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０）研究代表者情報 [ Information of principal investigator ] 
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氏名 Name(*) William Michael Snow 
所属機関・部局 Affiliation(*) Indiana University Department of Physics 
職名 Status(*) Professor and Center Director 
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１）基本情報 [ Basic information ] 

ⅰ）研究課題名（英語）(*) [ Title of project research (in English) ] 

Transmission Measurements with Polarized Epithermal Neutrons and Unpolarized (n, γ) 
Angular Distribution Measurements for Parity Violation and Time Reversal Violation Physics 

ⅱ）研究概要（英語）(*) [ Abstract of project research (in English) ] 

We propose to search for new p-wave resonances in several heavy nuclei using two different 
techniques: parity-odd total cross section through the (n, γ) channel and parity-even (n, γ) 
angular distributions. If we discover evidence for large mixing of opposite parity levels in one or 
more of these nuclei they could become new candidates for our planned search for time reversal 
violation in polarized neutron/polarized nucleus transmission by the NOPTREX collaboration. 
This information will also help test the existing theory for parity-odd mixing in heavy nuclei. We 
will look for P-odd asymmetries in ~15 nuclei with 140<A<180A and nonzero spin. This proposal 
builds on our successful series of measurements on ANNRI of gamma angular distributions 
which determine the κ(J) parameter on many p-wave resonances using (n, γ) reactions, on the 
recent JPARC advancements in the development of neutron polarizers based on transmission 
through polarized 3He gas, and on the optimization of the performance of the ANNRI Ge 
detector array count rate using element-specific upstream attenuators to maximize the 
signal/background ratio for p-wave resonances. We successfully used NOBORU to test the new 
parts of the apparatus required for the parity violation measurements on ANNRI. 
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Hiroyuki Fujioka, Associate Professor, Tokyo Institute of Technology, fujioka@phys.titech.ac.jp, 
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Takashi Ino, Lecturer, KEK, takashi.ino@kek.jp, Design 
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Koki Morikawa, Graduate Student, Nagoya Univ., morikawa@phi.phys.nagoya-u.ac.jp, 
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Ryota Kondo, Graduate Student, Osaka Univ., kondo24b@rcnp.osaka-u.ac.jp, Measurement 
Sou Nakai, Graduate Student, Osaka Univ., nakais@rcnp.osaka-u.ac.jp, Measurement 
Shusuke Takada, Graduate Student, Kyushu Univ., takada@epp.phys.kyushu-u.ac.jp, 
Measurement 
W. Jiang, Chinese Spallation Neutron Source, jiangwei@ihep.ac.cn, Analysis 
G. Luan, Chinese Institute of Atomic Energy, lgyciae@hotmail.com, Analysis 
X. Ruan, Chinese Institute of Atomic Energy, xichao_ruan@126.com, Analysis 
J. Tang, Chinese Spallation Neutron Source, tangjy@ihep.ac.cn, Management 
X. Tong, Chinese Spallation Neutron Source, tongxin@ihep.ac.cn, Measurement 
Q. Zhang, Chinese Institute of Atomic Energy, zqwvictor@126.com Analysis 

合計   42   名 [ Total number of collaborator(s) ] 

 
４）研究計画（5 ページ以内）(*) [ Scientific case (within 5 pages) ] 
We propose to search for new p-wave resonances in several heavy nuclei using two different techniques: 
parity-odd total cross section measurements through the (n, γ) channel and parity-even (n, γ) angular 
distribution measurements. We explain the scientific interest to conduct this research, which comes from two 
different but related scientific areas: the search for time reversal violation in polarized neutron/polarized 
nucleus transmission and the theory for s-p wave mixing in heavy nuclei. 
 
Search for new nuclei for time reversal violation experiments 
 
Parity-odd (P) and Time Reversal-odd (T) effects in neutron-nucleus forward transmission provide null tests 
for time reversal invariance{Bowman2014}. The present theory involving the mixing of nearby s-wave and p-
wave resonances that accounts for the amplification of parity-odd amplitudes also predicts a similar 
amplification of Time Reversal Invariance Violating (TRIV) amplitudes{Fadeev2019}. With the advent of  
MW-class short-pulsed spallation neutron sources such as JPARC and SNS, sensitive tests of TRIV in 
neutron-nucleon interactions can be realized. In the case of the 0.7 eV p-wave resonance in 139La the P-odd 
amplitude on resonance is larger than one would expect from the bare N-N parity-odd interaction by a factor 
of a million, by far the largest amplification of a symmetry-violating reaction anywhere in nuclear and 
particle physics. Compound nuclear systems are therefore attractive candidates for T-violation searches. The 
international collaboration NOPTREX proposes to conduct the first search for a term in the neutron forward 
scattering amplitude of the form sn�kn×I where sn is the spin of the neutron, kn is the neutron momentum, 
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Figure 1. Large enhanced parity violation in several nuclei.

for T-violation beyond the Standard Model sensitively at
J-PARC, and several experiments and developments are in
progress.

