) Az
) (1 e ) . (5.8)

The ~y-ray count to be measured by the d-th detector can be written as

N
0 (t™,0,) / dQ / M
atm Qd m

0*I,
8tm89

(", Qy)pa(Ey, Qy, (EF)a), (5.9)

where the photo-peak region is taken as the full-width at quarter-maximum, which implies w = 1/4.
Figure 5.14 shows the ON (1™, 0,)/0t™ at the vicinity of the p-wave resonance for 5161 keV y-rays
after all corrections. It can clearly be seen that the peak shape of the p-wave resonance varies according
to éd.

The angular distribution of N (t™, é,y) is expanded using Legendre polynomials as

AN
gEm

_ 1 _
(B2, 04) = co(EX) + 1 (ER) cos g + CQ(E?)§(3 cos® 0y — 1). (5.10)
The neutron energy dependence of cg, c; and c2 corresponding to ag, a; and as, respectively, are shown

in Fig 5.15. It is found that c¢; and c» has a clear asymmetric and symmetric shape respectively such as

a1 and a3 in Fig. 3.2.

Here, we define /N1, and Ny to evaluate the angular dependence as

B 9N dr™
NL(B,) = / Ny g yam® gp,
E‘p_g]_"p at dE
Ep+2Tp 8 N A
P
ON dt™ ON
OE,  dE, ot .11

The angular dependence of Ny, and Ny is shown in Fig. 5.17. As Nr, and Ny have an angular depen-

dence in Fig. 5.17, we define an asymmetry between N7, and Ny to evaluate the angular dependence of
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Figure 5.14: ON/Ot™ in the vicinity of p-wave resonance for each éy. The central figure shows degrees
in the direction of neutron momentum of the type-A detectors and the type-B detectors. The hexagons
and the circles in the center of the figure denote each crystal of the type-A detector and the type-B
detector, respectively. These are normalized with the number of the detectors in each angle. We can see
that the peak shapes vary gradually.

the shape of the p-wave resonance as

N1, — Nug

== 5.12
Ni, + Ny ( )

Arn

The angular dependence of Ar gy is shown in Fig. 5.18. The asymmetry Ay has a correlation with cos 57
as

App = (Acos@, + B), (5.13)
where
A = —0.3881 £ 0.0236, B = —0.0747 4+ 0.0105, (5.14)

which is a best fit result in Fig. 5.17. This non-zero value of A implies that there is a clear angular
distribution of v-rays from the p-wave resonance of '*?La to the ground state of '4°La. This angular

distribution is discussed and interpreted in the context of s-p mixing in Section 6 and 7.
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Figure 5.15: The neutron energy dependence of the Legendre polynomial cg, ¢; and co2. cp, ¢1 and ¢
corresponds to ag, a; and as respectively. It can clearly be seen that ¢; and co have asymmetric and
symmetric shapes respectively such as a; and a3 in Fig. 3.2.
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Figure 5.16: Visualization of the definition of N, and Ng. Ny, and Ny are defined as the number of
events in the regions of F, — 2I', < B < E, and £}, < E' < E,, — 21", of the neutron spectrum,
respectively.
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Figure 5.17: Angular dependences of N1, and Ny. The white points and black points show Ny, and Ny,
respectively.
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Figure 5.18: Angular dependences of Apy with the fitting results of a linear function. It is found that

Arp has a clear angular dependence.



Chapter 6
Analysis

In this section, our experimental results from the previous section are analyzed by using the formalism
of possible angular correlations of individual ~y-rays emitted in (n,7y) reactions induced by low energy

neutrons according to s-wave and p-wave amplitudes in order to determine ¢, x and x(J).

6.1 Analysis to determine the partial v width

The p-wave resonance and two neighboring s-wave resonances in the negative and positive energy re-

gion, listed in Table 6.1 are taken into account in the following analysis. The resonance energy and

r E, [eV] Jo | | T [meV] g2 [meV]

1 —48.63 4 10 62.2 571.8 S1
21| 0.7404 £0.002 | 4 | 1 | 40.41+0.76 | (5.6 £0.5) x 107° || p
3 72.30 £ 0.05 310 75.64£221 11.76 £ 0.53 S92

Table 6.1: Resonance parameters of 13°La used in the analysis. giI'% is calculated from the reduced
neutron width I'}? in Table 5.1.

resonance width measured in this work is used to the p-wave resonance (r=2) and the values in Ref. [49]
for the negative resonance and positive s-wave resonance(r=1,r=3). The compound nuclear spin of the
negative s-wave resonance was determined as J; =4 [49].

