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Measurement of the transverse asymmetry of y rays in the !'’Sn(n, y) !'®Sn reaction
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Largely enhanced parity-violating effects observed in compound resonances induced by epithermal neutrons
are currently attributed to the mixing of parity-unfavored partial amplitudes in the entrance channel of the
compound states. Furthermore, it is proposed that the same mechanism that enhances the parity violation
also enhances the breaking of time-reversal invariance in the compound nucleus. The entrance-channel mixing
induces energy-dependent spin-angular correlations of individual y rays emitted from the compound nuclear
state. For a detailed study of the mixing model, the y-ray yield in the reaction of ''”Sn(n, ) !'¥Sn was measured
using a pulsed beam of polarized epithermal neutrons and Ge detectors. An angular dependence of asymmetric
y-ray yields for the orientation of the neutron polarization was observed.
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I. INTRODUCTION

In several p-wave resonances of neutron-induced com-
pound nuclear states with the targets of medium-heavy nuclei
such as '*La, '"7Sn, *'Xe, and others, an extremely large
parity violation is observed, compared with the small par-
ity violation due to the weak interaction in nucleon-nucleon
scattering [1]. The enhancement is currently explained as the
result of the mixing between s- and p-wave amplitudes in
the entrance channel of the compound nuclear states called
the s-p mixing model [2]. It is suggested that the breaking
of the time-reversal invariance (7 violation) is also enhanced
in the compound nucleus, the same as the enhancement of
parity violation [3]. A detailed study of the enhancement
mechanism is necessary to quantify the applicability in the
order-of-magnitude enhancement of 7' violation in nucleon-
nucleon interactions beyond the standard model of elementary
particles.

The enhanced T -violating effects are expected to be acces-
sible in the neutron spin behavior during transmission through
a spin-polarized nuclear target. The nuclei listed above are
candidates for the nuclear targets in 7 -violation search exper-
iments because they show an extremely large enhancement of
parity violation in the neutron energy range around eV, and
one expects that the T-violation enhancement is comparable
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with the parity-violating enhancement. Among them, ''7Sn is
a good candidate because of spin of 1/2, which is advanta-
geous for the nuclear polarization required for the T-violation
search.

The differential cross section of (n, y) reactions can be
written in the form of an expression using Legendre polyno-
mials:

doy, 1
ﬂ = —{a0+alkn~ky +020n'(kn Xk}/)

dQ 2
1
+a3<k,,ky—§)}, ()

where k,, k,,, and ¢, are unit vectors parallel to the incident
neutron momentum, the emitted y-ray’s momentum, and the
incident neutron spin, respectively. Higher-order expansion
terms are ignored. The measurements of the coefficients of
each correlation term, a;, lead to determining the enhancement
of the T -violation and to studying the s-p mixing model.

The correlation terms of (n, y) reactions have been mea-
sured for several nuclei. The neutron energy-dependent
angular distribution of y rays, which relates to a; term, was
measured at the 0.74-eV resonance of '*°La by using an in-
tense pulsed neutron beam and a germanium (Ge) detector
assembly at beamline 04 of the Materials and Life Science
Experimental Facility (MLF) at J-PARC [4,5]. Furthermore,
the energy-dependent y-ray asymmetry of the 0.74-eV reso-
nance with respect to the transverse polarization of incident
neutrons, transverse asymmetry, was measured by installing a
neutron polarization device using polarized *He, known as the
3He spin filter, on beamline 04 [6]. This transverse asymmetry
is expressed by the a; term.

©2022 American Physical Society
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In the case of ''7Sn, the angular distribution, a; term, of the
1.3-eV resonance was measured using the same experimental
and analysis method as for 39La [7]. Skoy et al. measured the
transverse asymmetry of the 1.3-eV resonance for only one y -
ray emission angle with a Nal detector in the IBR-30 reactor
and a neutron polarization device using a polarized proton
target, which tends to generate neutron backgrounds scat-
tered with proton nuclei [8]. They defined and analyzed the
asymmetry, which including the s-wave component and back-
grounds for each direction of the neutron polarization. The
asymmetry is, therefore, dependent on the backgrounds. Since
they used a Nal detector with poor energy resolution, they
could not identify the photopeak derived from background
yrays, including the background origin. The asymmetry is
underestimated due to background y rays emitted from other
nuclei.

