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Abstract Large-scale organic liquid scintillator detectors
are highly efficient in the detection of MeV-scale electron
antineutrinos. These signal events can be detected through
inverse beta decay on protons, which produce a positron
accompanied by a neutron. A noteworthy background for
antineutrinos coming from nuclear power reactors and from
the depths of the Earth (geoneutrinos) is generated by (o, n)
reactions. In organic liquid scintillator detectors, « particles
emitted from intrinsic contaminants such as 238U, 232Th, and
210pp/210pg, can be captured on '3C nuclei, followed by
the emission of a MeV-scale neutron. Three distinct inter-
action mechanisms can produce prompt energy depositions
preceding the delayed neutron capture, leading to a pair of
events correlated in space and time within the detector. Thus,
(o, n) reactions represent an indistinguishable background
in liquid scintillator-based antineutrino detectors, where their
expected rate and energy spectrum are typically evaluated via
Monte Carlo simulations. This work presents results from the
open-source SaG4n software, used to calculate the expected
energy depositions from the neutron and any associated de-
excitation products. Also simulated is a detailed detector
response to these interactions, using a dedicated Geant4-
based simulation software from the JUNO experiment. An
expected measurable 13C(oz, n)16O event rate and recon-
structed prompt energy spectrum with associated uncertain-
ties, are presented in the context of JUNO, however, the meth-
ods and results are applicable and relevant to other organic
liquid scintillator neutrino detectors.

1 Introduction

Over the decades since the first experimental evidence of
neutrino existence by Cowan and Reines in 1956 [1], liquid

2 e-mail: Juno_pub_comm@juno.ihep.ac.cn
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scintillator (LS) detectors have played a central role in neu-
trino physics. LS detectors of increasing size and improved
performance have been developed, boasting broad physics
programs. These detectors represent, so far, the only tech-
nology to detect reactor neutrinos at different baselines;
in searches for sterile neutrinos (NEOS [2], STEREO [3],
PROSPECT [4], DANSS [5]), measurement of neutrino
oscillation parameters 613 (Daya Bay [6], RENO [7], Double
Chooz [8]), or the so-called solar parameters 61, and Am%1
(KamLAND [9]). The same detection technique has been
exploited to measure geoneutrinos, as demonstrated by Kam-
LAND [10] and Borexino [11]. Outside of antineutrino detec-
tion, Borexino has provided world-leading measurements of
solar neutrinos, thanks to its unprecedented radio-purity [12].
SNO+ is also entering on the scene, with the primary goal to
search for OvBB decay [13], but also to measure reactor and
geoneutrinos [14]. JUNO [15,16] is the first multi-kiloton
LS detector, under construction in the South of China. Its
design is driven by its main physics goal to determine the
neutrino mass ordering [17], through precise measurement
of the oscillation pattern in the energy spectrum of reactor
neutrinos at a 52.5 km baseline.

Detection of reactor electron antineutrinos is made
through the charged-current Inverse Beta Decay (IBD) reac-
tion on protons:

Ve+p— et +n. (1)

IBD interactions feature a minimum antineutrino kinetic
energy threshold of 1.8 MeV, corresponding to the mass dif-
ference between the emitted particles, namely the neutron n
and positron e™, and the initial proton p. The products of this
reaction, schematized in Fig. 1, yield a distinct coincident sig-
nal. The positron et deposits its kinetic energy in the LS, then
quickly annihilates with an electron in the detector, producing
detectable scintillation light. This prompt signal bears infor-
mation of the energy of the incident neutrino. The emitted
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Fig. 1 Schematic of the IBD reaction on proton used for electron
antineutrino detection in LS detectors. It demonstrates the origin of the
prompt (violet area) and the delayed (blue area) signals, and underlines
the similarity with the background caused by (c, n) reactions shown in
Fig. 5

neutron propagates on a random walk, quickly thermalizing
via elastic collisions, typically with protons in the detector,
until itis eventually captured by a proton/nucleus in the detec-
tor. Neutron capture on protons yields a deuteron followed by
a2.2MeV y. Neutrons can also be captured on '>C in organic
LS that leads to a 4.95MeV y emission. This option takes
place with about 1% probability. The delayed event typically
happens in LS with an averaged lifetime of roughly 200 ps,
where its precise value depends on the exact LS composition.
Moreover, if LS is doped with gadolinium, neutron captures
predominantly occur on isotopes of this chemical element,
the capture time is substantially reduced, and a series of y's
with a total energy of 8 MeV is emitted [18]. In any case, the
capture usually happens tens of centimeters away from the
IBD interaction point. The distinct prompt-delayed space and
time coincidence is a powerful characteristic for the selection
of antineutrino interactions.

In spite of the background suppression power of the IBD
coincidence tag, several background categories pose impor-
tant challenges in antineutrino detection. Cosmogenic or
accidental coincidence pair backgrounds, for example, can
be evaluated and constrained in analysis by exploiting inde-
pendent data sets. This can be done by collecting the events
following cosmogenic muons and using off-time windows in
the search for IBD-like events, respectively. Another corre-
lated background, which can mimic the IBD signal, is known
as the («,n) reaction, the focus of this work. In organic LS
detectors, where there are large amounts of carbon, the dom-
inant (&, n) reaction occurs on 3C (with a natural abundance
of 1.1% [19]). This produces 160), often in an excited state,
alongside a MeV-scale neutron. Preceding the delayed neu-
tron capture, prompt signals can be generated by inelastic
scattering of the neutron, along with higher energy radiation

emitted upon the de-excitation of 16y, leading to correlated
event pairs within the detector. Thus, the (o, n) reactions rep-
resent an indistinguishable background in LS-based antineu-
trino detection. It is worth noting that (¢, n) reactions can also
act as a background in direct searches for dark matter [20].