The forward scattering amplitude of polarized neutrons in-
cident upon polarized nuclei can be written as

f = A′ + B′σ · Î +C′σ · k̂ + D′σ · (Î × k̂), (1)

where σ, Î and k̂ are the spin of incident neutron, the
spin of the target nucleus and the momentum of the neu-
tron, respectively. Here we assume that the polarization
of the target nucleus is pure vector polarization. A′ is the
spin independent (P-even, T-even) term corresponding to
the neutron absorption cross section. B′ is the spin de-
pendent (P-even, T-even) term corresponding to a neutron
spin rotation through the polarized target called a "pseudo-
magnetic effect". C′ is the P-violating (P-odd, T-even)
term, which is enhanced for several nuclei discussed previ-
ously. D′ is the T-violating (P-odd, T-odd) term. We will
search for the D′ term measuring the forward scattering
amplitude, and therefore, a polarized neutron beam and a
polarized nuclear target are necessary for our T-violation
search experiment.
The enhancement of the T-violating cross section corre-
sponding to the D′ term in Eq. 1 is written as

∆σT = κ(J)
WT

W
∆σP, (2)

where ∆σP is the P-violating cross section, WT and W are
the T-violating and P-violating matrix elements, and κ(J)
is a spin factor. κ(J) is represented by two channel spin
components of S = I + 1/2 and S = I − 1/2 and the spin
of the target nucleus I, and represented as
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where Γn
p is the neutron width of the p-wave resonance and

Γn
p, j= 1

2
and Γn
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2

are partial neutron widths of the p-wave

resonance. The subscript j indicates the total angular mo-
mentum of the neutron. Variables x and y satisfy

x2 + y2 = 1 (4)

due to the relation Γn
p = Γ

n
p, j= 1

2
+ Γn

p, j= 3
2
. A mixing angle φ

of j = 1/2 and j = 3/2 components can then be defined as

x = cos φ, y = sin φ. (5)

The spin factor κ(J) is given as a function of x and y for
the case of J = I − 1

2 and J = I + 1
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As examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br
and 117Sn are shown in Fig. 2. Eq. 2 and Eq. 6 indicate that
the T-violation sensitivity strongly depends on the value of
x and y or φ. Therefore, it is important to decide κ(J) to
estimate experimental sensitivity.
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Figure 2. φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn

First of all, we need to find proper nuclei for the T-
violation search. Nuclei that have large ∆σP and large
κ(J), which has not been measured in all nuclei, are ad-
vantageous for sensitive T-violation search. Of course,
large natural abundance is better. Additionally, lower res-
onance energy of the p-wave resonance is advantageous to
obtain high statistics because the neutron beam intensity
from typical neutron source increases in the lower energy
region. Small nuclear spin is also important for the nuclear
polarization because typically nuclei that have large spin
are difficult to polarize due to the quadrupole coupling of
the nuclear spin. Unfortunately, the method for the nuclear
polarization has not been established for most of nuclei.
The candidate nuclei for the experiment are 139La, 131Xe,
81Br and 117Sn and so on, whose ∆σP is large and reso-
nance energy is low. The properties of the candidate nuclei
are shown as Table 1. The isotope 139La is the first candi-
date nuclei because P-violation is very large, the resonance
energy is low, and natural abundance is high. Additinally,
an exceptional high nuclear polarization of about 50% has
been achieved using a Neodymium doped LaAlO3 crystal
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and I is the spin of the nucleus. This search has the potential to be about 1-2 orders of magnitude more 
sensitive than the current limit from neutron electric dipole moment (nEDM) experiments, whose upper 
bound has improved by less than a factor of 2 over the last 14 years {Baker2006, Abel2020}, although the 
latest experiments possess improved systematic errors which imply that better neutron EDM measurements 
are possible. The T-violating cross section is related to the P-odd cross section in the relation above where WT 

and W are fundamental T- and P-violating amplitudes of interest whose ratio we seek to measure or constrain, 
∆𝜎! is the P-odd part of the resonance cross section, ∆𝜎" is the T-odd part of the resonance cross section, 
andκ(𝐽) is a partial width-weighted spectroscopic conversion factor from P-violation to T-violation in the 
compound nucleus that must be measured for the nuclei of nonzero spin of interest to NOPTREX. We will 
search for the T-violating effect at the p-wave resonance. The 139La 0.7 eV p-wave resonance has a 10% P-odd 
asymmetry in the resonance cross section, andκ(𝐽) was measured {Okudaira2018} to be at least 1.  
 