In this paper, a more precise measurement of the transverse
asymmetry of the 1.3-eV resonance in the '’Sn(n, y) !'8Sn
reaction at J-PARC is reported. The neutron source at J-PARC
has better energy resolution than that of a reactor like IBR-30,
making it suitable for precision measurements. The transverse
asymmetry without backgrounds was defined, and its angu-
lar dependence was measured using Ge detectors with high
energy resolution and the *He spin filter with low neutron
backgrounds. In particular, precise evaluation of the a, term
can be performed by measuring the angular dependence of
the transverse asymmetry.

II. EXPERIMENT

A. Experimental setup

The experiment was carried out at beamline 04 of the
MLF at J-PARC. The transverse asymmetry for the 1.3-eV
resonance of ''7Sn was measured with the same setup as the
past measurement for the 0.74-eV resonance of '*¥La [6]. In
the MLF, the pulsed proton beams accelerated by the 3-GeV
Rapid-Cycling Synchrotron of J-PARC produce the pulsed
neutrons by a spallation reaction in a mercury target. Proton
beams with a double-bunch structure and an average of 615
kW power were incident upon to the spallation target with a
specific repetition ratio of 25 Hz. Therefore, the neutron en-
ergy can be determined from the neutron time of flight, TOF.

The Ge y-ray detector assembly was installed at 21.5-m
flight length. There were two types of Ge detectors: cluster
and coaxial types. Seven coaxial detectors were arranged to
surround the sample in the same plane as the neutron beam.
The cluster detectors, bundled with seven Ge detectors, were
located at the up side and down side of the sample. More
details of the beamline are given in Refs. [9,10]. Figure 1
depicts the detector number definitions. The angles 6, and
¢ were defined as shown in Fig. 2, and the angles of each
cluster type detector are listed in Table I. The angles of all
coaxial type detectors were ¢ = 0.

The differential cross section in Eq. (1) can be written in
the laboratory system as

d n 0 £ ] . .
% = E{ao + aycos8, — ay P, sin 0, sin ¢
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FIG. 1. Ge detector arrangement and detector numbers. A
hexagon and rectangle indicate Ge crystals, and the number in the
hexagon or rectangle is the detector number.

Thus, the effect of the a, term vanishes in coaxial type de-
tectors due to ¢ = 0. V1724 (14 bits, 100 MHz) modules and
the COMPASS software supported by Costruzionl Apparecchia-
ture Elettroniche Nucleari SpA (CAEN) were used to acquire
the difference between proton incident timing and the y-ray
detection timing, "™, corresponding to TOF, and the pulse
height corresponding to the deposited y-ray energy, E, , in a
list mode.

The *He neutron spin filter was used to produce polarized
neutrons. The neutrons are polarized by passing through the
*He spin filter because the neutron capture cross section of
*He strongly depends on the spin direction. The *He nu-
clei were polarized using the spin exchange optical pumping
(SEOP) method with rubidium and potassium [11]. The de-
tails of the *He spin filter at the J-PARC are described in
Ref. [12].

The transmitted neutrons were monitored by two types
of Li-glass detectors installed at 28.8-m flight length to de-
termine the neutron polarization ratio. One consisted of a
SLi enriched (= 95%) Li-glass scintillator, GS20, from Saint-
Gobain S.A. and PMT H7195 from Hamamatsu Photonics

Polarized
neutron

L
On

X

FIG. 2. Definition of the angles and axes. %y and k, represent
the directions of the emitted y ray and incident neutron. The angle
0, is defined as the angle between the y ray and neutron directions
in the plane perpendicular to the direction of neutron polarization
(0 < 6, < m). ¢ is the angle between the x axis and y-ray direction
0 < ¢ < 2m).
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TABLE I. Angles of each detector.