In general, an « can induce neutron emission from a
nucleus in the LS cocktail via several reactions. The most
basic one is the breakup of a deuteron into a proton and a
neutron:

a+2H—>a+p+n. 2

This process is significantly mitigated by the small nat-
ural abundance of deuterium (0.001-0.028% [21] versus
1.1% [19] for 13C), though the cross sections of the
13C(«r,n)'90 reaction and the deuteron breakup are compa-
rable [22-25]. Other reactions are related to the presence of
additional chemical elements in the fluor and/or wavelength
shifter, which in the case of JUNO are oxygen and nitrogen,
as shown in Sect. 2. The respective neutron production rates
are also negligible because of the small fractions of these
components in the scintillator (from several mg/L to a few
g/L) and the high energy thresholds of the processes, which
are comparable to or exceed the maximum « energies in the
232Th and #38U decay chains (~ 8-9MeV).

This work focuses on the evaluation of the («,n) back-
ground, the prediction of which strongly relies on Monte
Carlo (MC) simulations and cannot be evaluated from inde-
pendent datasets. In several experiments, the principal o
particle source assumed to produce («,n) reactions, was
210p, [9,11,14], but these reactions can also be sourced by
o particles of various energies produced along the 233U and
232Th decay chains [26]. The relative contribution of different
a-producing isotopes depends on the achieved radiopurity of
the LS.

Presented here are results for the (¢, n) background sim-
ulated in the JUNO experiment. First introduced is the
JUNO detector in Sect. 2. The assumed sources of «s in
LS are detailed in Sect. 3. The main characteristics of the
B3C(a,n)'0 reactions and the generation mechanisms of
the prompt and delayed signals are then described in Sect. 4.
13C(ar,n)'°0 reactions are simulated in the LS target using
SaG4n v1.3 software [27,28], presented in Sect. 5, along-
side the estimated interaction rates and neutron yields, with
respective uncertainties. Products of the («,n) reactions,
which deposit energy in the LS predicted by SaG4n, are
then input to the JUNO simulation software (JUNOSW) [29],
implementing the full detector response and event recon-
struction, which is covered in Sect. 6. Also presented in this
section is the selection procedure of IBD-like events due to
(e, n) reactions, and the final expected measurable spectral
shapes. Section 7 summarises the expected IBD-like back-
ground event rates due to 13C(oz,n)160 reactions, based on

@ Springer
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Fig. 2 Schematic drawing of
the main JUNO detector

—

assumed natural radioactivity concentrations in JUNO, along
with discussion of the various systematic uncertainties. Sec-
tion 8 concludes the article and summarises the results, high-
lighting their possible applications and relevance to other
organic LS-based neutrino detectors.

2 The JUNO detector

The Jiangmen Underground Neutrino Observatory (JUNO)
experiment is a 20-kiloton LS detector in southern China in
an underground laboratory with a vertical overburden of ~
650 m (1800 m.w.e.). JUNO’s primary physics goal is to mea-
sure the neutrino mass ordering (NMO), by resolving the fine
structure due to flavor oscillations in the antineutrino energy
spectrum from nearby nuclear reactors. In order to achieve
this precision measurement, the detector is expected to reach
an unprecedented energy resolution of 3% at 1 MeV [30].

A sketch of the JUNO detector is shown in Fig. 2. It
consists of a Central Detector (CD), containing 20kt of LS
in a 17.7m radius acrylic sphere of 120 mm thickness. The
acrylic vessel is supported by a spherical stainless steel (SS)
structure via 590 connecting bars. The LS target is watched
by 17,612 20-inch and 25,600 3-inch photomultiplier tubes
(PMTs) mounted on the SS structure. This allows for a first-
rate photosensitive coverage (75.2% for the 20-inch and 2.7%
for the 3-inch PMTs), which is needed to collect a large num-
ber of photoelectrons per unit of deposited energy in the scin-
tillator.

The LS cocktail has been optimized in dedicated studies
with the Daya Bay detector [32]. The LS is primarily made
up of linear alkylbenzene (LAB), consisting of long alkyl
chains and typically containing 10-16 C atoms with a ben-
zene ring attached at the end. JUNO employs a primary fluor

@ Springer
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in the form of 2,5-Diphenyloxazole (PPO), at a concentration
of 2.5g/L, to avoid scintillation light re-absorption during
its propagation within the detector. To increase the scintil-
lation detection efficiency on PMTs, a wavelength shifter of
p-bis-(o-methylstyryl)-benzene (bis-MSB) is also added at
3mg/L. LAB and its associated fluors were selected due to
its high light yield, good «/f particle discrimination [33],
and the ability to reach very high levels of purity. This scin-
tillation mixture expects to allow for light attenuation lengths
greater than 20 m at 430 nm in order to make up for the huge
CD dimensions. In order to boost light collection, and reduce
the levels of aforementioned naturally occurring radioactivity
within the LS, it is passed through optical and radiochemi-
cal purification [34]. A pre-detector (OSIRIS) also monitors
15% of the LS for its radioactive contamination levels prior
to filling into the JUNO detector [35].

The CD is submerged in a cylindrical water pool (WP)
of 43.5m diameter and height of 44.0m, filled with 35kt
of ultrapure water. The WP shields the CD against exter-
nal fast neutrons and ys. It also acts as a Cherenkov
veto for atmospheric muons, which have a flux of about
4% 1073 m~2 s~ Cherenkov light produced by muons pass-
ing through water can be detected by the 2400 20-inch PMTs
installed on the outer surface of SS structure. On the top of
the WP, a Top Tracker (TT) is placed to precisely measure
the tracks of a subsample of the crossing muons [36].

