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Deep understanding of y-ray production from the fast neutron reaction in water is cru-
cial for various physics studies at large-scale water Cherenkov detectors. We performed test
experiments using quasi-mono energetic neutron beams (£, = 30 and 250 MeV) at Os-
aka University’s Research Center for Nuclear Physics to measure y-rays originating from
the neutron—oxygen reaction with a high-purity germanium detector. Multiple y -ray peaks
which are expected to be from excited nuclei after the neutron—oxygen reaction were suc-
cessfully observed. We measured the neutron beam flux using an organic liquid scintillator
for the cross section measurement. With a spectral fitting analysis based on the tailored y -
ray signal and background templates, we measured cross sections for each observed y-ray
component. The results will be useful to validate neutron models employed in ongoing and
future water Cherenkov experiments.

Subject Index C20, D25

1. Introduction

A precise modeling of the neutrino—oxygen neutral-current quasi-elastic (NCQE) interac-
tions is essential for various studies of astrophysics and particle physics at large-scale wa-
ter Cherenkov detectors, such as Super-Kamiokande (SK) [1] and its successor, Hyper-
Kamiokande [2]. For example, atmospheric neutrino NCQE interactions on 'O in water need
to be estimated accurately as they mimic the inverse beta decay signal (v, + p — e + n) of
the diffuse supernova neutrino background (DSNB) [3,4]. There have been multiple neutrino—
oxygen NCQE cross section measurements performed by using accelerator neutrino beams in
T2K [5,6] and atmospheric neutrinos at SK [7,8]. At neutrino energies of E, 2 200 MeV, a
single nucleon knockout is expected to occur dominantly after the NCQE interaction [9,10] as,

v (P)+ %0 = v (§) + 0" +n,
(D)4 %0 - v (§) + PN* + p, (1)
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Fig. 1. Schematic illustration of the neutrino—oxygen NCQE interaction and the secondary interaction
by knocked-out neutrons.

where an excited nucleus is left in some cases that will relax with an emission of y-ray(s), e.g.
a branching fraction of ~65% is predicted for an excited state after the NCQE interaction in
Ref. [10]. Energies of the knocked-out nucleon are typically in hundreds of MeV. Such nucleons,
particularly neutrons, would cause additional reactions inside the detector that produce more
y-rays, as schematically shown in Fig. 1. Here, the primary y-ray from the NCQE interaction
and the secondary y -rays from the following nuclear reactions are emitted within only O(10) ns,
which makes it difficult to separate them from each other, and then both primary and secondary
y-rays are treated as signals in analysis. For this reason, an accurate modeling of secondary y-
ray emission in the neutron—oxygen reaction is essential to predict the signal distribution in
the NCQE measurement at water Cherenkov detectors. Currently, it is implied that there is an
issue with modeling of the secondary y-ray emission, causing a large systematic uncertainty in
the cross section measurement [6,8]. In the T2K measurement [6], more events are expected at
large Cherenkov angles, where multiple y -rays are typically reconstructed, in the Monte Carlo
simulation than in the observed data. In the SK measurement [§], several nuclear models were
tested for the NCQE sample and a potential ill-modeling of the secondary y-ray emission has
been pointed out. Therefore, there is a high demand that more experimental data are provided
for better modeling of the nuclear y-ray production in water.

The '°O(n, Xy ) cross sections have been measured for various y-ray components using quasi-
mono energetic neutron beams at Osaka University’s Research Center for Nuclear Physics
(RCNP). In order to cover the energy range of the knocked-out nucleon induced by the
neutrino—oxygen NCQE interaction, neutron energies of 30, 80, and 250 MeV were chosen
for the measurements. The first RCNP experiment was conducted in 2017 as E487 at E, =
80 MeV [11]. Additional beam experiments, E525, were performed at £, = 30 and 250 MeV,
and their '°O(n, Xy) cross section results are reported in this paper. The rest of the paper is
structured as follows. In Section 2, the RCNP facility and our experimental setup are described.
In Sections 3 and 4, the neutron flux and y-ray measurements are detailed. The '°O(n, Xy)
cross section results from the experiments are reported in Section 5. Discussion about our re-
sults and about their impacts upon the NCQE measurement at water Cherenkov detectors is
given in Section 6, before concluding in Section 7.

2. The RCNP-ES525 experiment

The E525 experiment was carried out in a 100 m long beamline at RCNP. The basic setup
and measurement strategy followed the previous experiment (E487) performed in the same
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Fig. 2. Schematic drawing of the facility and beamline for the E525 experiment at RCNP. Our detectors
were placed 11 (20) m downstream of the lithium target in the 30 (250) MeV experiment. The collimator
size is 10 x 12 cm.

beamline [11], although several parts have been optimized or improved. Protons were accel-
erated by two cyclotrons, the K140 azimuthally varying field cyclotron and the K400 ring cy-
clotron, and guided into a lithium target to produce a quasi-mono energetic neutron beam
via the "Li(p, n)’Be reaction. The lithium target consists of 7.5% °Li and 92.5% ’Li and its
thickness is 10.0+£0.2 mm. In E525, we performed measurements at two proton energy settings,
30 MeV and 250 MeV, on December 16-17 and October 30-31 in 2018, respectively. The result-
ing beam entering the experimental hall is dominated by neutral particles as charged particles
are rejected after the lithium target by a magnetic field. The proton beam current was being
monitored by a Faraday cup placed at the beam dump and its data were read out by a scaler
module.