Up-side detector Down-side detector

Detector 6, (deg) ¢ (deg) Detector 6, (deg) ¢ (deg)
1 70.9 101.8 8 70.9 258.2

2 90 113.7 9 90 246.3

3 109.1 101.8 10 109.1 258.2

4 109.1 78.2 11 109.1 281.8

5 90 66.3 12 90 293.7

6 70.9 78.2 13 70.9 281.8

7 90 90 14 90 270

K.K. This detector can detect neutrons via the °Li(n, )t
reaction. The other was a 'Li enriched (> 99.9%) Li-glass
scintillator, GS30, with slight sensitivity to neutrons be-
cause of the small neutron cross section of 'Li. The y-ray
backgrounds were thus subtracted using neutron spectrum
obtained by the "Li enriched detector. A V1720 (12 bits,
250 MHz) module and the COMPASS software were used for
data acquisition.

B. Measurement

Natural Sn metal with dimensions 40 mm x 40 mm X
6 mm was used as the sample. The measurement times for
the up- and down-polarized neutrons were 20.5 and 20.8 h,
respectively. The transmission for unpolarized *He was also
measured for 2.0 h to determine the polarization ratio of *He.

III. ANALYSIS AND RESULTS
A. Definition of transverse asymmetry

The neutron polarization ratio can be obtained from the
transmission measurement. Figure 3 shows the ratio of the
neutron TOF spectrum transmitted through the polarized *He
cell divided by that through the unpolarized one. The polar-
ization ratio of 3He, defined as Py., was determined by fitting
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FIG. 3. Ratio obtained by dividing the transmission through the
polarized *He cell by that through the unpolarized one.
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FIG. 4. Time dependence of the *He polarization ratio.

the ratio with the following function:
nol/Tunpol == COSh(PHenHeolh vth/v), (3)

where ny. is the areal density of 3He, v is the neutron velocity,
and vy, and oy, are the velocity and the capture cross section of
SHe at the thermal-neutron energy, respectively. The solid
line in Fig. 3 shows the fitting results, and the average *He
polarization ratio was determined as 75% for the first 1.5 h.
The 3He polarization relaxes as time proceeds because of
the nonuniformity of external magnetic fields or collisions
between *He atoms and so on. Figure 4 presents the *He
polarization ratio against the time, and the solid line represents
the fitting results by the following function:

Pue(t)nyeom = nHeO'LhPHe,O CXP(—I/T)v 4)

where ¢ is time and 7 is the relaxation time. The relaxation
time of the *He was 82.65 & 0.07 h. The neutron polarization
ratio during the up-polarization measurement was obtained as
follows:

P = / Py(t)dt /Ty,
T

:/ tanh[7npe 0 Pre,o exp(—t /T )vw/vldt /Top.  (5)
Tp

The polarization ratios during measurements for each po-

larization direction were I_J —0.291 £0.001 and P2 =
0.296 £ 0.001 at the l.3-eV resonance region.
The asymmetry is defined as
ZP jown
8)/,&1 - d + ngown ’ (6)

where n}” and n{°"" are the numbers of events at detector d in
each neutron polarization direction. The transverse asymme-
try of each detector d is defined as

28%4
(P° + Pdown) — g, 4(P"

)

Al =
LR,d down) ’
_Pn W )

Since the capture events after scattering in the Sn sample
are not dependent on the polarization direction, the corrected
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FIG. 5. Capture reaction rate n., (top) and correction factor
Nyt /Nres (bottom) obtained by PHITS simulation. The reaction rate
corresponds to the capture cross section considering effects of self-
shielding and multiple scattering in the sample.

T

asymmetry Ajr 4 can be written [6] as

Nsct ) ’ 8)

nl'CS

Arra =Algy <1 +

where ny is the capture events after scattering, and ns =
(" + n°M)/2 is the number of capture reaction events at
the resonance.