Multiple calibration systems implementing radioactive
and laser-based sources have been developed to calibrate the
detector and to evaluate the non-uniformity and non-linearity
of its response. The employed radioactive sources include y
sources of various energies, a ®*Ge positron source, 24! Am-
Be (AmBe) and 2*! Am-!3C (AmC) neutron sources. Calibra-
tion operations will be carried out through a stainless steel
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Table 1 Summary of «

238 : 232 :

decaying isotopes from the 238U U chain Th chain

and 232Th chains in secular Parent 712 Ey [MeV]  BRy [%]  Parent 712 Ey [MeV]  BRy [%]

equilibrium, showing the

respective half-lives 71 /2, o 238U 44x 100y 4198 79.0 22Th 1.4 x 100y 4012 78.2

energies E, and branching 4.151 20.9 3.947 21.7

ratios B R, based on 234 5 208

NuDAT [31]. Branches with U 24x 100y  4.774 71.38 Th 191y 5.423 73.4

B R, less than 1% are not shown 4722 28.42 5.340 26.0

here but considered in the 20Th 7.5 10*y  4.687 76.3 22%Ra  3.66d 5.685 94.92

analysis and depicted in lower 4.620 23.4 5.448 5.06

part of Fig. 4 ' ' ' ’
226Ra 1600y 4784 93.84 220Rn 555 6.288 99.88

4.601 6.16 216po  0.14s 6.778 99.99

222Rn  3.82d 5.489 99.92 212Bi  61min 6.089 9.74
218po 3,098 min 6.002 99.98 6.050 25.12
24Py 164.3ps 7.686 99.96 via 212Po 8.784 64.06
210po  138.3d 5.304 99.99 (3 x 1077s)

chimney, which connects the CD to the outside from the top.
Calibration sources can be deployed throughout the inside
of the acrylic vessel using an Automatic Calibration Unit
(ACU) [37], which covers the central axis, while the Cable
Loop System (CLS) [38] allows for coverage of the off-axis
region in a two-dimensional plane. A Guide Tube Calibration
System (GTCS) [39] can place sources on the outer surface of
the acrylic sphere. Details regarding the calibration systems
and strategies can be found in [40].

JUNO’s world-leading size, low backgrounds, and
unprecedented energy resolution, allow for a very broad
physics program, measuring neutrinos from various sources,
ranging in energy from tens of keV to tens of GeV [15,16].
Beyond reactor antineutrinos, JUNO will be able to detect
solar, geo, atmospheric, and supernovae neutrinos, and to
search for evidences of physics beyond the Standard Model
(BSM) [16,41-46].

3 Sources of o particles

Liquid scintillators employed in neutrino detectors
undergo complex purification procedures, strongly reducing
its radioactivity. Nevertheless, residual impurities do contain
o emitting isotopes triggering '3C(«, n)'0 reaction. The
most common source of as was found to be 219Po [9,11,14],
the last radioactive isotope of 233U chain, often breaking the
secular equilibrium of the chain and contaminating the LS in
much increased levels. Out-of-equilibrium 2!°Po with half-
life of 138.4 days can be brought to LS stand-alone from
external materials due to its chemical properties and mobil-
ity [47]. 238U chain secular equilibrium is often broken also
by increased levels of relatively longed lived >'°Pb. With its
22-year half-life, 2'°Pb represents a steady source of 2!°Po
in the LS, via

210py (8=, 0 = 63.5keV) — 219Bi (87, 0 = 1.16 MeV) —
3)
— 219po (@, 0 = 5.407 MeV).

Moreover, 238U chain also includes another long-lived
nuclide, namely 2?°Ra with 1600-year half-life, which is
a source of >?’Rn and a series of short-lived daughters.
The respective out-of-equilibrium component [20] might be
present in the JUNO CD, if, for example, there is an air leak,
usually containing a large amount of >?>Rn. This extra source
of « particles can be easily identified by monitoring the rate
of so-called Bi-Po events (see Sect. 7.2.1).

Liquid scintillators typically contain residual amounts of
238U and 2%2Th in secular equilibrium, in which decays
from all the daughter isotopes occur at the same rate. The
o decaying isotopes, 8 from the 238U and 6 from the 232 Th
chains, produce, respectively, 12 and 11 «s, as summarized
in Table 1, showing the respective half-lives, o energies, and
branching ratios from NuDAT [31]. The relative weights of
different as as a function of their energy in both chains are
visualized in Fig. 3.

The world’s best LS radiopurity was achieved by Borex-
ino [48,49], suppressing 238U and 232Th by ten orders of
magnitude (less than 9.4 x 10729 g/g of 238U and less than
5.7 x 10712 g/g of 32Th at 95% C.L.). This level of radiop-
urity was fundamental for the successful detection of solar
neutrinos via elastic scattering off electrons. In Borexino,
out-of-equilibrium 2'°Po was thus the only source of the
overall almost negligible (¢, n) background in the measure-
ment of geoneutrinos [11]. Thanks to the IBD coincidence
tag, experiments which focus on antineutrino detection do
not require such extreme radiopurity levels. Nevertheless, the
(o, n) background played an important role in KamLAND’s
reactor [50] and geoneutrino measurements [10], especially
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Fig. 3 The branching ratios of « particles from the 2381 (left) and 32Th (right) radioactive chains in secular equilibrium (see also Table 1) are
shown as a function of « energy. The « from 2!°Po, often breaking the equilibrium of the 233U chain, is marked with a red circle in the left figure

in its first phase before additional LS purification. Recent
reactor antineutrino measurements in SNO+ featured signif-
icant rates of 219Po-sourced (e, n), which proved to be the
most significant background [14]. The Daya Bay experiment
considered « decays from 2!Po, 238U, 232Th, and **’Ac,
however, due to the very high reactor signal flux, (o, n) was
evaluated to occur at a negligible rate [26].