However, unknown p-wave resonances which interfere with s-wave resonances exist in several other isotopes, 
and can be additional candidates for the T-violation search experiment if the product ∆𝜎!κ(𝐽) is large 
enough. By searching for new p-wave resonances with either large P-odd transmission asymmetries from 
∆𝜎! or large asymmetries in (n, γ) angular distributions fromκ(𝐽) we may discover new candidate nuclei for 
a future time reversal search. We will focus our search in regions of A not measured before and in I=1/2 nuclei 
which are much easier to polarize. The TRIPLE collaboration found parity violation in many p-wave 
resonances in nuclei with A near the peaks of the 3p and 4p p-wave strength functions. They aimed to 
maximize the number of p-wave and s-wave resonance overlaps per unit energy interval in the eV-keV regime 
to collect enough data for their statistical analysis of parity violation in heavy nuclei. The spherical optical 
model which TRIPLE used to estimate the positions of the 3p and 4p p-wave strength functions predicts a 
minimum at A=160, so TRIPLE chose not to measure nuclei near this region of A. Since the TRIPLE work 
was conducted, improved data{Mughabghab2018a} has revealed an additional small peak near A=160 which 
is split off from the 4p giant resonance due to nuclear deformation effects as predicted long ago{Buck1962}. 
Only later measurements of the deformation parameters of nuclei in this region provided the needed input 
data. The ratio S1/S0 of the p-wave and s-wave strength functions is now known to have a small local 
maximum centered at A=160. This local maximum of S1/S0 is not as large as in the regions 80<A<130 and 
220<A<230 where TRIPLE took most of its data, but it is larger for 140<A<180 than it is for the 139La nucleus, 
which as we now know is the best candidate known so far for the NOPTREX T violation search. 139La is not 
predicted by the statistical analysis to be the most likely nucleus to possess a p-wave resonance with large 
parity violation. For the time reversal test we do not perform a statistical analysis of many resonances in 
many nuclei: we only want resonances with a large product of the P-odd cross section Pσp and the spin-
weighted partial width parameter κ(J). We therefore propose a series of measurements of P in several of 
these unmeasured nuclei between 140<A<180 in nuclei with nonzero spin. 
  
Theory of s-p resonance mixing in heavy nuclei:  
 
To test the theory of s-p mixing and look for NOPTREX candidates one wants to identify p-wave resonances. 
Although this can be done using polarized neutron-polarized nucleus transmission, it is very difficult in 
general to polarize nuclei. As the p-wave resonances in heavy nuclei are in the middle of a dense sea of s-
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wave resonances parity violation can mix them with s-wave resonances, and many new p-wave resonances 
were discovered by TRIPLE as parity violation in heavy nuclei is most greatly amplified on p-waves of the 
same J as a nearly s-wave. We propose a third method. The angular distribution of gammas in (n, γ) reactions 
on resonance have an asymmetry in the shape of the p-wave resonance as a function of neutron energy 
{Flambaum1985}. This angular distribution in unpolarized (n, γ) reactions comes from a kn�kγ angular 
correlation where kn is the neutron momentum and kγ is the gamma momentum and has been observed on 
ANNRI in 139La, 117Sn, 81Br, and other nuclei {Okudaira2018, Koga2019, Endo2019}. Since the small p-wave 
amplitude can be enhanced by the interference with the s-wave amplitude, a large asymmetry can be 
observed. Consider the neutron spectrum of 139La (n, γ) reaction gated with 5097 keV gamma-ray peak as 
shown in Figure 1. Note carefully that the p-wave resonance at 0.74eV, which is well-known to exist, is not 
observed in this transition in the gated gamma ray yield (Fig (a)), however, the asymmetry A in the gamma 
angular distribution reveals the p-wave resonance clearly (Fig (b)). {Okudaira2020}. Therefore, the angular 
distribution measurement can be a sensitive probe for unknown p-wave resonances which have not yet been 
observed and may have been missed in the P violation work. Furthermore as shown in {Flambaun1985} there 
is a complicated but direct relation between A, κ(𝐽) , and ∆𝜎!. This asymmetry measurement can therefore 
determine the product ∆𝜎!κ(𝐽) of direct interest for NOPTREX. This data can also be used to quantify the 
accuracy of the Flambaum two-resonance mixing approximation formulae in the case where ∆𝜎! is already 
known from TRIPLE measurements and check the p-wave assignments of various nuclei, some of which are 
only a guess. This data can also give a more accurate measurement of the p-wave strength function to use in 
general nuclear physics applications, especially the statistical theory of parity violation in heavy nuclei.    
 

  
 
 

(a) The neutron spectrum from unpolarized (n, γ) on the 0.7 eV resonance gated on the 5079keV gamma-ray 
peak for all ANNRI detector angles. (b) The angular distribution of the asymmetry of the shape of 0.74eV 
p-wave resonance as a function of neutron energy. This data from ANNRI shows that a p-wave resonance 
can be visible in a properly-gated angular distribution but invisible in the (n, γ) cross section. 

A new paper by Flambaum {Flambaum2022} speculates that nuclei with octupole deformations in the 
resonance states might produce non-statistical parity violation effects on p-wave resonances. Many of the 



Research Plan Application for LTP v3 
 

nuclei that Flambaum lists as possible candidates fall within the range of nuclei of our search.  
 