Figure 2 shows a schematic view of the beamline as well as our detector setup therein. In
the 30 MeV experiment, we placed an acrylic container which measures 20 cm in diameter and
26.5 cm in length on the beam axis 11 m away from the lithium target. In the 250 MeV experi-
ment, in order to measure the time-of-flight (TOF) distribution accurately, we set up the water
sample and detectors farther off, 20 m away from the target. Accordingly, to gain enough data
statistics, we used two identical acrylic containers and placed them with their side facing the
beam axis (see Fig. 2). A high-purity germanium (HPGe) detector and a CsI(Tl) scintillator
were placed upstream of the acrylic container(s) off the beam axis in order to avoid neutron
background. The location was determined by looking at the neutron beam profile measured in
each experiment as described in Section 4. A liquid scintillator (BC-501A) was aligned down-
stream of the container and on the beam axis. These container(s) and detectors are the same
ones as used in the E487 experiment [11]. All detector waveforms were recorded with a 14-bit
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250-MHz CAEN DT5725 digitizer. Measurements were performed in two configurations with
the container(s) being water-filled and empty.

There are several aspects in E525 that have been updated from the previous E487 exper-
iment. The main y-ray detector in E525 is HPGe whose energy resolution is much better
than the LaBr;(Ce) scintillator used in E487. This helped us to distinguish multiple y-ray
peaks more clearly. In E487, there might be a potential issue with the proton current mea-
surement by the Faraday cup and the scaler module. The proton current setting was changed
frequently back-and-forth between the neutron flux measurement (~1 nA) and the y-ray mea-
surement (=100 nA) because of the setup and this required a frequent switching of the scaler’s
scale setting, which might have led to a potential human error causing a wrong normaliza-
tion in the y-ray measurement. This will be described in more detail in Section 6. We took
special care to prevent this issue in the 250 MeV experiment by avoiding frequent switching
of the beam power. In the 30 MeV experiment, in addition, we monitored the neutron flux
during the y-ray measurement using the BC-501A detector placed downstream of the water
sample.

3. Neutron flux

Neutron flux measurement was performed using a liquid scintillator, BC-501A, and repeated
between the main y-ray measurements in order to monitor the beam stability throughout the
experiment. The water sample was removed during the flux measurement in order to avoid at-
tenuation by water. In the following part, we describe each essential portion in the flux analysis:
a pulse shape discrimination (PSD) technique for neutron identification, a ToF method for re-
construction of the neutron kinetic energy, and the SCINFUL-QMD Monte Carlo code [12]
used for computing neutron detection efficiency by BC-501A.

3.1. Neutron event selection

Scintillation light emission in an organic scintillator from nuclear recoil, e.g. a proton recoiled
by neutron elastic scattering, contains a larger component with a slow time constant than elec-
tron recoil due to larger d £ /dx. This phenomenon appears in the shape of the resulting wave-
form, i.e. neutron-like events show a longer tail than y-ray-induced events. In order to char-
acterize the waveform shape, in particular the fraction of the tail part, the PSD parameter is
defined as,

PSD — Otail , 2

total

where Qa1 and Qg are the integrated charge for the entire waveform and its tail part, re-
spectively. We optimized the integral time windows for Qo and Q) as [T, To + 600 ns] and
[Ty + 48, To + 600 ns], respectively, where 7y is defined as the rise time of the waveform. The
left panel of Fig. 3 shows a PSD parameter as a function of Q. from the 30 MeV experiment.
Here, our optimized criterion for selecting neutron-like events, PSD > 0.19, is also shown. Be-
cause the saturation effect of electronics gets more visible at high charges and was actually
observed in the 250 MeV experiment, the selection curve is modified as,

PSD > Po+ p1 X Qtotal + p2 X Qtzotal‘ (3)

4/20

¥202 1oquianoN 61 uo Jesn Aysteniun ewekexdo Aq 8/8G6+8//10AEL L/L L/¥20Z/2101e/d8)d/woo dno olwepede//:sdiy woly papeojumoq



PTEP 2024, 113DO01 T. Tano et al.

e
3

100

o
>
T

w
<]
=
o
<

°
o
PSD parameter

PSD parameter

o I
w >
TTTT[TT T[T [ TI T T [TTT [ TTTT 7T

o
N

e
o

0 0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 100 200 300 400 500 600 700 800 900 1000

/100

total total

Fig. 3. Calculated PSD parameters as a function of Qo for the 30 MeV (left) and the 250 MeV ex-
periment (right). The cut criteria for neutron selection are displayed in red. Due to the saturation effect
of electronics, a correlation between Qiora; and PSD = Qyai1/ Oora Shows nonlinearity in the large charge
region in the 250 MeV experiment.
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Fig. 4. ToF distributions categorized as y-like (red), neutron-like (green), and all events (black) in the
30 MeV (left) and the 250 MeV experiment (right). The peak at early times mainly consisting of the
y-like events corresponds to the flash y-ray. The neutrons from the "Li(p, n)’Be reactions form the peak
at late times.