In this work, we evaluate the 13C(Ol, n)160 background
from 238U and 232Th chains, from out-of-equilibrium
210pp/210po, and from unsupported 21°Po in JUNO. As the
final LS radiopurity is not yet known, we consider the mini-
mum radiopurity level requested for the NMO measurement,
that is, 10~ 13 g/g for 2381 and 232Th. 2!10Pb, which subse-
quently decays to >!°Po, can fall out of equilibrium from
the 238U chain, and is evaluated to be 5 x 10723 g/g relying
on JUNO’s radioactivity control strategy [42,51]. The con-
tamination from unsupported 2!°Po is 5 x 1072* g/g, based
on a 21%Po rate of 8 x 10*cpd/kt (“cpd” stands for counts
per day) reported in Borexino as the average value in the
whole LS volume at the beginning of data taking [11]. It
is reasonable to assume that this initial contamination orig-
inated from the inner surfaces of the LS filling system and
the target vessel. We assume the same contamination level of
the surfaces in JUNO as in Borexino, accounting for differ-
ences in surface areas and LS volumes. The 227 Ac « source,
observed in the Daya Bay measurement, is not expected to
have significant presence in JUNO and is therefore not con-
sidered in this work. The 235U decay chain, of which 227 ¢
is a daughter isotope, has a natural abundance of less than
1%. The heightened concentration of >7 Ac seen in Daya Bay
was determined to originate from the Gd loaded in their LS,
which will not be added to the JUNO LS cocktail during the
NMO-measurement phase.

@ Springer

4 13C(ot, 1)100 reaction in liquid scintillator

The cross-section which quantifies the probability of a
3C(«r,n)'90 reaction occurring for a given incident o par-
ticle energy, used in this work, is shown in the top part of
Fig. 4. These data are adopted from the JENDL/AN-2005
data library [23], implemented in SaG4n package as the only
available evaluation of the («, n) reactions cross-sections,
which was calculated based on experimental data. The data
points in the top plot of Fig. 4 show multiple resonances,
which is expected for (¢, n) reactions on light nuclides, such
as 13C. This dependence is due to the complex mechanism
of formation of a compound nucleus, which has numerous
energy levels for possible excited states. The lower part of
Fig. 4 shows the complete o spectra from 28U and 2**Th
chains, including branches with BR, below 1%, that were
not explicitly discussed in the previous section, but consid-
ered in the analysis. It can be seen that « particle energies
extend from around 3.5MeV to 9MeV.

There are three distinct mechanisms by which the
3C(a,n)'00 reaction can mimic an IBD coincidence pair,
schematized and labeled in Fig. 5. In each case, a neutron
is emitted, producing an identical delayed neutron capture
event. The basic scenarios of the prompt formation can be
described as follows:

1. Prompt-I from scattered protons: The emitted
neutron elastically scatters multiple protons within the
first O(ns) of its random walk, producing scintillation
light.

2. Prompt-II from '°O* de-excitation: Upon the capture of
an « particle with a kinetic energy above ~ 5MeV, 1°0
may be produced in an excited state. For the first excited
state, n1, during de-excitation, a pair of e ™ + ¢~ is emitted
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Fig. 4 Top: values of the 13C(a, n)1°0 reaction cross-section as a func-
tion of the initial o energy are taken from the JENDL/AN-2005 data
library [23] and shown with different markers for the considered exci-
tation levels of oxygen. The total cross section is shown in black; note
that below 5 MeV this overlaps with red markers of the cross section for
the case when '90 is created in the ground state ng. The other colours

with a total kinetic energy of 5.03 MeV. The annihilation
of the positron with an electron in the detector yields
ys of total energy 1.02 MeV, resulting in a prompt event
with a total deposited energy of 6.05MeV. In the cases
160 is produced in its 2nd, 3rd, and 4th excited states,
na, n3, and ng4, transitions to the ground state release y's
with energies 6.130MeV, 6.917MeV, and 7.117MeV,
respectively, as seen in Fig. 6.

3. Prompt-III from >C* de-excitation:'%0 is produced in
its ground state, but the high energy neutron inelastically
scatters off a '>C nucleus, prompting its excitation and
subsequent emission of a 4.4 MeV y.

We note that the proton scattering, described in Prompt-I,
also occurs in coincidence with the Prompt-II and Prompt-II1
mechanisms. In these cases, however, the available energy for
the neutron has already been used in the excitation of either

E, [MeV]

mark the partial cross sections of the cases when '°0 is produced in
excited states up to n4. Dotted lines connecting data points are to only
guide the eye. Bottom: the complete « spectra from 233U and 2*>Th
chains assuming secular equilibrium and from 2'°Po decay, used in this
study

160 or 12C, where proton scattering causes emission of only
a small amount of scintillation light.

We also note that the « particle deposits a fraction of its
initial kinetic energy into the LS before its capture on '3C.
Furthermore, the quenching effect strongly decreases the vis-
ible energy produced by «s, typically by an order of magni-
tude compared to e/~ and ys. Consequently, the as yield
small but measurable scintillation light which combines with
each of the prompt processes described above. The quench-
ing effect is discussed in more detail in Sect. 7.2.2.

Overall, 13C(oc, n) 160 reaction can produce IBD-like
coincident signals with prompt energies up to about 7MeV,
featuring a complex energy spectrum. The following section
describes the simulation of 13C(a, 17)'°0 reactions in LS
using the SaG4n tool.