Related previous research 
 
Compound neutron-nucleus resonance reactions have proven to be an excellent laboratory in which to study 
parity violation {Mitchell1999}. The complex, many-body nature of this nuclear system with its very high 
level density was predicted theoretically {Sushkov1980, Sushkov1982} and confirmed by experiment 
{Alfimenkov1983, Alfimenkov1984} to greatly amplify parity violating (PV) neutron-nucleus interactions. 
This amplification is large enough on p-wave resonances that a broad experimental survey of several nuclei 
conducted by the TRIPLE collaboration{Roberson1993} measured PV effects in the total cross section for 
about 80 different resonances{Mitchell2001}. By measuring the transmission asymmetry of longitudinally 
polarized neutrons through an unpolarized target, one can determine the parity-odd helicity dependence of 
the total cross section. The transmission asymmetry is defined as A=[Y+-Y-]/[Y++Y-]=tanh(fnσpntP) where Y+/- 
is the neutron transmission yield for the two neutron helicities, fn is the polarization of the neutron beam, σp 

is the p-wave cross section for unpolarized neutrons, n is the number density of the target nuclei, t is the 
target thickness, and P is the parity-odd longitudinal analyzing power, defined by its relationship to the 
helicity-dependent cross section, σ+/-=σp[1 +/- fnP]. Tomsovic and others {Tomsovic2000} applied this statistical 
theory to the TRIPLE data to successfully analyze the widths of the distributions of observed parity-odd 
asymmetries P in several heavy nuclei in the isolated resonance regime and showed that the width of this 
distribution was consistent with the size expected based on the Standard Model weak interaction between 
nucleons. Ongoing experimental and theoretical progress on the determination of the parity-odd NN 
interactions will soon be used to test this statistical theory in more quantitative detail.  
 
Due to the proportionality between potential TRIV amplitudes and PV amplitudes, TRIV tests need more 
complete and precise information on the properties of the resonances which exhibit large s-p mixing. Our 
NOPTREX group has already conducted many measurements of (n, γ) angular distributions in nuclei where 
large P-odd asymmetries in the eV neutron energy range have already been discovered to determine the 
details of the quantum numbers of the resonances. These experiments used unpolarized neutrons and the 
large germanium gamma detector array on the ANNRI instrument at the JPARC MLF {ANNRI2015}. The 
large value of κ(J) discovered in 139La {Okudaira2018} has shown that the 0.7 eV p-wave resonance in 139La 
is an excellent candidate for a time reversal search in polarized neutron transmission. The NOPTREX 
collaboration has recently submitted a proposal to conduct a time reversal experiment in polarized 139La at 
JPARC based in part on this discovery on ANNRI. Additional measurements of κ(J) in several other nuclei 
are under analysis, and a measurement of κ(J) in 131Xe has been completed and is under analysis. NOPTREX 
recently performed polarized (n, γ) angular distribution measurements on ANNRI in 139La{Yamamoto2020} 
to check the Flambaum and Sushkov formalism {Flambaum1985} used to analyze these measurements. The 
neutrons were polarized using laser-polarized 3He gas, which was successfully implemented on ANNRI and 
made a large enough neutron polarization for the angular distribution measurements. Therefore the ANNRI 
measurements by NOPTREX have already been scientifically productive, with more scientific results to come 
in the future. The ANNRI measurement results have shown that the proposed T violation search in 139La can 
be sensitive to new physics.  
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Measurement design and required instrumentation 
 
The great majority of the measurement time needed for this program is requested from the ANNRI 
instrument in year 3. In year 2 we conducted successful tests of new apparatus components on the NOBORU 
beam. ANNRI has a large neutron flux in the eV neutron energy range of interest and has the Ge detector 
array needed for the proposed measurements.  
 
We propose to measure P using the (n, γ) channel of the cross section. The size of the P-odd asymmetry in 
neutron transmission measurements is diluted by the nonresonant n-A potential scattering, whereas the P-
odd asymmetry in the (n, γ) channel which dominates the resonance cross section is insensitive to potential 
scattering, which does not produce gammas. Therefore the amount of material thickness needed in the 
neutron beam is of order millimeters if a gamma detector is used. If we discover an element with a large 
parity violation we can later use the ANNRI Ge detector array combined with the extensive measurements 
on ANNRI and other facilities on many separated isotopes in the rare earth region to identify which isotope 
corresponds to a particular neutron resonance energy.  
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ⅰ) 研究背景（研究計画に関連する国内外の研究動向及び申請課題の位置づけ）[Background of your research 
project for the proposed experiment (research trend and status of your research) ] 
The hot trend in this area is the search for new sources of time reversal violation beyond the Standard Model 
of particle physics. Many studies in neutrino physics, high energy colliders, particle decay experiments, and 
precision measurements in neutron, atomic, and molecular physics. The NOPTREX experiment, which has 
never been tried before, can be an important contribution to this overall scientific effort. Although a few 
nuclei including 139La are now known to be suitable for the NOPTREX experiment, not all interesting nuclei 
have been investigated. The completion of the experimental search for the interesting nuclei for NOPTREX 
is the unsolved problem we address with this proposal. 
 
The scientific significance of the work is the possibility of a new discovery which can make the NOPTREX 
experiment more sensitive to a search for new sources of T violation, which if discovered can be important 
for understanding the baryon asymmetry of the universe. In addition, the new information on P violation in 
unmeasured heavy nuclei can be used to confront the theory of statistical parity violation in heavy nuclei. 
We can also test the recent speculation of Flambaum that nuclei with octupole deformations might possess 
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nonstatistical trends in parity-odd asymmetries. 
 
The applications of the work are the development of a new operation mode for the ANNRI instrument 
involving polarized eV neutron beams with fast-enough NMR spin flipping for parity violation measurements. 
After completion of the project one could perform various additional types of polarized (n, γ) spectroscopy on 
ANNRI. The educational merits are in the education of young scientific researchers in neutron physics and 
gamma spectroscopy techniques. 
 