Figure 6.1 shows a comparison of ~y-ray spectra gated in the vicinities of the negative s-wave resonance
(B2 =0.2-0.4 eV), the p-wave resonance (£;' =0.6-0.9 eV) and the positive s-wave resonance( L, =70-
75 eV). As both negative s-wave and p-wave components were observed in the 5161 keV ~-ray peak,
which is the transition to the ground state of '“°La whose spin is ' = 3, the nuclear spin of the p-wave

resonance is assumed to be the same as that of the negative s-wave resonance. This implies that Jo=4.

On the other hand, only the 5126 keV (transition to the F' = 5 state) and 5131 keV (transition to
the F' = 2 state) ~y-ray peak, which cannot be separated due to the energy resolution of the germanium

detector, was observed in the y-ray spectrum gated with the vicinity of the positive s-wave resonance,

71
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Figure 6.1: Comparison of the expanded I, (E;“) gated in the vicinities of s;-wave resonance (£} =0.2-
0.4 eV: black line), the p-wave resonance (E}' =0.6-0.9 eV: shaded area with diagonal line), and the
sg-wave resonance (I =70-75 eV : shaded area with dot).

and it is completely different from that of the negative s-wave resonance and p-wave resonance as shown
in Fig. 6.1. Therefore the compound nuclear spin of the positive s-wave resonance is different from 4,
and this means J3=3.

The contributions of far s-wave resonances are assumed to be negligibly small, that is, « = 0. In order to
calculate the angular distribution theoretically, the ratios of the partial v width I’;’f need to be determined
for the three resonances. The ratios of the partial v width from each resonance to the ground state can
be obtained by a comparison of the peak height ratio of the neutron resonance gated in the 5161 keV
photo-peak between s;-wave, p-wave, and so-wave. Fig 6.2 is a TOF spectrum gated by the 5161 keV
photo-peak with corrections for the neutron beam spectrum, the background ~y-rays and the pile up of
signals. The TOF spectrum is fitted by the following function of the p-wave resonance and the negative

s-wave resonance using the formalism of the neutron capture cross section in Appendix A.

I o
f(E’rrln) = USl’and (E?)%PSI + Up'and (EI? )I‘\’Y P Pp (61)
s1,gnd p,gnd

Here Py and P, are fitting parameters and correspond to I'? . /T'J and I'? . /T'} respectively.

s1,gnd p,gnd
The ratios of the partial v width from positive so-wave resonance to the ground state are also obtained
by a similar method. The measurement result taken using the lanthanum target with the thickness of

0.3 mm and neutron beam size of ¢15 mm is used for this analysis because excess dead time occurred
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Figure 6.2: TOF spectrum gated with the 5161 keV photo-peak with corrections of neutron beam spec-
trum, background ~-rays and pile up of the signals. The solid line shows the best fit results. A dip at
900 us is a effect of the 2.99 eV resonance of *%La.

01, /0t1ap (arbitrary unit)

in the positive sp-wave resonance due to its large cross section. Since it is difficult to fit the spectrum
gated with the 5161 keV photo-peak due to the small statistics, the parameters of FPs; and Pso, which
are proportional to ') end/ I and T end/ I'J, respectively, are evaluated by the integral of the negative
s1-wave resonance region and negative sp-wave resonance region. The ratio of P, and Py to Py are
obtained as

r’ r’

F’Y
s1,gnd p,gnd s2,gnd
: : =1:0.796 £ 0.020 : 0.009 £ 0.006.
ry ry Iy,

(6.2)

As shown in Fig. 6.1 and in Eq. 6.2, the branching ratio from the sy-wave resonance to the ground state

is very small.

6.2 Analysis using the formalism of the differential cross section of ~v-rays

in La(n,~) reactions

The results of Eq 5.14 are analyzed using the formalism of the differential cross section of (n,7y) reactions.