@ Springer
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5 Simulation of the 13C(oc, 1)100 reaction in liquid
scintillator

The first step in the evaluation of an IBD-like background
from 3C(a, n)160 reaction is its simulation using the
Geant4-based simulation tool SaG4n [27,28]. SaG4n pack-
age version 1.3 with Geant4.11.1.2 [52-54] was used in this
work. Taking into account the incident as of different ener-
gies from expected radio-impurities, we simulate the energy
loss by as in the LS until its eventual capture on '3C nuclei,
accounting for the cross-sectional energy dependence. Sev-
eral cross-section libraries are available within the program.
We adopted the JENDLTENDLO1 dataset, since it contains
the aforementioned JENDL/AN-2005 cross section evalu-
ations for capture on carbon. In Sect. 5.1 we describe our
inputs and settings used in the SaG4n software, which can in
general be used to simulate various (¢, n) reactions in dif-
ferent materials. Section 5.2 describes simulation results in
terms of the branching ratios of different energy levels of the
produced 160 nucleus, neutron yields, and neutron energy
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spectra. In Sect. 5.3 we discuss various systematic effects
that can impact our conclusions.

5.1 SaG4n software settings and inputs

SaG4n requires definition of the target material composition
and geometry, sources of s, and of several parameters char-
acterizing the simulation process. We simulated the (o, n)
reaction as well as the de-excitation of the 10 nucleus, while
all secondary particles are disabled. In this work, we have
used the following definitions:

e Alpha sources: We simulated 2 x 10° decays of >!°Po and
the same number of alphas from 233U and 2*2Th chains
in secular equilibrium. For the latter two, we used built-
in SaG4n functions to provide the energies and relative
intensities of each o decay within these chains, as seen in
the lower part of Fig. 4. All as are emitted isotropically
within a cube of 10 cm side length placed in the center of
the simulated target.

e Target geometry: A cube of 100cm side length, suffi-
ciently large with respect to the size of the « sources and
mm range of s, guaranteed full energy deposition in the
target.

e Target material: JUNO LS was characterized with a sim-

plified chemical formula C¢HsC14H»9 and with a density

of 0.853 g/cm? at 20 °C. The corresponding mass frac-

tions of hydrogen and carbon are 12.49% and 87.51%,

respectively. Since the scintillator cocktail consist of

99.7% LAB by mass, there is assumed negligible impact

of the C nuclei present from the PPO and bis-MSB fluors.

A natural abundance of 13C equal to ~1.1% [19] was

considered.

Simulation parameters: The SaG4n parameter named the

bias factor allows one to magnify the o capture cross sec-

tion in the material in order to reduce the computing time
for the simulation of a desired number of events. Conse-

quently, reaction products are generated with weights o,

which take into account the enhancement of the («, n)

cross section. A bias factor of 10* was assumed in this

work. It was found that there was negligible impact to
results when bias factors of 10° or 10° were used. Another
important parameter is the maximum allowed step length

(Smax) for the propagation of « particles within the mate-

rial. The chosen step length, unless stated otherwise, was

1 um, a factor of 10 smaller than SaG4n’s default value.
This choice is discussed in Sect. 5.3.

5.2 Reaction products

SaG4n outputs information about all energy-depositing parti-
cles involved in the (o, n) reaction. For each simulated inter-
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action, we recorded the energy, position, and direction of «
at emission and capture on '3C as well as of the neutron and
160 de-excitation product(s).

The neutron yield Y[n/a] in SaG4n simulation, i.e. the

probability per « to trigger a 3C(a, 1)'°0 reaction, can be
estimated as:

1 N)l
Yinjo] = — > i 4)

i=1

where N, is the total number of neutrons produced in sim-
ulation, w; is the weight of each neutron event, and Ny is
the number of simulated initial « particles. For radioactive
chains, we define neutron yield of the whole chain in secular
equilibrium, Y [n/chain], that is obtained by multiplying the
Y[n/«] by the number of @-decaying isotopes in each chain,
e.g. 8 for 238U and 6 for 23 Th.

Results from the simulation of 2!°Po are shown in Fig. 7.
The 5.3MeV « allows population of not only the ground
state but also of the 15t and 2" excited states of '0. The
energy spectrum of de-excitation eTe™ pairs! at 6.049 MeV
and ysat 6.130 MeV can be seen in the left plot of Fig. 7. The
right part of this figure demonstrates the correlation between
the energy of emitted neutron and the deposited energy of
o particle prior to its capture. When 90 is produced in its
ground state, the emitted neutron acquires energies in the
range of 3—-7MeV and energy depositions from the o can
extend up to about 4.5MeV. The horizontal bands clearly
visible in the figure correspond to the fine structure in the
o capture cross section, as shown in the top part of Fig. 4.
Thus, as the o decreases in energy, the probability of its
capture can increase by a factor of more than 100 at certain

1 SaG4n actually generates a single y for the e* ¢~ mode, with a corre-
sponding total energy of 6.049 MeV. This technical feature is corrected
in the next simulation stage, as described in Sect. 6.1.

energies. When 90 is produced in an excited state, most
of the o energy is absorbed in the excitation itself. In these
cases, the o deposits only a small amount of energy before
its capture (well below 0.5MeV) and only similar amounts
of energy are transferred to the emitted neutron.

Figures 8 and 9 show final states from the simulation of
3C(a, n)!'°0 reactions triggered by as from the 233U and
232Th chains in secular equilibrium, respectively. The com-
plexity of the results is due to the extended number of emitted
as of different energies in each of the decay chains.

Numerical results regarding branching ratios of the energy
levels of '°0 and neutron yields Y [n/«] and ¥ [n/chain] for

210pg and the 238U and 2*2Th chains are summarized in
Table 2.

5.3 Systematic effects

Major systematic effects influencing the precision of our sim-
ulation of the 3C(a, 1n)'90 reaction are the cross section
uncertainties, comparison of our results on neutron yield to
SaG4n reference, and the choice of non-physical parame-

ters assumed in the simulations. They are discussed in this
section.