ⅱ) 本申請の目的（本申請で何をどこまで明らかにするか、及び課題の新奇性、独創性を記述）[Purpose(s) of 
this proposed experiment (State clearly what you intend to clarify in this experiment and what are novelty 
and originality of your research plan) ] 
For the NOPTREX scientific goals one needs p-wave resonances in nuclei with nonzero spin that can be 
polarized, and nuclei with I=1/2 are especially interesting as they suffer from fewer depolarizing effects from 
external perturbing fields in solids. In the 140<A<180 range the following I>0 cases exist (natural 
abundances in parentheses): 141Pr, I=5/2 (100%), 143Nd, I=7/2 (12.2%), 145Nd, I=7/2 (8.5%), 147Sm, I=7/2 (15%), 
149Sm, I=7/2 (13.8%), 151Eu, I=5/2 (47.8%), 153Eu, I=5/2 (52.2%), 155Gd, I=3/2 (14.8%), 157Gd, I=5/2 (15.7%), 
159Tb, I=3/2 (100%), 161Dy, I=5/2 (18.9%), 163Dy, I=5/2 (24.9%), 165Ho, I=7/2  (100%), 167Er, I=7/2 (22.9%), 169Tm, 
I=1/2 (100%), 171Yb, I=1/2 (14.1%), 173Yb, I=5/2 (16.3%), 175Lu, I=7/2 (97.4%), 179Hf, I=9/2 (13.8%). One 
interesting nucleus is 169Tm, both 100% abundant and with spin I=1/2. Dynamic nuclear polarization should 
be possible in a diamagnetic salt with this material. 171Yb, I=1/2 (14.1%) is also interesting: it has been 
hyperpolarized and is known to the NMR community. Other nuclei considered long ago by G. Williams and 
collaborators for neutron spin filter applications polarizable using internal hyperfine fields of various 
compounds include 149Sm, 151Eu, 167Er, and 165Ho. We will search for large P-odd effects and p-even angular 
distributions in these nuclei. Our proposed experiment is novel because no experimental search for neutron-
nucleus parity violation has been conducted in any of the nuclei listed above.  
 
A discovery can be very important to uncover a new nucleus to use in the NOPTREX T violation experiment, 
and also the information will be useful for the global statistical analysis of parity violation in heavy nuclei. 
This plan will complement the already-existing extensive database of parity violation measurements in heavy 
nuclei by the TRIPLE collaboration. It would complete the survey for P-odd effects in polarized neutron 
transmission in almost all nuclei with spin of potential interest to NOPTREX, and it would help to learn 
more about p-wave resonances in heavy nuclei. The proposed experiments need a Ge gamma detector array, 
an intense source of polarized eV neutrons, and a current-mode neutron transmission detector. The ANNRI 
instrument at JPARC MLF is the unique apparatus in the world with the greatest flux and the required 
instrumentation for this work, and it already has the Ge array whose high gamma energy resolution is 
essential for the identification of the different gammas from n-A resonance capture. We propose to add the 
neutron polarizer, spin transport and 3He SEOP-based NMR spin flipper, and the high efficiency 6Li-
scintillator current mode detector to ANNRI to enable the parity violation measurements. 
 
The measurement of P-odd asymmetries in n-A interactions through the (n, γ) needs the addition of a 
polarized 3He neutron spin filter {Coulter1990} based on spin-exchange optical pumping {Gentile2017}. Such 
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a 3He neutron spin filter has already been operated successfully on ANNRI for (n, γ) angular distribution 
measurements in 139La. A JAEA/JPARC collaboration has developed the polarized 3He neutron spin filter for 
many applications at JPARC MLF and can field the polarizer for this eV neutron spin flipper test. We also 
note that such a test of a polarizer/eV spin flipper/analyzer/current mode detector combination is a very 
useful additional technical step towards the proposed apparatus for the T violation search in 139La. We will 
choose nuclei of potential use for NOPTREX {Williams1988}.  
 
The purpose of experiments in cycle 2023B is to use the apparatus components tested in 2023A to search for 
parity violation in selected 140<A<180 nuclei with nonzero spin and reasonable isotopic abundances which 
could be used in the NOPTREX experiment if a p-wave resonance with a large P-odd asymmetry is discovered. 
The first two nuclei to be measured will be 169Tm and 171Yb, both I=1/2. The next priorities are 149Sm, 151Eu, 
167Er, and 165Ho. In addition this experiment can at the same time search for asymmetries in unpolarized 
parity even (n, γ) angular distributions by properly averaging the data from the two spin states. Both of these 
measurements can be performed using the ANNRI Ge detector and a thin target.  
 
The purpose experiments in cycle 2024A is to continue the search for parity violation in selected 140<A<180 
nuclei with nonzero spin and reasonable isotopic abundances which could be used in the NOPTREX 
experiment if a p-wave resonance with a large P-odd asymmetry is discovered. The nuclei to be measured 
will be chosen from the list: 141Pr, 143Nd, 145Nd, 153Eu, 155Gd, 157Gd, 159Tb, 161Dy, 163Dy, 173Yb, 175Lu, and 179Hf. 
In addition this experiment can at the same time search for asymmetries in unpolarized (n, γ) angular 
distributions by averaging as mentioned above. This second measurement can also be performed using the 
ANNRI Ge detector and a thin target. 
 