The formalism of the differential cross section of the 3?La(n,y) reaction induced by unpolarized neutrons
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can be written by using the resonance parameters in table 6.1 as follows.

dony, 1 2 1
©, 3 (ao + aj cos b + ag <cos 0, — 3>> . (6.3)

The negative s-wave amplitude V7, p-wave amplitude V5, and positive s-wave amplitude V3 are given as

1
[E]) Iy/2
Vif = -\
1/ 1f<En En— By +il/2’
1
Eo\* Ty/2
Var = —doy (2
2f 2f<E2> By — By +ily/2’

Vip = g (22) Ls/2
T TSI\ E,) E,— Es+il3/2’
(6.4)

where the absolute value of E; is adopted simply to avoid the imaginary neutron width.

The terms ag, a1, and a3z can be written as

| B I'?/4
En (En—E1)? 1+ 2/4

+)\2 % F22/4
2N By (Ey— Ey)2 +T2/4

+22 & F32/4
SN By (By — B3)2 +T2/4

1
B\ 1
“oT AlfA2f<‘E;|)

[1Do(By — B1)(En — E2) +T2T2/4 5 7
X 2 2 2 g TET\VEY
2 (En — E1)? +T2/4) ((En — E2)2 +T2/4) 8 5
1
B3\ 1
Tahar [ 22
3fN2f <E2>

T30y (Ey — E3)(En — Eo) +T207/4 33 N \/3
2 (Bn— E3)? +T2/4) (Ba— B2 +T2/4) 8 \" V7Y

E [.2/4 33
Y — 2 — (-V35 ). 6.5
“s 2I\ By (Ea — B2)2 +17/4280 ( Y ) (6.5)

It can be assumed that the energy dependence of the neutron width of the r-th resonance is given as

[ E, .
I = (k,R)%" 1evrrlr (6.6)

ayg = )\%f
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where R is the radius of the target nuclei and F‘;lr is the reduced neutron width. This energy dependence

is implemented as

1
En lr+§7
I = In 6.7
() ™ oD

where T is a constant independent of the energy. As the phase shift due to the optical potential is

negligibly small, each amplitude can be written as

!

r 1
E,\? 4 r./2
Ve = —)\ — 6.8
T'f Tf(’Er|> En_Er+7:Pr/2, ( )
where A, f is defined as
NN A 6.9)
o\ g [EA T2 '

sz is the y-width from the r-th resonance to the final state.

We define

Ep
(EO,I,S)L = / dE//d3pAa0,1,3¢)(tm>El>pA)a
Ep—2T,

Ep+2T,
(@o13)0 = / dE//d3PACL0,1,3<I)<tm7E/aPA)- (6.10)
Ep

Here, the a3 term is ignored as it is proportional to /\g ¢ and it is suppressed relative to the s-wave
neutron width, according to the centrifugal potential by the factor (kR)2. Under this approximation,
Eq. 3.5 is reduced to

dan'y f 1

10 = §(a0+a1 cos ). (6.11)
R

Substituting Eq. 6.11 into Eq. 5.8, the angular dependence of the v-ray count in the neutron energy
regions B, — 2I', < E < E,and E, < E < E, + 2I';, can be written as

o’r, . Ip _
(M(t ’Q’Y)>L,H = g((aU)L,H+(a1)L,HP1(COSH'y))- (6.12)

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

I _ _
Iy = 50((‘TO)L,HPd,O‘F(CTl)L,HPd,l)« (6.13)

As the energy dependence of x and y is negligibly small in the vicinity of the p-wave resonance (r = 2),
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(@1)r,u is a linear function of = and y, thus a function of ¢. The value of ¢ is determined by comparing
((Iy.a)y, — Iya)y) / ((Iy,4), + (Iy,4a)y) with the measured values Ar g in Eq. 5.14.

(I%d)L - (Iw,d)H _ (CTl)L - ((Tl)H
(Iy,a)y, + (Iy,a)y (@)r. + (a0)u
= 0.295cos ¢ —0.345sin ¢
= 0.295x — 0.345y. (6.14)

Two solutions can be obtained as

¢ =(992753)°,  (161.9553)°. (6.15)
We also obtain x from Eq. 6.15 as

r=-0.16"0%, —0.95T053. (6.16)

To visualize the solutions, Eq. 6.14 is drawn in the zy-plain and the crossing points of the Eq. 6.14 and
a unit circle imply the solutions.
The value of W, which is given in Eq. 2.7, is also obtained as

W = (13.273% ) meV,  (2.2170(3) meV. (6.17)

The published value of A;, = (9.56+0.35) X 1072 in Ref. [64] and the parameters in Table. 5.1 are used
in the calculation.