Alpha capture cross section

The developers of the SaG4n software provided a comparison
of the neutron yield from SaG4n to several calculation tools
and nuclear data libraries for («, n) reactions. Their tests
covered more than 10 types of target materials including pure
carbon, using 235y, 238(, and 232Th decay chains as the o
sources. The conclusion was that the neutron yields obtained
with the SaG4n code and the JENDL/AN-2005 data library
agreed with the experimental data within about 1% for carbon
and better than 10% in most other cases [27,28].
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Fig. 7 SaG4n simulation of the 13C(a, n)!°0 reaction in the JUNO
LS triggered by 5.3MeV « from 2!%Po. Left: spectrum of ete™ pairs
and ys from de-excitation of the first and second 160 excited states,

In 2018, Mohr re-evaluated the 13C(a, n)160 Cross sec-
tions in the o energy region from 5 to 8 MeV [22], based
on the capture data taken up to § MeV from Harissopulos et
al. [55]. Mohr proposed an average uncertainty of about 15%
in the cross section up to 8 MeV in « energy.

Figure 10 shows the BC(a, n)'0 cross sections as eval-
uated by Mohr and those available in the JENDL/AN-2005
library used in this work. The observed small discrepancy is
mainly due to the use of different experimental data. How-
ever, thanks to the relatively close agreement of the curves
in Fig. 10, the total cross-sectional uncertainty of 15% deter-
mined by Mohr was assumed to be the uncertainty in the
neutron yield calculations using SaG4n.

Comparison to SaG4n reference neutron yields

The developers of SaG4n provided reference values of neu-
tron yields from (¢, n) reactions, using 235y, 380, and 22 Th
decay chains as the o sources, based on experimental data
and their calculations [27,28]. The reference point on pure
carbon target can be used to evaluate the precision of the neu-
tron yields from this work. We repeated our calculations for
targets with different hydrogen mass fractions in the range
from zero (pure carbon target) to 50%, while keeping the
density of 0.853 g/cm?. Stated previously, the target repre-
senting the JUNO LS assumed a hydrogen mass fraction of
12.49%.

Figure 11 compares our results for the 233U chain with
different references points. The neutron yields obtained with
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Neutron energy [MeV]

respectively. Right: correlation between the energy of emitted neutron
and deposited energy of the « particle prior to its capture

SaG4n software version 1.3, using the JENDL/AN-2005 data
library, are shown for the LAB evaluation (black open cir-
cle) and for the variable hydrogen mass fractions (black
full circles). We also show the pure-carbon reference values
provided by SaG4n developers based on calculations with
SaG4n v1.0 and JENDL/AN-2005 (blue cross) and from
measurements (red cross). While the two reference points
are in agreement, a discrepancy of ~ 18% can be seen with
respect to our pure-carbon evaluation. The corresponding
level of agreement for 232Th source was found to be 13%.

For further comparison, simulations were also run using
the NeuCBOT calculation framework [20,56,57]. It can uti-
lize the identical JENDL/AN-2005 cross-section database
used in the SaG4n simulations. Two green triangle markers
represent the 233U NeuCBOT results for a pure-carbon mate-
rial as well as for LAB. Our calculations with NeuCBOT and
SaG4n are consistent at the level of 10% for 23U and 5% for
232Th.

The leading reason for these discrepancies was found
to be due to the Geant4 version used during simulations.
This work implemented the latest SaG4n software version
1.3, which was compiled with Geant4.11.1.2. The two ref-
erence values from the SaG4n article [27,28] were based
on SaG4n software version 1.0, which was compiled with a
modified version of Geant4.10.4.p01, and experimental data
taken from [58], respectively. When we performed calcula-
tions with the older SaG4n version 1.1 and Geant4.10.05.p01,
recommended by the authors, the yield difference com-
pared to the original reference calculated yield (red marker),



Eur. Phys. J. C (2025) 85:1080

1080

Fig. 8 SaG4n simulation of the
13C(a, n)'°0 reaction in the
JUNO LS triggered by «s from
the 233U chain in secular
equilibrium. Top left: spectrum
of eTe™ pairs and ys from
de-excitation of the Ist and the
2nd to 4th 1°0 excited states,
respectively. Other plots show
correlations between the energy
of emitted neutron and the
deposited energy of « particle
prior to its capture: top right plot
for the case when '°0 is created
in its ground state, while the
remaining plots for the cases of
the 1st to 4th 190 excited states,
respectively

Table 2 Neutron yields and
branching ratios (BR) of the
populated '°0 nucleus states
from SaG4n simulations

reduced to 8%. This work assumes the latest software ver-
sions available at the time of writing. To account for the dif-
ferences in yields between our latest results and the available
experimental reference data, a systematic error of 18% was

assigned.
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Maximum allowed step length for o simulation

The maximum allowed step length Spax of a simulated « in
SaG4n (Sect. 5.1) was derived from the G4UserLimits class
of the Geant4 standard library. Smaller values of Spax lead
to more detailed tracking of the propagation of « particles,

@ Springer



1080 Page 14 of 21

Eur. Phys. J. C (2025) 85:1080

Fig. 9 SaGd4n simulation of the

13C(a, n)'°0 reaction in the
JUNO LS triggered by «s from
the 232Th chain in secular
equilibrium. Top left: spectrum
of eTe™ pairs and ys from
de-excitation of the Ist and the
2nd to 4th 1°0 excited states,
respectively. Other plots show
correlations between the energy
of emitted neutron and the I
deposited energy of « particle r

Entries

i
6.5

7

Alpha deposited energy [MeV]

i i i L
7.5 8 10

prior to its capture: top right plot o 5i5 6
for the case when '°0 is created ]

in its ground state, while the

remaining plots for the cases of

De-excitation energy [MeV]

Neutron energy [MeV]

the 1st to 4th 190 excited states,
respectively

Alpha deposited energy [MeV]

: 232Th

O excited state

Alpha deposited energy [MeV]