The correction factor ng/n.s was calculated using the
Monte Carlo simulation code PHITS [13]. The resolution func-
tion of beamline 04 obtained by Kino et al. [14] and Doppler
broadening were considered in the correction factor, ng./nyes,
as shown in Fig. 5 with the capture reaction rate, s, which
corresponds to the capture cross section considering effects of
self-shielding and multiple scattering. Notably, the correction
factor depends on the neutron energy because neutrons with
higher energies than resonance are captured by the decrease
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FIG. 6. y-ray deposit energy spectrum of detector 1 in Sn
measurement.

in energy due to scattering. Thus, the correction factor was
increased at higher energy, or lower TOF, than the resonance.

B. Transverse asymmetry at the 1.3-eV resonance of ''’Sn

Figure 6 depicts the obtained y-ray deposit energy spec-
trum of detector 1 in Sn measurement. The vertical solid
line indicates the 9327.5-keV transition to the ground state
of "8Sn from the compound state of ''7Sn 4+, and the dotted
lines represent its single and double escape peaks. The neutron
capture reaction of '>Sn is responsible for the 9563.1-keV
peak. The other peaks are derived from the scattered neu-
tron capture reaction of iron contained in the guide magnet
and shield of the Ge detector assembly. Since the transition
to the first excited state of !'8Sn from the compound state
emits a 8069.8-keV y ray, it is considered that y rays above
the double escape, 8305.5-keV photopeak, contain the only
transition to the ground state of ''®Sn, including backgrounds
derived from other nuclei. Furthermore, backgrounds by iron
and '°Sn do not affect the transverse asymmetry because their
cross sections have no resonance or unique structure around
1.3 eV. Therefore, the y-ray gate region was set from 8250
to 9400 keV, and Fig. 7 shows the gated histogram of y-ray
counts as a function of #”* with the open circle. To remove the
s-wave component of !7Sn and the backgrounds from other

TABLE II. Ay for each detector in the neutron energy region E, — 2I', < E, < E, + 2I",. Detectors 7 and 16 were not used because the
y-ray energy resolution was poor due to electrical noises. Aﬁ?{ 4 =Arr,4/(sin 6, sin @) is the asymmetry converted to 90°.

Up-side detector

Down-side detector

Coaxial detector

Detector Arra A%y Detector Arlra AXY, Detector Arlrd

1 —0.46 £ 0.96 —0.50 £ 1.04 8 0.62 +0.50 —0.67 £0.54 15 —0.04 £3.18
2 —1.73+£0.92 —1.89+1.00 9 1.06 £0.74 —1.16 £ 0.81 16 Not used

3 —2.93 +1.60 —-3.16 +£1.73 10 1.51£0.77 —1.63 +0.83 17 0.49 £+ 0.68
4 —0.05 £0.67 —0.05£0.73 11 1.40 +0.78 —1.52+£0.84 18 —0.04 £0.80
5 —0.18 £ 0.93 —0.20£1.02 12 —0.19£0.86 0.20 £ 0.94 19 1.59 £1.27
6 —1.02+£0.71 —1.11£0.76 13 2.18 £0.67 —2.354+0.73 20 0.57 +0.68
7 Not used 14 1.44 +£0.85 —1.44£0.85 21 —0.58 £0.65
Average —0.82 +0.38 Average —1.21 +£0.29 Average 0.21 £0.33
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FIG. 7. Gated histogram of y-ray counts as a function of #". The
open circle represents the histogram of detector 14 in Sn measure-
ment using down-polarized neutrons, and the closed circle represents
that after background subtraction. The solid line is the fitting result
of the background.

PR
2500

nuclei, the histogram was fitted using the following function:
f@™)=co+cit™ + /1", ©)

with 700 < #" < 1200 wps and 1700 <™ < 2500 ws.
Figure 7 presents the fitting result with the solid line. The
histogram after subtracting the fitting function is also shown
in Fig. 7 with the closed circle.

Figure 8 shows the histograms for each polarization direc-
tion after background subtraction and calculated transverse
asymmetry Apg. Table II lists Arr in a neutron energy re-
gion £, — 2I', < E, < E, + 2I',, for each detector. Here, the
resonance parameters were used, as shown in Table III. The
A% , 1s the transverse asymmetry converted to 90°, calculated
by A?fl); 4 =ALr.a/(sinf, sing). It is found that the average
of Ai?:’ 4 18 consistent between up- and down-side detectors.
The transverse asymmetry averaged over up- and down-side
detectors was obtained as A} = —1.07 & 0.23. Furthermore,
the average of Arr , of the coaxial detector was consistent
with O due to sing = 0.