The J = I + § case corresponds to the p-wave of the 1*La at E = E,. Finally, the value of |x(J)|
corresponding to the ¢ obtained is determined as

k(J) = 4.841928  0.99700% (6.18)

and |k (J)| is shown in Fig. 6.4. The experimental sensitivity for the T-violation search is discussed using
this x(.J) of 13%La in Section 7.3.
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(z,y) = (cos ¢, sin )

Figure 6.3: Visualization of the value of ¢ on the xy-plane. The solid line and shaded area show the
central values of ¢ and the 1o area, respectively. The angle of a point on a unit circle denotes ¢. The
crossing point of the red line shows the solutions.
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Chapter 7

Discussion

The important parameter «(.J) necessary in order to evaluate the sensitivity of the T-violation search was

determined in the previous section. In this section, a more detailed analysis, an additional experimental

study of the (n,y) reaction and the estimation of the T-violation sensitivity are described.

7.1 More detailed analysis

The as term was ignored in the analysis in the previous chapter since the centrifugal potential of the

p-wave resonance is small. Hereafter the case that the a3 term in Eq. 3.5 is activated is discussed in this

section.

As the ag term has the symmetric shape as shown in Fig. 3.2, it can be evaluated using the angular

dependence of N1, + Ny. The angular dependences of N1, — Ny and N1, 4+ Ny are shown in Fig. 7.1. The

a1 and a3 term should be described as the first and the second polynomial function of cos 977, respectively,

as shown in Eq. 3.11, and therefore the angular dependences of N1, — Ny and Ny, + Ny are analyzed
and fitted by the functions of f(Py1/Pao) = A'Py1/Pao+ B' and g(Py2/Pao) = C'Pa2/Pap + D',

respectively, with fitting parameters A’, B’, C’, and D’. The theoretical calculation of the ag term can be

written as

AI
D’

C/
D/

(a1)L — (a1)n

(@)L + (ao)u

0.295 cos ¢p2 — 0.345 sin ¢y

0.2952 — 0.345y, (7.1)
(@3)L + (a3)n

((TO)L + (CT())H

—0.295 cos ¢ sin ¢ + 0.050 sin? ¢y

—0.295zy + 0.050y>. (7.2)

79
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Figure 7.1: Angular dependences of Ny, — Ny and Ni, + Ny1. The solid line indicates the best fit.

The fitted results of C’/D’ and A’/ D’ are

/ !/

% = —0.409 + 0.024, % =0.191 £ 0.028. (7.3)
The equations of x and y of a;(Eq. 7.1) and a3(Eq. 7.2) are drawn on the xy-plane as shown in Fig. 7.2,
and the value of ¢ is determined by combining the two equations. The restriction from the a3 term is not
consistent with that of the a; term. The a3 term deviates from the requirement of 23 + 32 = 1 by more
than 20.

In this analysis, J1 = Ja2 = 4,J3 = 3 are assumed. However, there is a possibility of the case of
J1 = Jo = J3 = 3. As the effect of the so-wave is negligibly small in this discussion, we discuss
combinations of J; and Jy only. The result of the case of J; = Jo = J3 = 3 is shown in Fig. 7.3.
As both a; and ag in the case of J; = Jo = J3 = 3 have no solution and a; and ag in the case of
J1 = Jy =4, J3 = 3 have a solution within 30, J; = J2 = 4 may be correct.

The origin of the inconsistency has not been identified in the present study. The inconsistency may
be due to possible incompleteness of the reaction mechanism based on the interference between s- and

p-wave amplitudes using the Breit—Wigner approximation.
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Figure 7.2: a;(straight lines) and a3(curved lines) on the xy-plane for the cases of J; = Jy =4, J3 = 3.
The solid line, shaded area, dashed line, and dotted line show the central values of ¢, 1o areas, 20
contours and 3¢ contours, respectively.

Figure 7.3: a(straight lines) and as(curved lines) on the xy-plane in the case of J; = Jo = J3 = 3. The
solid line, shaded area, dashed line, and dotted line show the central values of ¢o, 10 areas, 20" contours
and 30 contours, respectively.
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7.2 Further analysis and experiments for the (n,7v) reaction

In our experiment and analysis, a; and a3 terms in Eq. 3.4 were measured in the transition to the ground
state and « was determined. We can predict other a terms of Eq. 3.5 for any final state by using the
obtained value of ¢.