0 05 1 15 2 25 3 35 4
Neutron energy [MeV]

Alpha deposited energy [MeV]

O0 0.5

allowing for more precision on the yields, at the expense of
longer computation times. A study of the optimal Spax in
the JUNO LS target was carried out by scanning the range
of Smax from 1078 m to 10~> m, assuming 210pg a5 well as
238U and 3?Th chains as the o sources. Figure 12 shows the
dependence of the neutron yield on the « step length. It can be
seen that below Spax = 107° m, the yield approaches a stable
value, within statistical fluctuations. Based on these studies,
a value of Spmax = 107°m was assigned for the simulation
results shown in this work. Regarding the impact of the « step
length on the systematic uncertainty on the neutron yield,
a 5% value was assigned to reflect the fluctuations in the
neutron yield seen for Spax smaller than 10~° m, for all three
o sources.
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6 JUNO detector response to 13 C(a, n)1%0

In this section, we discuss simulation of the JUNO detec-
tor’s response to the products of 13C(O€, n)lﬁO reactions,
described in the previous section. The JUNO collaboration
has developed a dedicated Geant4-based software for detec-
tor performance studies, named JUNOSW [29]. This pack-
age reflects a detailed detector geometry and models parti-
cle energy depositions, light production including non-linear
quenching effects, light propagation, as well as the response
of PMTs [59,60] and readout electronics. JUNOSW also
includes event energy and vertex reconstruction algorithms.
Further details regarding simulation and the reconstruction
algorithms can be found in [30].
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Fig. 11 Neutron yield as a function of hydrogen mass fraction in the
target material for the 13C(a, n)160 reaction, using the 238y decay chain
as the o source. The black circles represent the results obtained with
the tools utilized in this study: SaG4n v1.3 plus JENDL/AN-2005 with
Geant4.11.1.2. The black open circle corresponds to the respective yield
for JUNO LAB. For comparison, calculations using the NeuCBOT
framework with the JENDL/AN-2005 library are shown for the JUNO

Section 6.1 describes the interface between SaG4n and
JUNOSW. The following Sect. 6.2 treats coincident event
selection identically to that used in the IBD event search in
previous JUNO reactor antineutrino sensitivity studies [17,
61]. In Sect. 6.3 we finally present the spectral shapes of
the IBD-like background due to the B3C(a, n)'0 reaction
expected in JUNO.

LAB case (green open triangle) and for pure carbon (green full triangle).
The reference points taken from SaG4n developers [27,28] for SaG4n
v1.0 plus JENDL/AN-2005 with Geant4.10.4.p01 and for experimen-
tal data are shown in blue and red crosses, respectively. A deviation of
approximately 18% can be seen between the SaG4n result from this
work and the only available experimental reference value for pure car-
bon

6.1 SaG4n-JUNOSW interface

To simulate the detector response to 3C(a, n)'90 events
inside the JUNO LS, SaG4n outputs (Sect. 5.2) were used
to determine the initial particles with respective energies to
be simulated with the JUNOSW. These particles include any
products of the 16() de-excitation, either ysortheete™ pair,
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and the emitted neutron. For simulation of « particles, which
deposit only part of their initial energy in the LS before the
capture (Eqep), we apply an approximation that takes into
account the energy dependence of the quenching effectin LS.
The amount of emitted scintillation light for the same Eqep
depends on the kinetic energy of « particle. Thus, we simulate
the o with kinetic energy Egen, depositing all of its energy
in LS chosen such, that the same amount of light would be
produced as if the source « of higher energy would deposit
Egep. As the amount of scintillation light emitted by the «
prior to its capture is relatively small, this approximation was
deemed appropriate.

All initial particles in the JUNOSW are isotropically gen-
erated from a single vertex. There is only one exception,
which is the de-excitation from the first excited state of 160,
where the back-to-back topology of the et e™ pair is consid-
ered, but at the same vertex again. The assumption of isotropy
is acceptable for three reasons. Firstly, the « particle from the
a decay is emitted isotropically. Secondly, although the out-
going neutron has some angular distribution with respect to
the o particle direction at the moment of the reaction, this
can be neglected for the following reasons. « particles with
kinetic energies below 10 MeV only propagate in the LS up
to ~ 100 um within 10 ps, and the scintillation photons from
the energy deposit are isotropic. Given the spatial and time
resolutions of the detector, which are of the order of 10cm
at the considered « particle energies and 1 ns, respectively,
the JUNO detector sees the photons from the « energy depo-
sition as from an isotropic point-like source. Therefore, the
direction and track length of the « particle have no signif-
icant impact. Thirdly, since the («, n) reaction and the de-
excitation of the daughter nucleus are independent processes,
no angular correlation exists between the emitted neutron and
the de-excitation photon (or eTe™ pair).
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6.2 IBD coincident event selection

For the next step in the evaluation of backgrounds from the
13C(oz, n) 160) reaction expected in JUNO, we analyse simu-
lation results from JUNOSW after event reconstruction. We
perform coincident event selection, same to the one used in
the IBD event search in the reactor antineutrino analyses of
JUNO [17,61], namely we apply the following cuts:

e prompt-delayed time difference: dT < 1 ms;

e prompt-delayed vertex distance: dL < 1.5m;

e radial fiducial volume cut on the prompt vertex:
Ry < 17.2m;

e prompt reconstructed energy: E}, € (0.7, 12.0) MeV;

e delayed reconstructed energy: Eq € (1.9, 2.5) MeV or
Eq € (4.4,5.5) MeV.

The efficiency 5(132) of these cuts is 0.84 for the 238U

and 23%Th chains and 0.87 for 21°Po. The unequal efficien-
cies reflect the different energies of the respective '°0* de-
excitation products, also having different propagation ranges
in the LS, as it will be shown in the next section.