IV. DISCUSSION
A. Comparison to the previous study

In a previous study of the left-right asymmetry measure-
ments of ''7Sn, the asymmetry e g was reported in Fig. 13
in Ref. [8]. Notably, the asymmetry e g was defined, includ-
ing the s-wave components around the p-wave resonance.
Conversely, the aforementioned analysis removed the s-wave

TABLE III. Resonance parameters of ''’Sn.

E. (eV) J/1 I, (meV) gl (meV)

1.331 £ 0.002* 1/1° 133 £ 5° 1.38 x 1074°

2Taken from Ref. [7].
bTaken from Ref. [15].
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FIG. 8. y-ray counts for each polarization direction after back-
ground subtraction and A; g. The closed and open circles indicate for
the up- and down-polarization measurements in the upper side figure.
The sign of Ay is reversed for the up-side detector (detector 1) and
down-side detector (detector 14).

components with backgrounds in the present definition of
Arr. To compare the present result with the previous study,
eLr was also calculated and plotted in Fig. 9 with the pre-
vious results. In the present analysis, e g was calculated for
all detectors and divided by sin 6, sin ¢, and average values
of all detectors were plotted in Fig. 9, consistent with the
previous study, which implies that the background conditions
for our and Skoy’s cases were comparable. The result of y -ray
identification suggested that the asymmetry was influenced by
backgrounds such as iron isotopes. Therefore, it was neces-
sary to evaluate the asymmetry without backgrounds, A; r.
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FIG. 9. Left-right asymmetry defined same as in the previous
study. The closed and open circles represent the present and previous
results [8], respectively.

B. Angular dependence of the transverse asymmetry

To discuss the angular dependence of a, term, Aigr is
plotted for sinf, sin¢ in Fig. 10. The weighted average of
Arr was calculated and plotted for each angle. According to
Eq. (2), the transverse asymmetry could be written as

_ A, sind. i
Aug = 2 sm2 , sin @ ’ (10)
1 +As(cos” 6, —1/3)

where A; 1S

,)+2F,7 E,+2T)
Ai— a:dE, / f a0, pdE,. (11)
E,—2T, E,~2T,

Here, ay p is the ap term only considering the 1.4-eV p-wave
resonance. Furthermore, a; term can be ignored by the integral
in Eq. (11) because its energy dependence is odd function of
energy centered at the p-wave resonance [4,7]. In this study,
the angular dependence of the transverse asymmetry was little
sensitive to A3 because the Ge detectors were placed around
cos? 0, ~ 0. If the angular dependence of the a3 term is ig-
nored, the angular dependence of the transverse asymmetry
can be written as

AR = —A;R sin 0, sin @, (12)

where Aj g = i A 73 The solid line in Fig. 10 shows the fitting
results by Eq. (12), and A g = 1.07 + 0.23 was obtained. The

FIG. 10. Angular dependence of the transverse asymmetry. The
solid line represents the fitting results. Each point plots the weighted
average of Ay for detector 14 for sin 6, sin ¢ = —1, detectors 8, 10,
11, and 13 for —0.925, detectors 9 and 12 for —0.916, detectors 15
through 21 for 0, detectors 2 and 5 for 0.916, and detectors 1, 3, 4,
and 6 for 0.925.

transverse asymmetry depending on sin6, sing was evalu-
ated, and it is caused by the a, term.

V. CONCLUSION

In this study, the transverse asymmetry, independent of
backgrounds, for ”7Sn(n, ¥) 11881 was measured using Ge
detectors installed at several angles in the J-PARC beamline
04, and a nonzero asymmetry was obtained. The transverse
asymmetry corresponding to the a, term was also evaluated
for its angular dependence. In the future, the validation of the
s-p mixing model will be performed by global analysis using
the present result and other terms.
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