In order to confirm the obtained value of ¢ and verify the formalism of the s-p mixing, further analysis
using other final states, for example 29.96 keV and 34.65 keV excited state corresponding to the ~y-ray
peak of 5126 keV and 5131 keV in Fig. 6.1, can be performed using the data obtained in the experiment
with the same analysis method of the transition to the ground state.

As an additional experiment, measurements of other a terms in Eq. 3.4 can be also performed using
a polarized neutron beam in order to eliminate the one of the solutions of Eq 6.16. This can make
further investigation of the formalism of the s-p mixing in a compound nucleus possible. The energy
dependence of these terms can be calculated by using the value of x obtained in the previous section as
shown in Fig. 7.4 for F' = 3, F' = 4 and F' = 5 final states. The two values are obtained in each a term in
Fig. 7.4 due to the two solutions of z. We can distinguish which value of x is correct by measuring other
terms. As it is difficult to measure the circular polarization of emitted ~-rays from the target nucleus,
terms that do not include o, should be measured. The largest term which does not include o, is as for
the F' = 3 final state. This term can be evaluated by measuring the angular distribution of y-rays from
an incident vertically polarized neutron beam with respect to the neutron momentum axis. The value of

x can then be determined finally by measuring the as term.
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Figure 7.4: Neutron energy dependences of ag-a;7 in 3La(n,y) reactions to the F' = 3 final state using
obtained x. The blue lines and pink lines show the calculated results using the solutions of x = —0.16
and x = —0.95, respectively.
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Figure 7.5: Neutron energy dependences of ag-a17 in 13La(n,) reactions to the ¥ = 4 final state using
obtained x. The blue lines and pink lines show the calculated results using the solutions of x = —0.16
and z = —0.95, respectively.
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Figure 7.6: Neutron energy dependences of ag-a17 in 13La(n,) reactions to the I = 5 final state using
obtained x. The blue lines and pink lines show the calculated results using the solutions of x = —0.16
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7.3 Estimation of the sensitivity for the T-violation search

The sensitivity for the T-violation search with 3?La can be estimated by using the formalism described
in Section 2.3 due to the determination of x(.J). Since about 50% nuclear polarization has been achieved
with LaAlOgs, we assume the case for using the LaAlOg crystal as the nucleus target. First of all, the
current upper limit of the W /W is needed to be estimated in Eq. 2.14.

7.3.1 Estimation of the upper limit of the Wy /W

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

1% AgTP _7(rO) _7(r1)
WT = 7~ (-047) (ghl + (0.26)52—1 : (7.4)

_(0 _(1 . . . . . .
Here, g,(r ) and g7(r ) are isoscalar and isovector time reversal invariant meson-nucleon coupling constants,

and hl is a P-violating meson exchange coupling constant, where the superscript denotes the isospin
change for the process. The upper limits of gT(ro) and gT(rl) are estimated from the n-EDM and '*?Hg-EDM
search respectively as

790 <25x1071° g < 0.5 x 107 [65]. (7.5)

The value of k1 was obtained from the measurement of the P-violation of n 4+ p — d + ~y reactions as

hl = (3.04 4 1.23) x 1077 [66]. (7.6)

™

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

WT —4
— | <39 x 107" 7.7
‘ W X (1.7)

The T-violating cross section in the 0.74 eV p-wave resonance of '3?La can be estimated using Eq 2.14

as

W
|Aor| = k(J) ’W? Aop,

— |Aor| < 1.0 x 107* barn. (7.8)

Here, the value of x(.J) =0.99, which is a pessimistic case, and Aop = 0.3 barn is used. .
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7.3.2 Estimation of the forward scattering amplitude and an optimum target thickness

In order to calculate the experimental sensitivity (8ReA* D), the coefficients of the forward scattering
amplitude A’,C" and D’ in Eq. 2.18 are estimated as follows.
A’ can be estimated from the neutron capture cross section. From the optical theorem, the imaginary part

of A’ can be written as

ImA" = E(O—abs + Uscat)

= 6.34 x 1072 fm. (7.9)

The imaginary part of C’ can be estimated from the P-violation. Since the ratio of the P-violating cross

section to the total cross section is 2%, the imaginary part of C’ can be estimated as

ImC’
—ImC’ = 1.25x 1072 fm. (7.10)

The imaginary part of D’ can be calculated by using C’ and Eq. 2.14 as

ImD" = n(J)%ImC',

— |ImD'| < 4.83x 1077 fm. (7.11)

Here the value of x(.J) = 0.99 and |Wr/W| < 3.9 x 10~* are used.

