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Energy-dependent angular distribution of individual y rays in the *’La(n, y) “’La” reaction
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Neutron energy-dependent angular distributions were observed for individual y rays from the 0.74 eV
p-wave resonance of '¥La +n to several lower excited states of '“’La. The y-ray signals were analyzed in a
two-dimensional histogram of the y-ray energy, measured with distributed germanium detectors, and neutron
energy, determined with the time-of-flight of pulsed neutrons, to identify the neutron energy dependence of
the angular distribution for each individual y rays. The angular distribution was also found for a photopeak
accompanied with a faint p-wave resonance component. Our results can be interpreted as interference between

s- and p-wave amplitudes, which may be used to study discrete symmetries of fundamental interactions.
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I. INTRODUCTION

In the neutron absorption reaction of '3°La, extremely large
parity violation with a size of (9.56 = 0.35)% was observed
in the 0.74 eV p-wave resonance located on a tail of an
s-wave resonance [1]. It is understood that fundamental parity
violation in the nucleon-nucleon interaction of the order of
1077 [2-4] is enhanced by the interference between s- and
p-wave amplitudes, referred to as s-p mixing model [5,6]. The
interference introduces a neutron energy-dependent angular
distribution of y rays in the vicinity of a p-wave resonance
with respect to the incident neutron momentum [7]. Therefore,
the angular distribution of y rays provides important informa-
tion to understand the enhancement mechanism of the parity
violation in compound nuclei.

The neutron energy dependence of the angular distribution
for individual y rays was previously measured using a germa-
nium detector assembly and the intense neutron beam at the
Japan Proton Accelerator Research Complex (J-PARC) [8]. A
clear angular distribution depending on the incident neutron
energy was found in the vicinity of the p-wave resonance for
the y rays resulting from the transition of the 0.74 eV p-wave
resonance of '*°La 4 to the ground state of '*’La.

In this paper, the angular distributions of the y rays re-
sulting from the 0.74 eV p-wave resonance to lower excited
states of 1*°La are studied as a function of the incident neutron
energy by applying the same analysis method as in Ref. [8] to
photopeaks for transitions to the lower excited states.

II. EXPERIMENT

A. Experimental setup

The data set used in this paper is the same as that used to
evaluate the angular distribution of y rays to the ground state.
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The measurement of the angular distribution of the individual
y rays in the "*La(n, y) "*°La reaction was conducted using
an intense pulsed neutron beam and a germanium detector
assembly at beamline 04 of the Materials and Life Science
Experimental Facility (MLF) at J-PARC [9]. The germanium
detector assembly consists of 22 high-quality germanium
crystals, pointing at angles from 36° to 144° with respect to
the incident neutron beam direction [10]. A natural-abundant
lanthanum metal plate with dimensions of 1 mm x 40 mm
x 40 mm was placed at the detector center. The distance
from the moderator surface to the La target is 21.5 m. The
proton beam power was 150 kW and measurement time was
60 hours. A more detailed description of the experiment is
given in Ref. [8].

B. MEASUREMENT

The same variables defined in Ref. [8] are used to eval-
uate the angular distributions of the y rays in this paper.
The deposit energy of the y rays in the germanium crystal
EJ' is obtained from the pulse height. The detection time
of the y rays t™ is measured from the timing pulse of the
injection of the proton beam bunch. These are obtained for
each y-ray event. The variable t™ corresponds to the time
of flight (TOF) of the incident neutrons for prompt y rays,
and the corresponding neutron energy E)" is calculated using
t™. The neutron energy in the center-of-mass system E, is
defined as well. The total number of y-ray events detected
in the experiment are denoted as /,. A two-dimensional his-
togram corresponding to ley /9t™IE)! was obtained for each
germanium crystal as the experimental result. The histogram
of I, /0t™ is shown in Fig. 1. The y-ray events are integrated
for EJ' > 2 MeV to remove delayed y rays. It is normalized

©2021 American Physical Society
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FIG. 1. y-ray counts as a function of ™. It is normalized relative
to the incident beam intensity as a function of ™.

relative to the incident beam spectrum for ™, which is ob-
tained from a measurement of the 477.6 keV y rays in the
neutron absorption reaction of '°B with an enriched '°B target.
The small peak at ™ ~ 1800 us is the p-wave resonance,
and the 1/v component is mainly derived from the tail of an
s-wave resonance in the negative energy region as listed in
Table I. Figure 2 shows a y-ray spectrum defined as 91, /0E)".