With optimization, we determined py = 0.181, p; = —5.79 x 107, and p, = 1.04 x 107>, as
shown in the right panel of Fig. 3. The selection efficiencies of the PSD cut achieved more than
99% in both experiments, which gives a negligibly small effect on neutron detection efficiency,
as will be discussed later. The misidentification ratio of electron recoil event to nuclear recoil
at our criterion was estimated as 0.8% in the 30 MeV experiment and 0.5% in the 250 MeV
experiment.

3.2. Kinetic energy reconstruction

Neutron kinetic energies are reconstructed based on ToF, the time interval between the rise time
of the BC-501A waveform and timing by an RF-synchronized periodic pulse. Figure 4 shows
the ToF distributions obtained in each experiment. The sharp peaks around 120 ns in the left
panel and 370 ns in the right panel correspond to events of y-rays instantly emitted due to
the proton-lithium interaction (called “flash y-rays”). One can find another peak ~7 ns before
the 370 ns peak in the 250 MeV experiment. From detailed investigation, we confirmed that
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Fig. 5. Reconstructed neutron kinetic energy distributions based on ToF in the 30 MeV (left) and the
250 MeV experiment (right).

a polyimide tape inserted in the proton beam pipe for preparation of a preceding experiment
caused this peak. The position where the polyimide tape was inserted was approximately 2.5 m
upstream of the lithium target, which is consistent with the observed time difference of ~7 ns.
In addition, there was no material like the polyimide tape at the time when we performed the
30 MeV experiment. Thus, we identified the latter peak around 370 ns as the flash y-ray peak
of the proton-lithium interaction in the 250 MeV experiment. The resulting kinetic energy
distributions converted from ToF are shown in Fig. 5. The peak energies, 18-30 MeV and 235-
270 MeV, reconstructed in each experiment are consistent with the proton beam settings.

3.3. Detection efficiency

A dedicated Monte Carlo code for computing neutron detection efficiency of the BC-501A
scintillator, SCINFUL-QMD [12], is used for the efficiency calculation. It deals with the pro-
cess of neutron reaction in organic scintillation material and conversion to photomultiplier
tube (PMT) light yields. Inputs to SCINFUL-QMD include detector and source geometries,
detector threshold, attenuation factor of the scintillation material, and the PMT response func-
tion. The detector threshold is confirmed using the Compton edge of the 4.4 MeV y-ray from
an >' Am/Be source. The scintillator attenuation factor is set to 0.008 cm~! following Ref. [11].
Three functional forms are available as the PMT light output model and the difference in the
resulting detection efficiency from these three models is taken into account as a systematic un-
certainty in this analysis. Figure 6 shows the calculated neutron detection efficiency of BC-501A
as a function of neutron energy with a linear interpolation for the energy range of 80-150 MeV.
Note that because SCINFUL-QMD atypically performs its calculation using a constant cross
section value at 80-150 MeV, its developer recommends using the interpolation prescription in
this range.

3.4.  Flux estimation

Neutron flux distributions in each experiment are obtained by scaling the reconstructed neutron
kinetic energy distributions with the detection efficiency and the solid angle as shown in Fig. 7.
The estimated neutron flux in the peak region is 2.11 x 10'° neutrons/sr/uC (18-30 MeV) and
5.01 x 10° neutrons/sr/uC (235-270 MeV), respectively. The flux results will be used when
calculating the '°O(n, Xy ) cross sections. Table 1 summarizes the uncertainties in the estimation
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Table 1. Statistical and systematic uncertainties of the neutron flux measurement.

Error source

Size (18-30 MeV) [%]

Size (235-270 MeV) [%]

Statistical 1.0 0.4
Detection efficiency by SCINFUL-QMD 10.0 15.0
Beam stability 1.1 10.0
Neutron selection 0.8 0.5
Statistical 0.2 0.1
Total 10.1 18.0
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of the neutron flux within the 18-30 MeV and 235-270 MeV energy ranges. The statistical
uncertainties are less than 1%. Each source of systematic uncertainty is described below.

3.4.1.  Detection efficiency. Reference [13] reports that the uncertainty derived from the
physics model used in SCINFUL-QMD is 10.0% and 15.0% for the neutron energy below and
above 80 MeV, respectively. The effects of the SCINFUL inputs, e.g. a threshold value, light at-
tenuation factor, choice of the light output function, and Monte Carlo statistical uncertainty,
are all smaller than 0.1%. Consequently, 10.0% and 15.0% uncertainties are assigned to the
detection efficiency for the 30 MeV experiment and the 250 MeV experiment, respectively.