The magnitude of b in Eq. 2.21 implies the rotation of the incident neutron spin by pseudo magnetism and
the experimental sensitivity decreases by this spin rotation. We therefore assume that the spin rotation
from pseudo magnetism is canceled by applying an external magnetic field. This means Reb = 0. By
using the coefficients of the forward scattering amplitudes, we can calculate the experimental sensitivity
8ReA*D and the target thickness dependence of experimental sensitivity is shown in Fig. 7.7. The

optimum thickness is 6.6 cm and the maximum experimental sensitivity is 1.1 x 1075,

7.3.3 Experimental setup

The optimum target thickness was determined as 6.6 cm in the context of the T-violation sensitivity. We
are planing an experiment to search for T-violation on a neutron beam line at MLF in J-PARC. In this

section, the measurement time to exceed the current upper limit of the T-violation is estimated.

We assume that a beam line where a poisoned moderator is equipped is used and the target is installed
at 15 m from the moderator surface. The ways to measure the polarization P, and the analyzing power

A, are shown in Fig. 7.8 and Fig. 7.9, respectively. If we eliminate the current limit of the T-violation
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107

X

SReA*D

Target thickness (cm)

Figure 7.7: Target thickness dependence of experimental sensitivity. The optimum thickness is 6.6 cm
and the maximum experimental sensitivity is 1.1 x 1075,

by the n-EDM search with 95% C.L., the error of A, : AA, and the error of P, : AP, need to satisfy

following condition.

1.960/AAZ + AP2 < 8ReA*D. (7.12)
Yy
L Polarizer Target Detector
I I—> 2
Moderator N Nay Ny_
z=15m

Figure 7.8: Experimental setup to measure A,

The incident neutron intensity is defined as /V. The number of the transmitted neutrons for plus (minus)
polarized polarizer and pulse (minus) polarized analyzer are defined as Npy (Np_) and Ny (Ng—),

respectively. A, and A A, can be written as

3 3
Ny — Na_ 24/ Ny + Ny
Ay = AT T AS A g hi (7.13)

= , AA .
Nay + Ny N (Nay + Na_)?
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)
x Target Analyzer Detector
3 > -
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z=15m

Figure 7.9: Experimental setup to measure P,

P, and AP, can be written as

3 3
Np,. — Np_ T 24/ Npy + Np_ T
p, = P+~ P AP, — hl (7.14)

- Npy+Np /T2 -T2 (Npy +Np_)? /T2 —Tg’

Here, Typ and T are transmission for the unpolarized and polarized polarizer, respectively.

Assuming that the target area is 4 cm X 4 cm and a neutron beam of 0.74 eV £0.05 eV is used, the
intensity of the neutron beam at the target position with a beam power of 1 MW is estimated using the
Monte-Carlo simulation [67] as 1.8 x 107 n/s.

We are planing to use following experimental techniques to carry out the experiments.

Neutron polarizer

A neutron polarizer is a device used to polarize a neutron beam and used as the polarizer and analyzer in
Fig. 7.8 and Fig. 7.9. A 3He spin filter and proton spin filter are available to polarize epithermal neutrons.
Both devices utilize a spin dependence of cross section between the nucleus and neutron, and therefore
a neutron beam is polarized passing through the devices.

A proton spin filter is a polarized proton target typically made from ethylene glycol, butanol, propane-
diol and NH3 using the dynamic nuclear polarization method. The scattering cross sections of the proton
to parallel spin and anti-parallel spin neutrons are 3.7 barn and 37 barn, which are almost constant for
E, = 0 — 10° eV, and this 10 times difference of the cross sections can be used to polarize the neutron
beam for wide energy range. Although high polarization of protons (~ 90%) has been achieved and
highly polarized neutron beam (over 70%) can be provided, a very low temperature (~ 1 K) and high
magnetic field (~ 3 T) are needed for the dynamic nuclear polarization method. Additionally the scat-
tered neutron beam can be a background for the experiment. Recently, a triplet DNP method, which can
be used to polarized protons in higher temperature (over 77 K) and lower magnetic field (~0.1 T), was
developed, and is expected to be a new method for a neutron polarizer.