This plan is slightly modified based on results from the 2023A beam cycle. The instrumentation for parity 
violation measurements on ANNRI was successfully tested in cycle 2023A on the NOBORU beamline, and 
we verified that our apparatus can measure the well-known parity-odd asymmetry on the 0.7 eV p-wave 
resonance in 139La. In addition, we also verified that we can achieve the scientific goals of the original long-
term proposal in a technically simpler way by using the polarized 3He neutron spin filter and the ANNRI 
germanium array, which will be much easier to implement. This conclusion is based on 5 days of data taken 
on BL10 on 113Cd and 127I nuclei, which both have known p-waves in our neutron energy range of interest. 
By optimization of the upstream attenuator made of the same material as the target, we showed that we can 
increase the count rate in the germanium detectors enough to see P-odd effects in the size range of interest. 
After deciding to use the Ge array for the P-violation measurements, we have also decided not to pursue the 
original plan to search for p-wave resonances in nuclei with I=1/2 and 80<A<130 as we cannot implement 
the required CsI(Tl) downstream detector to enable this part of the original plan.   
 
ⅲ) これまでに MLF で採択された課題と本申請との関連 [Relationship(s) between this proposal and your 
previously approved proposal(s) by MLF ] 
2016B0021 Characterization of High-counting-rate Epithermal Neutron Detectors. Developed CsI(Tl) 
detector with current-mode electronics. D. Schaper et al., A modular apparatus for use in high-precision 
measurements of parity violation in polarized eV neutron transmission, Nucl. Inst. Meth. A 969, 163961 
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(2020). arXiv:2001.03432   
2019A0113 Measurement of s-p Mixing Parameter κ(J) on the 3.2 eV P-odd resonance in 131Xe. Nucleus of 
interest to NOPTREX. Experiment completed. 
2019B0071 Measurement of s-p Mixing Parameter κ(J) on the 3.2 eV P-odd resonance in 131Xe. Nucleus of 
interest to NOPTREX. Experiment completed. T. Okudaira, et al., Angular distribution of γ-rays from 
neutron induced p-wave resonance of 132Xe, Phys. Rev. C 107, 054602 (2023). arXiv:2212.10889 
 
All of these proposals are devoted to measurements on p-wave resonances in nuclei that are already known 
to have a large parity violation. This long-term proposal will search for parity violation in nuclei where no 
measurements have been conducted and is therefore completely different.  
 