3.4.2.  Beam stability. As mentioned above, the neutron flux measurements were performed
between the y-ray measurements for monitoring stability. The neutron flux was stable within
1.1% and 10.0% for the 30 MeV and 250 MeV experiment, respectively. These are considered
as the systematic uncertainties for the neutron flux. It is natural that there should be a larger
fluctuation in the 250 MeV experiment because an electromagnet of the ring cyclotron did not
reach thermal equilibrium sufficiently. Because no other experiments were scheduled before our
beam time, beam operation for the 250 MeV experiment began with a cold magnet. Whereas,
the AVF cyclotron was in operation before the 30 MeV experiment and had already reached
thermal equilibrium at that time; thus, the beam was stable in the 30 MeV experiment.

3.4.3.  Neutron selection with PSD. The systematic uncertainty associated with the PSD cut is
estimated based on contamination of the neutron-like events by the y -like events. We consider
0.8% and 0.5% as the uncertainty for each of the 30 and 250 MeV experiments, respectively.

3.4.4. Solid angle. The result is 0.2% in the 30 MeV experiment and 0.1% in the 250 MeV
experiment.

4. Nuclear deexcitation y-rays

4.1. Detector positioning

Figure 8 shows the neutron-like event rates measured using BC-501A at some distances hori-
zontally away from the beam center in the 30 MeV and 250 MeV experiments. The measurement
method follows the one outlined in Section 3. From this measurement, we decided to place the
HPGe detector 24 cm away from the beam center, where the neutron event rate is reduced by
an order of ~3 and ~1 compared to the center in the 30 MeV and 250 MeV experiment, re-
spectively. The beam profile is wider in the 250 MeV experiment because our setup is placed
farther downstream as explained in Section 2. We also placed the CsI(TI) scintillator at the
same distance from the beam center as the HPGe detector.

4.2. The HPGe waveform analysis

We designed an HPGe waveform analysis to reconstruct the time and energy for each detected
event. Figure 9 shows an example HPGe waveform taken by the digitizer. The baseline is cal-
culated for each waveform as an average of the ADC (analog-to-digital converter) counts for
the range of 0-300 channels, where 1 channel corresponds to 4 ns in time. Here, the standard
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deviation (o) is computed together and used for determining the detected time. An event time is
reconstructed as an intersection of the calculated baseline and the waveform rise edge which is
obtained from a linear fitting to the points of 50—120 away from the baseline, as schematically
shown in Fig. 9. For the energy reconstruction, we use the maximum height from the base-
line in each waveform, which is justified by the fact that the preamplifier output from HPGe is
proportional to the waveform size.

Defined physics variables were measured before each 30 and 250 MeV experiment to calibrate
its energy and timing measurements. For the energy calibration, we made use of y-rays from
various radioactive isotopes, including >H, ®*Co, °K, > Am/Be, and *°Fe, which enabled us to
calibrate the detector up to ~8 MeV while making sure of its absolute scale within a 1% level.
The energy scale was monitored by performing a quick calibration with a few sources during
the experiments and no significant shift was observed. We also calibrated the time response
of the HPGe detector within a few ns uncertainty using two y-rays emitted at the same time
from a ®°Co source, tagging one using a fast response detector, LaBr;(Ce), and the other by
HPGe.

4.3.  Analysis time window
We performed the ToF analysis for the HPGe detector similarly to the BC-501A data as de-
scribed in Section 3. The resulting ToF distributions are shown in Fig. 10. In the distribution
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Fig. 10. ToF distributions of the HPGe detector (blue) in the 30 MeV (left) and the 250 MeV experiment
(right). In the right panel, the smeared ToF distribution of the BC-501A detector (red) is also shown.
The on-timing and off-timing windows for each experiment are displayed as the arrows in magenta and
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from the 30 MeV experiment, a clear peak by the flash y-ray is observed around 250 ns;
however, it is not clearly observed in the 250 MeV experiment. This is perhaps because the
background amount is expected to be more as is implied by the wider neutron beam pro-
file in Fig. 8 and the higher-energy beam. Therefore, we decided to utilize the BC-501A
data to find the flash y-ray point which is the baseline point for kinetic energy reconstruc-
tion. For this, we smeared the BC-501A’s ToF distribution by resolution (standard devia-
tion) difference in the time reconstruction between HPGe (6.8 ns) and BC-501A (1.9 ns).
The smeared ToF distribution of the BC-501A detector is also shown in the right panel of
Fig. 10.

We define two time windows, the on- and off-timing windows, based on the reconstructed
ToF distributions, which are used later for obtaining the signal and background energy spectra.
Each time window is indicated in Fig. 10. The on-timing window corresponds to the range of
18-30 MeV and 235-270 MeV in neutron energies in the 30 MeV and the 250 MeV experiment,
respectively. The off-timing window is defined using the ToF range where the neutron rate is
expected to be low. It is the range between the flash y-ray peak and the bulk neutrons in the
30 MeV experiment, and defined as the range preceding the expected flash y-ray position in the
250 MeV experiment, as indicated in Fig. 10.