3He spin filter is composed of polarized *He gas and alkali metal encapsulated into a special glass cell.
This glass cell is made from GE180 or quartz, which does not include boron. 3He has a very large absorp-
tion cross section (10666 barn) for anti-parallel neutrons; nevertheless the absorption cross section for

parallel neutrons is approximately zero. The neutron beam can be polarized using this property, and it is
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advantageous as a neutron polarizer for avoiding the background caused by scattering neutron. However,
since the neutron absorption cross section decreases according to the 1/v law, it is difficult to obtain high
polarization for high energy neutrons. The *He is polarized by Spin Exchange Optical Pumping (SEOP)
method. The peripheral electron of Rb atoms, which are also enclosed in the glass cell, are polarized by
the circular light, and the polarization is transferred to *He nuclei by hyper fine interactions. Recently,
high polarization of *He was achieved by mixing potassium in addition to rubidium, that is called as
Hybrid SEOP method. The quality of the He spin filter is evaluated by the polarization of 3He and
quantity of the 3He gas, which is describe by the product of length and pressure, and its unit is atm-cm.
The details of the 3He spin filter are summarized in Ref [68].

3He spin filter is better for polarizing neutrons at £, = 0.74 eV. The figure of merit (FOM) can be
defined to optimize the quality of 3He spin filter as

FOM = PT?, (7.15)

where P and T are the polarization and transmission of the neutron beam, respectively. In the case that
70% polarization of *He is obtained, T, P and therefore FOM depend on the quantity of *He gas as
shown in Fig. 7.10. FOM is maximum when the quantity of >He spin filter is 79 atm-cm. In this case, the
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Figure 7.10: Polarization, transmission and FOM of 3He spin filter at 70% polarization of 3He for
neutron at £, = 0.74 eV.

polarization and the transmission of the neutron beam are 87% and 30%, respectively. In order to keep
high polarization of *He, a highly uniform magnetic field which is a few gauss and laser system whose

power is over 100 W need to be developed and installed on the beam line.
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Neutron detector

10B-loaded liquid scintillator has been commonly used to detect neutrons in eV region. In order to
measure the tiny asymmetry, very high statistics needs to be obtained, and a neutron detector which can
count the neutrons with a rate of approximately 1 Geps/cm? is desirable. One of the candidate detectors
is a segmented '"B-loaded liquid scintillator. Very high counting rates can be achieved using it due to
a fast decay time of the detector signal and segmentation. Moreover, since ~y-rays can be background
for the measurement, neutron and y-ray discrimination is also important. The discrimination can be

performed by using the pulse shape difference between the neutron and the ~y-ray detection.

Polarization of the target

The polarization of 3°La has been studied with LagMg3(NO3)i20 24H50, F3La and LaAlO3 using
the dynamic nuclear polarization method. The highest polarization (Approximately 50%) was achieved
using neodymium doped LaAlOj3 crystal with dimensions of 15 x 15 x 4 mm? by applying a magnetic
field of 2.35 T and a temperature below 0.3 K at ILL [46].

In order to polarize the nucleus, the DNP method requires an electron-nucleon dipolar coupling. In
the case of LaAlOj3, electrons of paramagnetic impurities (Nd3*) in the crystal are polarized with a
sufficiently low temperature and high magnetic field, and this electron polarization is transferred to the
nuclear spin of ¥?La through a dipole interaction between the Nd*+ and '3°La spins by applying a
microwave field nearly resonant to the ESR transition.

The high quality LaAlOs crystal with dimensions of the order of 4 cm X 4 cm X 6.6 cm and the DNP
system with large cooling power and high power microwave system, which can be installed at the beam

line, is desirable in our plan. Developments of this equipment will begin soon.

7.3.4 Estimation of the measurement time

Firstly, the measurement time in the ideal condition is estimated. In the ideal condition, the polarization
and the transmission of 3He spin filter are 100% and 50%, respectively, and the polarization of the target
nucleus is 100%. In this case, AA, and AP, are

24/N3, + N3_
AA, = hl
2¢/N}p._ + Np_
AP, — h (7.16)

and

(7.17)
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where p, o5, and d are the number density, the total cross section, the thickness of the target, respectively.

Therefore, when we use the optimum thickness target, Eq 7.12 can be written as

2v2
1/ Ne_PO'tard

Here, the transmission of the LaAlOg3 target with a thickness of 6.6 cm is 0.46 for 0.74 eV neutrons.

< 8Red*D =1.1x107°. (7.18)

Hence the required number of neutrons is NV > 1.41 x 10! n, and the measurement time is estimated as
2.2 hours.