ⅳ) 当該研究グループによる本申請に関連した成果リスト [List of relevant publications by this experiment 
group members ] 
D. Bowman and V. Gudkov, On the Search for Time Reversal Invariance Violation in Neutron Transmission, 
Phys. Rev. C 90, 065503 (2014).  
V. Gudkov and H. M. Shimizu, Pseudomagnetic effects for resonance neutrons in the search for time reversal 
invariance violation, Phys. Rev. C 95, 045501 (2017).   
V. Gudkov and H. M. Shimizu, Nuclear spin dependence of time reversal invariance violating effects in 
neutron scattering, Phys. Rev. C 97, 065502 (2018). 
*T. Okudaira, S. Takada, K. Hirota, A. Kimura, M. Kitaguchi, J. Koga, K. Nagamoto, T. Nakano, A. Okada, 
K. Sakai, H. M. Shimizu, T. Yamamoto, and T. Yoshioka, Angular Distribution of γ-rays from Neutron-
Induced Compound States of 140La, Phys. Rev. C 97, 034622 (2018). 
W. M. Snow, K. Dickerson, J. Devaney, and C. Haddock, Calculations of the Theoretical Performance of 
Neutron Mirrors Based on Reflections from Neutron Resonances in Heavy Nuclei, Phys. Rev. A 100, 023612 
(2019).    
V. Gudkov and H. M. Shimizu, Neutron spin dynamics in polarized targets, Phys. Rev. C102, 015503 (2020).  
arXiv: 1910.08598  
* D. Schaper C. Auton, L. Barron-Palos, M. Borrego, A. Chavez, L. Cole, C. B. Crawford, J. Curole, H. Dhahri, 
J. Doskow, W. Fox, M.H. Gervais, B. M. Goodson, K. Knickerbocker, P. Jiang, P. M. King, H. Lu, M. Mocko, D. 
Olivera-Velarde, S.I. Penttila, A. Perez-Martin, B. Short, W. M. Snow, K. Steffen, J. Vanderwerp, and G. 
Visser, A modular apparatus for use in high-precision measurements of parity violation in polarized eV 
neutron transmission, Nucl. Inst. Meth. A 969, 163961 (2020). arXiv:2001.03432 
* T. Yamamoto, T. Okudaira, S. Endo, H. Fujioka, K. Hirota, T. Ino, K. Ishizaki, A. Kimura, M. Kitaguchi, J. 
Koga, S. Makise, Y. Niinomi, T. Oku, K. Sakai, T. Shima, H. M. Shimizu, S. Takada, Y. Tani, H. Yoshikawa, 
T. Yoshioka, Transverse asymmetry of rays from neutron-induced compound states of 140La, Phys. Rev. C101, 
064624 (2020). arXiv:2002.08655 
* T. Okudaira, T. Oku, T. Ino, H. Hayashida, H. Kira, K. Sakai, K. Hiroi, S. Takahashi, K. Aizawa, H. Endo, 
S. Endo, M. Hino, K. Hirota, T. Honda, K. Ikeda, K. Kakurai, W. Kambara, M. Kitaguchi, T. Oda, H. Ohshita, 
T. Otomo, H. M. Shimizu, T. Shinohara, J. Suzuki, T. Yamamoto, Development and application of a 3He 
Neutron Spin Filter at J-PARC, Nucl. Inst. Meth.  A 977, 164301 (2020), arXiv: 2005.14399 
* T. Okudaira, S. Endo, H. Fujioka, K. Hirota, K. Ishizaki, A. Kimura, M. Kitaguchi, J. Koga, Y. Ninomi, K. 
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Sakai, T. Shima, H. M. Shimizu, S. Takada, Y. Tani, T. Yamamoto, H. Yoshikawa, and T. Yoshioka, Energy 
dependent angular distribution of individual γ-rays in the 139La(n, γ)140La* reaction, Phys. Rev. C 104, 
014601 (2021). arXiv: 2101.00262 
K. Ishizaki, H. Hotta, I. Ide, M. Iinuma, T. Iwata, M. Kitaguchi, H. Kohri, D. Miura, Y. Miyachi, T. Ohta, H. 
M. Shimizu, H. Yoshikawa, and M. Yosoi, Measurement of nuclear spin relaxation time in lanthanum 
aluminate for the development of polarized lanthanum target, Nucl. Inst. Meth. A1020, 165845 (2021). 
arXiv:2105.06299 
M. J. Molway, L. Bales-Shaffer, K. Ranta, D. Basler, M. Murphy, B. E. Kidd, A. T. Gafar, J. Porter, K. Albin, 
B. M. Goodson, E. Y. Chekmenev, M. S. Rosen, W. M. Snow, J. Ball, E. Sparling, M. Prince, D. Cocking, and 
M. J. Barlow, Two-Orders-of-Magnitude Improvement in the Total Spin Angular Momentum of 131Xe Nuclei 
Using Spin Exchange Optical Pumping, submitted to Journal of Magnetic Resonance (2023). 
arXiv:2105.03076 
W. M. Snow, C. Haddock, and B. Heacock, Searches for Exotic Interaction Using Neutrons, invited paper, 
Special Issue: The Neutron Physics - Dark Matter Connection: Bridge Through the Baryon Symmetry 
Violation, Symmetry 14, 10 (2021).  
* J. Koga, S. Takada, S. Endo, H. Fujioka, K. Hirota, K. Ishizaki, A. Kimura, M. Kitaguchi, Y. Niinomi, T. 
Okudaira, K. Sakai, T. Shima, H. M. Shimizu, Y. Tani, T. Yamamoto, H. Yoshikawa, and T. Yoshioka, Angular 
Distribution of γ-rays from the p-wave Resonance of 118Sn on ANNRI, Phys. Rev. C 105, 054615 (2022). 
arXiv:2022.06222. 
* S. Endo, T. Okudaira, R. Abe, H. Fujioka, K. Hirota, A. Kimura, M. Kitaguchi, T. Oku, K. Sakai, T. Shima, 
H. M. Shimizu, S. Takada, S. Takahashi, T. Yamamoto, H. Yoshikawa, and T. Yoshioka, Measurement of the 
transverse asymmetry of 𝜸-rays in the 117Sn(n, 𝜸)118Sn reaction, Phys. Rev. C 106, 064601 (2022). 
arXiv:2210.15807. 
* T. Okudaira et al, Angular distribution of individual γ-rays from neutron induced p-wave resonance in the 
131Xe(n, γ)132Xe* reaction, Phys. Rev. C 107, 054602 (2023). arXiv:2212.10889 
H. Lu, W. M. Snow, D. Basler, B. M. Goodson, M. Barlow, and G. M. Schrank, Z. Salhi, O. Holderer, S. Passini, 
A. Ioffe, P. Gutfrunde, and E. Babcock, The Nuclear Polarization Induced Neutron Birefringence of 129Xe and 
131Xe Nuclei, submitted to Phys. Rev. Lett. (2022). arXiv: 2301.00460 
H. Lu, W. M. Snow, D. Basler, B. M. Goodson, Z. Salhi, O. Holderer, S. Passini, A. Ioffe, and E. Babcock, 
Method for accurate determination of the 3He neutron incoherent scattering length bi, submitted to Phys. 
Rev. C (2023). 
L. Charon-Garcia, J. Curole, V. P. Gudkov, W. M. Snow, and L. Barron-Palos P-even and -odd asymmetries in 
n+ 117Sn at the vicinity of the p resonance Ep=1.33 eV, submitted to Phys. Rev. C (2023). 
 