4.4. Observed y-ray peaks

Figure 11 shows the measured energy spectra in two configurations and for the on- and off-
timing windows from the 30 MeV and 250 MeV experiments. Note that the spectra for the
off-timing window are normalized to the size of the on-timing window. Multiple y-ray peaks
are observed in the water-filled configuration. The observed peaks, their parent nuclei, and
likely physics processes are summarized in Table 2. Many of them were observed also in the
previous experiment (E487) at £, = 80 MeV [11]. The y-rays of 7.12, 6.92, 6.13, and 2.74 MeV
are expected from different excited states of '°O and clearly observed in both experiments. The
parent process for these y-rays, the (n, n’) scattering, does not cause an additional nucleon in
the final state. The 6.32, 5.27, and 2.30 MeV y-rays are emitted from excited states of "N, where
a proton is released from the (n, np) scattering. Here, the final-state neutron and proton may
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Fig. 11. Observed energy distributions in two configurations of the acrylic container(s) and for two timing
windows from the 30 MeV (top) and the 250 MeV experiment (bottom).

form a bound state of a deuteron, but our measurement is not able to tell this. It should also
be noted that the proton release possibly occurs after the (n, n’) scattering via '°0* — PPN* +
p and again the current experiment is not sensitive enough to distinguish this. Similarly, the
6.18 and 5.18 MeV y-rays are produced from excited states of O with an additional neutron
emission. The 5.10, 4.91, and 2.31 MeV y-rays are expected from excited states of '*N. The 5.10
and 4.91 MeV peaks are not observed very clearly, but they are considered in the later spectral
fitting. The 2.31 MeV peak cannot be distinguished from the 2.30 MeV y-ray peak by the HPGe
detector, hence we measure the inclusive cross section for these two y-rays. Intense spectral
peaks are formed by the 3.68 MeV y-ray from 3C(3 ") and the 4.44 MeV y-ray from '2C(2+).
Many peaks originating from the thermal neutron capture process are also observed: 2.22 MeV
from 2H, 3.84 MeV from 'O, and 7.63 MeV from ’Fe. In addition, the 1.46 MeV y-ray from
4K and the 2.61 MeV y-ray from 2Tl are produced in the highly irradiated environment.
These y-rays are not the measurement targets of the present work.
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Table 2. Summary of the neutron—oxygen reaction—induced y-rays identified by the HPGe detector with
their parent excited nuclei and physics processes.

Energy [MeV] Parent nucleus (J7) Physics process
2.30 BN 160(n, np) S N*
2.31 4N (07) 1°0(n, 2np) ¥ N*
2.74 1°0(27) 1°0(n, n')'°0*
3.68 Be(3) 160(n, a)*C*
4.44 2C(2%) 1°0(n, na)'2C*
491 14N(O_) 150 (n, 2np)4N*
5.10 4N (2_) 160 (n, 2np)"4N*
5.18 o1 160(n, 2n)15O*
5.27 BN(ET 160(n, np)'SN*
6.13 1°0(37) 1°0(n, n')'°0*
6.18 Bo(37) 150(n, 2n)30O*
6.32 BN(3) 1°0(n, np)'SN*
6.92 100(2+) 1°0(n, n')'°0*
7.12 160(1—) 160(n, n')160*

4.5. Background estimation

For the y-ray production cross section measurement to be performed later, we estimate back-
ground events to extract the intensity of y signals. In this study, four types of background events
are considered following the previous experiment [11]: fast neutron hits, nonwater background,
time-uniformly distributed y and B background, and scattered neutron-induced events. Each
of them is described in the following part.

4.5.1.  Fast neutrons directly entering the detector. Neutrons which are scattered by the acrylic
container(s) or incident off the beam axis and which enter the HPGe directly can be background
events. For the measurement of this background, a CsI(T1) scintillator was placed upstream of
the acrylic container in a symmetric position with respect to HPGe across the beam axis. Based
on the PSD analysis on CsI(TI) data, which has been established in the previous tests [11,14],
such background is negligible up to ~7 MeV and accounts for 2% of the observed y -ray inten-
sity in the 7-8 MeV region.

4.5.2.  Nonwater background. y-rays produced from sources other than water, such as the
acrylic container(s) and experimental stage, constitute background. This can be subtracted by
measurement with an empty configuration, as shown by the blue histogram in Fig. 11.

4.5.3. y-rays from thermal neutron capture and B’s from beta decay. y-rays originating
from thermal neutron capture and B’s from beta decay are expected to distribute uniformly
in time as their emission timescale is much longer than the beam repetition cycle. Therefore,
we estimate these background events by the off-timing spectrum created with a TOF cut (see
Fig. 11).
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4.5.4.  Scattered fast neutron-induced y-rays. There still remains continuous background
in the observed HPGe spectrum, which is expected to arise from reactions between neu-
trons scattered off water and the surrounding materials. Such background was confirmed in
E487 [11] and its estimation method was established. Therefore, we take the same estimation
method in the current study, which will be described as a continuous background template in
Section 5.