Photopeaks of y-ray transitions of '*La(n, y)'*La reac-
tions to the lower excited and ground states are observed
in Fig. 2. A schematic diagram of the level scheme of the
139La(n, ¥) 1401 a reaction is also shown in Fig. 3[15]. Here,
we focus on the intense transitions to the lower excited states
of 30 keV, 35 keV, 63 keV, 273 keV, 319 keV, 658 keV,
745 keV, 772 keV, and the inclusive y-ray transitions. His-
tograms of 1, /0E," gated with each photopeak and inclusive
y rays are shown in Fig. 4. We can see that the 0.74 eV
p-wave resonance appears in several transitions. Note that the
histograms are the sum of all detector angles. The photopeak
region was taken as the full width at the quarter maximum.
Since the photopeaks of the 5126 keV and 5131 keV com-
pletely overlap, they are considered to be one photopeak. As a
gated energy region for inclusive y rays, 2000 keV < E)! <
5170 keV was taken. The histograms were normalized by the

TABLE I. Resonance parameters of the neutron resonances of
%La +n. The resonance parameters E,, J,, I,, 7, g,, and T are
resonance energy, total angular momentum, orbital angular momen-
tum, y width, g factor, and neutron width, respectively. Parameter r
denotes the resonance number. The spin and parity of **La are 7/2*,
and therefore the p-wave resonance has negative parity.

r E, [eV] Jo I'Y [meV] g I} [meV]

1 —48.63" 40 62.2° (571.8)~"

2 0.740£0.002° 4> 1 40.4140.76* (5.6+0.5) x 107>¢
3 72304005 3> 0 756442214 11.76 £ 0.53¢

4References [11,12].

bReference [8].

‘Reference [13].

dcalculated from References [14] and [13].

“The neutron width for the negative resonance was calculated using
|E}| instead of E,.
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FIG. 2. Expanded y-ray spectrum defined as 9/, /dE}". The dot-
ted line shows the literature value of the photopeak energy. Three
photopeaks around 4600 keV are single escape peaks from the y
rays of 5161 keV, 5131 keV, 5126 keV, and 5098 keV.

incident neutron beam spectrum measured with the boron tar-
get. The background caused by the Compton-scattered y rays
for each photopeak was estimated by a third-order polynomial
fit in the low- and high-energy region of each photopeak for
each detector and subtracted. Since a loss of 2% of the total y -
ray counts occurred due to the DAQ system, a loss correction
was also applied [8].

72.30 eV s-wave
0.740 eV p-wave

-48.63 eV s-wave

Neutron Energy
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FIG. 3. Transitions from '*La+n to “°La. The dashed line
shows separation energy of '¥La 4n. The transitions can actually
occur not only from the p-wave resonance, but also from the s-wave
resonances.
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FIG. 4. y-ray counts as a function of E]" gated with each photopeak and inclusive y rays. The energy of photopeaks or the gated region of

y-ray energy show at the top left of each histogram.

C. Angular distribution

The neutron-energy dependence of the angular distribution
causes an asymmetric resonance shape as a function of E",
which is measured by a “low-high asymmetry” defined as

NL(04) — Nu(6a)

A0 = o) T M)’

ey

where 6, is the detector angle with respect to the incident neu-
tron momentum, and Ny and Ny are integrals in the region of
E, —2I', < E, < Eyand E; < E, < E; + 2I', respectively.

Variables E, and I', denote the resonance energy and total
width of the p-wave resonance, which is defined by the y
width and neutron width shown in Table I as T', = '} + I'4.
The definitions of N and Ny are shown in Eq. (8) in Ref [§]
and Fig. 14 in Ref [8]. The low-high asymmetry is plotted
for effective detector angle 6,;, which is obtained with a sim-
ulation of the germanium detector assembly [16], and fitted
using a function of the form A; 1;(6,) = A cos 8, + B with free
parameters A and B. The angular distributions of Apy for the
photopeaks and inclusive y rays are shown in Fig. 5. The fit re-
sults of A, which correspond to the angular distribution of the
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FIG. 5. Angular distributions of A; y for each photopeak and inclusive y rays. The solid lines are the fit results.
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TABLE II. The fit results of A for each photopeak and inclusive
y rays.

E, [keV] E., [keV] F A

4389 772 4,5,6 0.118 0.030
4416 745 4 —0.020 +0.049
4502 658 3 —0.2574+0.078
4842 319 3 —0.033 £0.016
4888 273 4 0.081 4+0.030
5098 63 4 0.072+£0.015
5131, 5126 30, 35 2,5 —0.169 +0.020
5161 0 3 —0.388 +0.024 [8]
inclusive —0.0037 £0.0014

low-high asymmetry, are listed with the photopeak energy E,,,
excitation energy E., and the angular momentum of the final
state F in the Table II. Nonzero angular distributions were
found in the transition to the excited state of 30 keV and/or
35keV, 63 keV, 658 keV, and 772 keV with a confidence level
of over 99.7%.