Subsequently, the measurement time in the realistic condition is estimated. In the case that the
polarization of the target and neutron beam is not 100%, P,, A, and sensitivity are given as

A, = 4(PiP,ReA*D + PP2ImB*C),
P, = 4(PiP,ReA*D — PiPImB*C),
Ay + P, = 8P P,ReA"D. (7.19)
Assuming the *He spin filter whose thickness and *He polarization are 79 atm-cm and 70% and the

LaAlO3 whose thickness and nuclear polarization are 6.6 cm and 40 % are used, A A, and AP, need to
satisfy following condition.

1.96\/AA2 + AP2 < 8PiP,ReA*D = 3.8 x 1075. (7.20)

In this case, A A, and AP, can be written as

1 1 T

Ady=— AP, = .
Y V2NeroardT’ 7" \2aNe—powrdT \/T? —TZ,

(7.21)

Here Tyo = 0.15, T' = 0.30. Using these value, the number of neutrons must be N > 2.23 x 1012 n.
Therefore the required measurement time is 1.4 day.

From the point of view of statistics, the most sensitive T-violation search is sufficiently possible using
this method. However systematic errors, for example, the stabilities of the polarization of the 3He and
139La and the spin rotation of the incident neutron by pseudo magnetism, need to be considered very

carefully.
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Conclusion

There is a possibility that T-violation can be searched sensitively by using a compound nucleus due to
the CP-violation enhancement mechanism. However, x, which is needed to estimate the sensitivity of the
T-violation search, has not yet been determined in all nuclei. The experiment to determine z of *?La,
which is a strong candidate for the T-violation search, has been carried out by measuring the angular
distribution of emitted -rays from the 0.74 eV p-wave resonance. It was performed in ANNRI neu-
tron beam line at J-PARC with a germanium detector assembly which has high energy resolution and
large solid angle. The simulation of the detector using GEANT4 was constructed and accurate response
functions of the detectors were obtained. The accurate relative detection efficiencies of ~y-rays for all
germanium crystals were also obtained with the *N(n,y) reactions. Resulting from these precise cor-
rections and the high statistics, a clear angular distribution of v-rays emitted in the transition from the
p-wave resonance of 3°La + n to the ground state of 1“La was observed.

The angular distribution was analyzed using the theoretical formalism based on the interference between
the s-wave resonance and p-wave resonance in consideration of the thermal motion of the target nucleus
and the time structure of the neutron beam. Consequently, z and other parameters to estimate the en-
hancement of the T-violation in the compound nucleus were obtained.

An additional experimental study of the (n,y) reaction was also mentioned for a more detailed descrip-
tion of the compound nucleus, and we confirm that the as term is useful in order to determined these
parameters conclusively. Moreover, the experimental sensitivity for a T-violation search using 3*La was
estimated and such an experiment is sufficiently feasible from the point of view of the statistical sensi-

tivity.
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Appendix A

Neutron absorption cross section

The reaction between neutron and nucleus is described by the elastic scattering and absorption for low
energy neutrons. Although several final states result from the neutron absorption reaction, for example
~-ray, neutron and proton emission and nuclear fission, exist, only the ~y-ray emission reaction was
described in this thesis.

The formula used to describe the neutron cross section oy is given as a function of the neutron energy in

the center-of-mass system:

0t(E) = 05 + ony(En), (A.1)
05 = 47ra2, (A.2)
o= >T, (A3)
f
Un'y(En) = Zan'yf (En)7 (A4)
f
Onvyy (En) = zo-nr'Yf? (AS)
2 lr+1/2
On (En) = mh &
T 2mnEy | B,
,Tr7
x Irrorg (A.6)

(En B ET)2 + (Fr/z)Q’

where o is the scattering cross section, 0, is the radiative capture cross section, ky, = V2mn By /h, a
is the scattering length, F) is the resonance energy of the r-th resonance, g, = (2J, + 1)/(2(21 + 1))
is the statistical factor with the target nuclear spin I and the spin of the r-th resonance J,, I'}' is the
neutron width of r-th resonance, and FZ f is the y-width of the ~y-ray transition from the r-th resonance

to the final state f. The quantity [, represents the orbital angular momentum of the incident neutrons
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contributing to r-th resonance. The above formula is valid for [, = 0, 1. Higher angular momenta can

be ignored in the incident neutron energy region of our interest.
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