5. Cross section analysis
In this section, we describe the '°O(n, Xy ) cross section measurement for the peaks shown in Ta-

ble 2. We take a binned fitting method on the energy spectrum obtained after some background
subtraction. First, we subtract the nonwater background and the uniform-in-time background
(see Section 4.5) as,

Data __ Water, ON Water, OFF Empty, ON Empty, OFF
M bin T (N bin - Nbin ) - (Nbin - Nbin ’ (4)

where N 2ON js the number of events in the bin-th energy bin of the observed spectrum from

Water, OFF
s

the water-filled container data in the on-timing window. Accordingly, corresponds to

NEmpty,OFF
bin

correspond to the empty-container data for the on- and off-timing window, respectively. We

then perform the fitting to this spectrum after these subtractions, including the remaining con-

tinuous background as a part of the spectrum.

that from the water-filled container data in the off-timing window. Ngr:pty’ON and

5.1. Signal and background templates

Spectrum templates of y-rays from discrete levels of excited nuclei are produced by a Monte
Carlo simulation based on the GEANT4 package [15] in order to include the geometrical effect
of the setup on the spectra observed in the HPGe detector. The simulated y-rays are listed
in Table 2. The y-rays with isotropic momentum direction are generated at a point following
an emission point probability density function (PDF) in the water sample. The emission point
PDF was generated based on the position where neutron inelastic scattering occurred in the
Monte Carlo simulation shooting neutrons with the measured beam profile (Fig. 8) onto the
water target. There is almost no change in the spectrum template if the PDF is replaced with
a uniform distribution. Thus, the systematic uncertainty due to the emission point is negligibly
small.

The Doppler broadening effect is taken into consideration for the states with a shorter lifetime
than their interaction time scale. Thus, we apply a 1% smearing with a Gaussian distribution for
the 2.30, 2.74, 3.68,4.91, 5.18, 6.18, 6.32, 6.92, and 7.12 MeV y-rays, and a 2% smearing for the
4.44 MeV y-ray, respectively. Because of the Doppler broadening and the detector resolution,
it is difficult to separate the contributions from the 2.30 MeV and 2.31 MeV y-rays. Thus, the
2.30 MeV y-ray template is included in the fit for an estimate of these two peaks inclusive.

The simulated deposited energy in the HPGe detector is smeared with an energy resolution
function. It is determined by fitting energy resolution at calibration points with a function
o/E = po+ p1/E (6 /E = po+ p1/E?) for the 30 (250) MeV experiment, where o is the stan-
dard deviation determined by a Gaussian fit and E is the peak energy. As a result of the curve
fitting, the parameters, (po, p1), are determined as ((3.51 £ 0.03) x 107!, (201.5 +2.8) x 10%)
for the 30 MeV experiment and ((2.32 £ 0.10) x 107!, (5.38 4 0.20) x 10?) for the 250 MeV
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experiment, respectively. An effect of the fitting errors on the cross section estimation is negli-
gible.

Uncertainty about the y-ray detection efficiency at the HPGe detector is estimated based
on the calibration data in which a °°Co source was placed at 6, 9, and 12 cm away from the
HPGe detector. Simulated spectra in the setup identical with the calibration were compared
with the calibration data. We found that the simulated spectra reproduced the observed data
within a 10% difference at each source position. Thus, this 10% is taken into consideration as
a systematic uncertainty in the spectrum fitting.

As discussed above, the continuous background spectrum formed by y-rays from the scat-
tered neutron reactions on surrounding materials is considered in the fit. Its spectrum shape
is estimated based on the on-timing data with the empty acrylic container(s). The template as
a smooth function is obtained by fitting the empty sample data with an exponential function
f(E) = exp(po + p1E), where E is the observed energy at the HPGe detector in the unit of
keV. The determined parameters are py = 8.67 £ 0.06 and p; = (—5.52 4+ 0.15) x 10~ for the
30 MeV experiment, and py = 9.65 4+ 0.05 and p; = (—5.27 £ 0.12) x 10~* for the 250 MeV
experiment. The obtained spectra from the two experiments are consistent with each other
within 10%.

5.2.  Least chi-squared fit
The data spectrum is fit with the simulated templates based on a chi-squared taking the sys-
tematic uncertainty into consideration. The definition of the chi-squared is denoted as,