III. DISCUSSION
A. Photopeak at 5098 keV

Although the p-wave resonance does not appear in the
histogram of 01, /0E" gated with 5098 keV photopeak as
shown in Fig. 4, the angular distribution A is observed with
a confidence level of over 99.7%. This phenomenon can also
be confirmed using histograms of 91, /0E," for 36° and 144°
detectors shown in Fig. 6. In Fig. 6, the s-wave component,
which obeys the 1/v law, is fitted using f(E;") = a/\/ﬁ +b
with free parameters a and b for the regions except for the
p-wave resonance, and histograms before and after the sub-
traction of the s-wave component are shown. We can see that
they have a slight asymmetric shape at 0.74 eV, and moreover,
the shapes reverse with respect to 0.74 eV for 36° and 144°
detectors. This angular-dependent asymmetric component has
also been observed for 5161 keV photopeak as shown in
Fig. 13 in Ref. [8] and is attributed to the interference term
between s- and p-wave amplitudes. The significant value of
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FIG. 6. y-ray counts as a function of E;" gated with the 5098 keV
photopeak for 36° (left) and 144° detectors (right). Solid lines show
fit results to the s-wave component. Black points and white points
show y-ray counts before and after subtraction of the s-wave com-
ponent, respectively.

A observed for faint y-ray transition from the p-wave reso-
nance can be understood as the result of the moderately weak
transition amplitude of y rays via the p-wave component; the
magnitude of A is proportional to the product of the transition
amplitudes of s- and p-wave components while the y-ray
intensity is proportional to the square of that of p-wave com-
ponent. This interpretation is clarified by the differential cross
section of (n, y) reactions based on the s-p mixing model
described in Appendix E in Ref. [8]. The ordinary p-wave
resonance shown in Fig. 4 corresponds to the second term of
ap in Eq. (E7) in Ref. [8], which has no angular distribution. In
contrast, a;, which is the interference term between s- and p-
wave amplitudes, produces the angular-dependent asymmetric
shape at the p-wave resonance for the detector angle satisfying
cos 0, # 0 as shown in Egs. (E1) and (E7) in Ref. [8]. The a;
term in Eq. (E7) in Ref. [8] is proportional to the branching
ratio from the p-wave resonance to the fth y-ray transition
A2y, whereas the second term of ay is proportional to A3 - Con-
sequently, the second term of @( can be suppressed compared
to a; when the branching ration from the p-wave resonance to
the particular final state is small. In this way, the phenomenon
that the 5098 keV photopeak has the angular distribution
while no p-wave resonance appears can be explained by the
interference term a; and the suppression of the ay amplitude
due to the branching ratio.

B. Significance of the angular distribution

In order to confirm that the angular distributions are ob-
served at the p-wave resonance, the angular distributions of
Arg were obtained for other neutron energies, not only within
the vicinity of the p-wave resonance. The low-high asymmetry
Apy is calculated using N, and Ny with the integral regions of
E.—2T, < E, <E;and E. < E, < E. + 2I',, respectively,
where the center energy of the integral E. takes a value of
every 20 meV from 0 eV to 2 eV, and then the angular de-
pendence A was obtained for every integral region. In Fig. 7,
the significance of A is measured by a P-value, defined as
p=(1—-C.L.)/2, where C.L. is the confidence level of the
nonzero angular dependence. The P-value indicates the prob-
ability to observe a nonzero value of A in the hypothesis of no
angular distributions. A confidence level of over 99.7% cor-
responds to a P-value less than 1.35 x 1073, As shown in the
graph for E,, = 4389 keV, 4502 keV, 5098 keV, and 5126 keV
and/or 5131 keV in Fig. 7, significant angular distributions are
observed only within the vicinity of the p-wave resonance.

This analysis suggests that the angular distribution mea-
surement in the (2, y) reaction is sensitive to search for faint
y-ray transitions from p-wave resonances.

IV. CONCLUSIONS

We observed significant angular distributions depending on
the neutron energy for the y rays in the transitions from the p-
wave resonance of '**La +n to the several lower excited states
of “OLa, including faint y-ray transition from the p-wave
resonance. This angular distribution can be interpreted as a
result of the interference between s- and p-wave amplitudes.
Recently, a transverse asymmetry has been measured for
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FIG. 7. P-values of the angular distribution of Ary as a function of the center energy of the integral. The dotted lines show the P-value

corresponding to the confidence level of 99.7%.

the p-wave resonance in the '*La(n, y)'*’La reaction
by using polarized epithermal neutrons [17], and these
measurement results will be combined in terms of the s-p
mixing model in order to understand the reaction mechanism
of the enhancement of the symmetry violation to be published
in a separate paper.
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