ⅴ) 長期課題でこれまで実施した研究内容 [ Past results in the Long Term project ] 
The instrumentation for parity violation measurements on ANNRI was successfully tested in cycle 2023A on 
the NOBORU beamline, and we verified that our apparatus can measure the well-known parity-odd 
asymmetry on the 0.7 eV p-wave resonance in 139La. The first figure below shows the 0.7 eV p-wave resonance 
and the 3.0 eV s-wave resonance in 139La as seen in our test run in the 6Li current mode neutron detector, a 
CsI(Tl) current mode gamma detector, and a NaI(Tl) current mode gamma detector.  
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The plot above shows the polarized 3He spin relaxation time on NOBORU. It is long enough to enable our 
proposed measurements on ANNRI. 
 
In addition, we also verified that we can achieve the scientific goals of the original long-term proposal in a 
technically simpler way by using the polarized 3He neutron spin filter and the ANNRI germanium array, 
which will be much easier to implement. This conclusion is based on 5 days of data taken on BL10 on 113Cd 
and 127I nuclei, which both have known p-waves in our neutron energy range of interest. By optimization of 
the upstream attenuator made of the same material as the target, we showed that we can increase the 
count rate in the germanium detectors enough to see P-odd effects in the size range of interest.  
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The plot above shows 2.4 x 106 integrated counts in the ANNRI Ge array on the 113Cd 4.53 eV p-wave 
resonance in Cd after background subtraction measured in April/May 2023, which is a good proxy for the 
“average” p-wave resonance we wish to search for in our experiments. Combined with the demonstrated 
neutron polarization and spin flip efficiency at this energy from the NOBORU test run, this statistical 
power is enough to reach the accuracies quoted above. 

 
We have also shown that this statistical accuracy is high enough to see nonzero P-even angular 
asymmetries on p-wave resonances. The plot above shows an example in the 14 eV p-wave resonance in 127I 
measured on ANNRI in April/May 2023 using an upstream 127I absorber to improve the signal/background. 
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Finally, on May 19 2023 on the NOBORU beam we proved we can see the P-odd asymmetry on the 0.7 eV 
resonance in 139La. The plot below shows the (unnormalized) P-odd asymmetry in one of the Ge detectors. 
This is exactly the same type of measurement and setup we propose to apply to the unmeasured nuclei in 
this proposal.  
 
ⅵ) 長期課題の今後の研究計画 [ Future research plan ] 
It is not clear to us which “future” is being asked here. If the “future” means the plan after the past results 
in long-term project, then as the long-term project has not yet started it is the same as the plan presented in 
the section above: [Purpose(s) of this proposed experiment (State clearly what you intend to clarify in this 
experiment and what are novelty and originality of your research plan) ] 
 
If by “future” is meant after the completion of the long-term project plan: it is too early to tell. If we discover 
a new large P-odd asymmetry in a nucleus that can be polarized, we will proceed to measure kappa for this 
nucleus and see if it can be used for a sensitive T violation search. And in any case we will analyze the data 
for its impact on the statistical theory for P violation in heavy nuclei in this case even null results give 
important information. 
 
ⅶ) 本申請に関連する個別テーマ課題リスト（課題名）と相互の関連性  [ List of the proposal title(s) for 
Individual Experiment(s) application involved in this Long Term Proposal and the mutual relationship ] 

(2) Test of Compact High Efficiency Neutron Spin Flipper Between 0.1-100 eV for the ANNRI 
Instrument and Measurement of Parity Violation in 139La Using Helicity Dependence of 
Polarized (n, γ) Cross Section: NOBORU 

(3) Search for P-Wave Resonances in Selected Nuclei Using Parity-odd (n, γ) Cross Section and 
Parity-Even Gamma Angular Distributions : ANNRI 

(4) Search for P-Wave Resonances in Selected Nuclei Using Parity-odd (n, γ) Cross Section and 
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Parity-Even Gamma Angular Distributions : ANNRI 
The first experiment done on the NOBORU test beamline in 2022B cycle was a test measurement using the 
known parity violation in 139La to confirm that all of the components of the apparatus (3He polarizer, spin 
transport, neutron spin flipper, detectors, data acquisition system) work correctly. The last two ANNRI 
experiments will search for the new p-wave resonances.  
 
ⅷ) 本申請に関連する研究費獲得・申請状況 [ Status for Budget (Grant) which the proposer has obtained or 
applied for this research plan ] 

The major hardware components for the proposed parity violation measurements on ANNRI in addition 
to those already in the apparatus are: (1) in-situ 3He polarizer with NMR neutron spin flipper, (2) in-
beam current mode neutron detector with high efficiency between 1-10 eV, (3) data acquisition system 
with spin flipper information, and (4) samples and upstream beam attenuators. (1) already exists at 
JPARC. The 3He polarization achieved in the NOBORU test experiment is sufficient. (2) and (3) exist and 
are tested, and (4) will be purchased and shipped to Japan by July 2023.  Funds also exist for the student 
researcher participation from US, Japan, and China sides of the collaboration. US graduate student C. 
Auton won a JSPS fellowship to spend time between February 2023 and February 2024 in Japan to work 
on this effort. Clayton is in Japan and has worked on all experiments. He has learned the ANNRI data 
analysis and can prepare the samples and their associated upstream attenuators.  

 
以上( That’s all) 
 
 