2
D MC 2
2_2 Nbir?ta_nXNbin i l1—n
X = stat O.syst ’

bin O'bin

]vll)\i/lnC = Zf] X n{;in’ (5)
J

where 7 is a nuisance parameter characterizing the systematic uncertainty from the y-ray de-
tection efficiency at the HPGe detector. As mentioned above, we assigned a 10% uncertainty to
the detection efficiency. ND** and N represent the number of observed events at each energy
bin for the observed data and the Monte Carlo simulation, respectively. The Monte Carlo pre-
diction, Nkl,\i’[nc, consists of the summation of the spectrum templates (n{;in) with scale factors (f)
where j corresponds to the template number, 0: continuous background, 1: 2.30 and 2.31 MeV,
2:2.74 MeV, 3: 3.68 MeV, 4: 4.44 MeV, 5: 4.91 MeV, 6: 5.10 MeV, 7: 5.18 MeV, 8: 5.27 MeV, 9:
6.13 MeV, 10: 6.18 MeV, 11: 6.32 MeV, 12: 6.92 MeV, and 13: 7.12 MeV. The statistical errors
of the observed data and simulation are considered in oyJ}2" at each energy bin. Minimization
of the chi-squared and error estimation were performed using a dedicated tool, MINUIT [16],
with the scale factors and the nuisance parameter as fitting parameters. The best-fit spectra are
shown in Figs. 12 and 13, respectively. We show the best-fit results with +1o, but only give
the 90% upper limits for some components whose scale factor is zero-consistent as a result
of the fit. The minimum chi-squared value is 564.2 (135.7) in the degree of freedom 635 (89)
for the 30 (250) MeV case. Therefore, the assumption that the observed spectra consist of y-
rays from discrete levels of nuclei and the continuum component works well in terms of the
goodness of fit.
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Fig. 12. Energy spectra of the signal y-rays in the 30 MeV experiment (black points) overlaid with the
best-fit of the spectrum fitting (dashed red line) in a linear scale (top) and a logarithmic scale (bottom).
The signal and background templates are overlaid to show the result of fitting, and are colored as fol-
lows: orange (7.12 MeV), azure (6.92 MeV), deep green (6.32 MeV), magenta (6.18 MeV), light blue
(6.13 MeV), pink (5.27 MeV), blue (5.18 MeV), dark yellow (5.10 MeV), green (4.91 MeV), light green
(4.44 MeV), light orange (3.68 MeV), yellow (2.74 MeV), purple (2.30/2.31 MeV), and gray (background
continuum).

5.3. y-ray production cross section

The y-ray production cross section at each discrete level can be computed as,

NMC
of = fyx 8 (6)
TOXygen X d’n

where Né\gf is the number of generated y-rays producing the spectrum template, Toxygen 15 the

number of '°O isotopes existing in the water sample, and ¢, is the neutron flux. The num-
bers used here are as follows: Ny = 1.0 x 10® (1.0 x 10®), Toxygen = 2.3 x 10%0 (4.6 x 10%),

¢, = 1.4 x 10* (1.2 x 10%) neutrons/cm?/uC for the 30 (250) MeV experiment. Table 3 shows
the summary of the measured y-ray production cross sections in the E525 experiment. In
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Fig. 13. Energy spectra of the signal y-rays in the 250 MeV experiment (black points) overlaid with the
best-fit of the spectrum fitting (dashed red line) in a linear scale (top) and a logarithmic scale (bottom).
The color notation is the same as in Fig. 12.

addition to the error from the fit, the neutron flux uncertainty is propagated to the total un-
certainty on the cross section result (see Table 1). As aforementioned, we give the 90% up-
per limit for the peaks whose statistics were not significant enough to be measured in the fit.
The total y-ray production cross sections are measured as oo = 112.5 £ 7.6 at 30 MeV and
Ototal = 74.3 £ 11.1 at 250 MeV by integrating over the 2-8 MeV y-rays and subtracting the
continuum component. Discussion about the results is given in the next section.

6. Discussion

Reference [17] reported measurement results for the '°O(n, Xy) cross sections using a white
neutron beam which has a broad kinetic energy range up to 200 MeV. This work gives unique
results using nearly mono energy neutrons at 30 and 250 MeV, and the cross sections at
250 MeV are the first measurement results above 200 MeV. In addition, more types of y-rays are
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Table 3. The y-ray production cross section results from the 30 MeV and 250 MeV experiments. For the
2.30 and 2.31 MeV y-rays, the inclusive measurement results are shown.

No. Peak energy [MeV] Cross section (30 MeV) [mb] Cross section (250 MeV) [mb]
1 2.30/2.31 0.8+0.7 < 6.9(90% C.L.)
2 2.74 22409 <2.8(90% C.L.)
3 3.68 41+£12 3.7+£2.6

4 4.44 37.5+6.8 10.8 £3.3

5 4.91 19+£1.2 < 3.7(90%C.L.)
6 5.10 < 0.1 (90% C.L.) 54426

7 5.18 1.3+0.9 < 6.2(90% C.L.)
8 5.27 99+1.9 8.0+2.7

9 6.13 223+4.1 9.4 +£3.1

10 6.18 46+13 92+34

11 6.32 129 +£2.5 153+42

12 6.92 6.0+1.5 72+2.6

13 7.12 9.0+1.9 53423

identified in this work than in the work done in Ref. [11] because of the improvement on the
energy resolution thanks to the HPGe detector. For example, the y-rays of 2.74 MeV from
1°0(27), 4.91 MeV from 'N(07), 5.10 MeV from *N(27), and 6.18 MeV from *N(3 ") are
newly measured. It is difficult to identify the 5.10 MeV y-ray based on its photopeak in Ref. [17]
because it suffers from the double escape peak of the intense 6.13 MeV y-ray. However, our
spectrum fit method improves sensitivity to such peaks due to information on the spectrum
shape, e.g. the single and double escape peaks and Compton edge.

In the present work, the 6.18 MeV and 6.32 MeV y-rays are observed and their cross sec-
tions are measured. They are due to deexcitation from a 3-hole state of O and N, re-
spectively, which are expected to be generated as a result of the NCQE reaction by neutrinos
as well [9,10]. The measured cross section of the 6.32 MeV y-ray is larger than that of the
6.18 MeV y-ray at both 30 and 250 MeV. This is considered to be because a neutron is more
likely to collide with a proton than a neutron due to the nucleon isospin.

Figure 14 shows a comparison between measurements of the '°O(n, Xy ) cross sections of the
4.44 MeV, 5.27 MeV, 6.13 MeV peaks and the total y-ray production from the present work
and Refs. [11,17]. The measured cross section at a 250 MeV neutron energy shows consistency
with the adjacent data points from Ref. [17] within the estimated uncertainty. In contrast, our
measurement results at a 30 MeV neutron energy show smaller cross sections by a factor of 2-3
than Ref. [17]. This is under investigation in more detail using a Monte Carlo simulation, but
is no longer discussed here as it is beyond the current scope.

In this work, as shown in Tables 2 and 3, the measured cross sections for the decay mode with
neutron emission (y-rays of 2.31,4.91, 5.10, 5.18, and 6.18 MeV) are smaller compared to oth-
ers. At water Cherenkov detectors, because protons and ions with energies of current interest
are not observable, nuclear reactions with an additional neutron emission are more crucial.
Our results may indicate that the secondary y-ray emission is likely to be caused by the initial
neutron from the primary neutrino interaction in many cases. In the NCQE measurement at
T2K [6], as mentioned in Section 1, the observed number of events at large Cherenkov angles,
where events with more y-rays are reconstructed, was smaller than the expectation by Monte
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Fig. 14. Measured cross sections of the 4.44 MeV (top left), 5.27 MeV (top right), 6.13 MeV (bottom
left), and total (bottom right) y-ray production as a function of neutron kinetic energy. The results of this
work (red points) and E487 (green point) are compared with Ref. [17] (black) in each plot. The 6.13 MeV
y-ray production by proton—oxygen interaction [18] (blue points) is displayed as well.

Carlo simulation in the neutrino-dominant sample. In contrast, this mismatch was found to be
mitigated for the antineutrino-dominant sample. The kinetic energy of knocked-out nucleons
by neutrino interactions is larger than that by antineutrinos and hence the observation in T2K
implies that the current model predicts more secondary y emission for higher-energy neutrons.
This could be improved by the measured fact in this work that secondary y-rays are dominantly
produced by the initial neutron. Another useful reference is measurement of the neutron mul-
tiplicity for neutrino interactions performed by T2K using its charged-current (CC)-dominant
sample [19,20]. In this study, the observed number of neutrons after the CC interaction was
significantly smaller than the predictions by three different neutrino interaction models. While
the results are from the CC-dominant sample, the same secondary interaction model is used as
for NCQE in T2K. This study accesses the final-state neutron more directly than Ref. [6], as it
was done via y-rays, and strongly supports the indication that the current model contributes
more secondary neutron interactions. In addition, in Ref. [8] using the atmospheric neutrino
NCQE sample, the Cherenkov angle distributions from observed data and different secondary
interaction models are compared. This disfavors the secondary interaction model based on the
intranuclear cascade model by Bertini [21] used in the two T2K studies above. Instead, the
INCL++ model [22] is favored in this sample, and therefore comparing the prediction from
this model and the current beam test results would be interesting.
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7. Conclusion

The E525 experiment to measure y-rays from the neutron—oxygen interaction was carried out
at RCNP using a quasi-mono energetic neutron beam at 30 and 250 MeV. A high energy reso-
lution is achieved using the HPGe detector and helps to identify multiple y-ray peaks. Neutron
flux measurement using the BC-501A scintillator confirms the absolute flux of quasi-mono en-
ergetic neutrons by lithium—proton interaction and its corresponding timing window for the
signal y-rays in the HPGe detector. We took special care with the choice of proton beam cur-
rent in order to avoid a potential human error on the current measurement that was suspected
to have occurred in the former E487 experiment. The background estimation and subtraction
were done based on the off-timing and the empty container data. A spectrum fitting method is
employed based on a chi-squared to measure the cross section for each peak and the remaining
background events simultaneously. The production cross sections of 13 kinds of y-rays and the
total of them were measured, and this work gives the first measurement results at a 250 MeV
neutron energy. The obtained data are useful for validation of neutron inelastic interaction
models used in detector simulations for neutrino event predictions. Comparing the simulation
results with the present experimental data will help improve the systematic uncertainty caused
by the neutron—oxygen interaction subsequently occurring after the neutrino NCQE interac-
tion in water Cherenkov detectors.
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