It is worth noting that the used criteria may be tuned, or
their set might even be partly changed in the further analyses,
which will be based on the collected data.

6.3 BC(a, n)'°0 reconstructed energy spectra

The reconstructed energy spectra £}, representing the back-
ground in the antineutrino analysis are shown in the left col-
umn of Fig. 13 for the 233U and 23Th chains and 2!°Po.
Different structures seen in these spectra represent the three
different mechanisms described in Sect. 4 and in Fig. 5. In all
three spectra, the broad peak below ~4 MeV reconstructed
energy is due to protons scattered by neutrons (Prompt-I).
All other more narrow peaks are due to the de-excitation of
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nuclei. The peaks above ~6MeV are de-excitation products
of 10* (Prompt-II), which have more complicated structure
in case of 238U and 23’Th, as as of higher energies from
these chains, compared to the ~5.3 MeV 210pg o, can excite
higher energy levels of 1°0. The smallest peak seen around
~5MeV is due to the y from '2C* de-excitation (Prompt-III).
We remind that additional energy depositions from proton
recoil or o before its capture can modify the reconstructed
prompt energy. This energy scale is also not corrected for
the intrinsic non-linearity effects in LS and is anchored at

34 5 6 7
Prompt energy [MeV]

T
Prompt-delayed dL [m]

15 2 25

8 9 10

a 2.2MeV y energy-scale equivalent. The right column of
Fig. 13 shows 2D distributions between the correlated recon-
structed prompt-delayed time d 7 and distance d L. The mean
dT of 0.215ms is the same for 233U and 23?>Th chains and
210po. The mean d L for >'°Po of 0.689 m is smaller than the
mean d L of 0.746m for 23U and 0.750m for 23 Th due to
different energies of '°0* de-excitation products with differ-
ent ranges in LS.
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Table 3 Rates of IBD-like background events due to B3C(a, n)'°0
reactions expected in JUNO from 233U and 232Th chains (minimal
requirement for the NMO measurement) and from the expected 2!7Po
(from the 219Pb contamination and stand-alone). Label “cpd” stands for

counts per day and CD refers to the whole JUNO LS volume. The con-
sidered fiducial volume is a sphere of 17.2 m radius which corresponds
to 18.35kt of LS

Sources Y, c Ry R, n) & (IEB, ) R{SB, )
[n/chain] [g/g] [cpd/kt] [cpd/CD] [cpd/FV]

B8y 6.36 x 1077 10-15 1068 0.013 0.84 0.011

22T 8.58 x 1077 10~15 352 0.006 0.84 0.005

210pp,210pg 5.11 x 1078 5% 10723 12,265 0.012 0.87 0.011

210pg 5.11 x 1078 5x 1072 70,400 0.071 0.87 0.063

7 13C(Ot, n)160 event rates 0.006F 210py 4 238y 4 2327

7.1 Estimated '3C(«, n) 160 event rates from individual o
sources

The 3C(a, n)'°0 event rates in the JUNO LS can be esti-
mated in the following steps. For each individual source, we
first evaluate the rate of o decays R, in the LS, assuming
secular equilibrium in the decay chains:

(21

The rate R, is expressed in cpd per 1kt. The assumed
concentration levels ¢ of 233U, 232Th, and 2'°Pb/219Po are
discussed in Sect. 3 and are expressed as the mass of mother
isotope per gram of LS. The respective molar mass is M and
lifetime 7, while N is Avogadro’s constant.

In the second step, the expected rates Ry, ,) oOf
BC(a, n)'0 background events in the whole JUNO detec-
tor can be expressed as:

R Pd]_ g [Py [ " ] Mis [kt].  (6)
@mliep | =% ke | 7" Lehaind T

where Y, [n/chain] are the neutron yields per chain from
Table 2 and Mg is the 20kt mass of the JUNO LS. Finally,
taking into account the efficiencies E(IBE), i.e., the proba-
bility that the («, n) reaction passes the IBD selection cri-
teria, we express the final background rates R%ga) in the
antineutrino measurement in the spherical FV of 17.2m
radius (18.35kt) due to '3C(a, n)!°0 reactions in JUNO.
Rates of 0.011 cpd/FV and 0.005 cpd/FV are expected from
the 238U and 232Th chains in secular equilibrium, respec-
tively. The dominant contribution of 0.063 cpd/FV is evalu-
ated from unsupported 2!°Po and an additional 0.011 cpd/FV
from the 2!°Po from 2!Pb that is out of equilibrium with the
238U chain. All the ingredients for this calculation are sum-

marized in Table 3. The overall 3C(«, n)'°0 background

W ma] e
=
o [m%l] 10 [kt]. )
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Fig. 14 The prompt reconstructed spectrum of the '3C(a, n)'°0 reac-
tion expected in JUNO before (solid blue line) and after (dashed red
line) the IBD selection cuts, from the combined contributions of the
2387, 232Th, and 2'°Po « sources, with assumed rates summarised in
Table 3

expected in JUNO amounts to 0.090 cpd/FV and its shape is
shown in Fig. 14.

7.2 Event rate uncertainties

In this section, we evaluate the sources of uncertainty due to
detector response and characteristics. In Sect. 7.2.1 we dis-
cuss the precision with which the realistic contamination of
the LS with o emitters can be determined. In Sect. 7.2.2
we evaluate the impact of the accuracy of the JUNO LS
quenching effect. Section 7.2.3 summarizes all effects to pro-
vide an estimation of the total systematic uncertainty on our
results, taking into account also the uncertainties presented
in Sect. 5.2 regarding the simulation of the '3C(x, n)'°0
reaction with SaG4n.

7.2.1 Evaluating a source concentration

Table 3 summarises the expected measurable («, n) event
rates according to the assumed « source concentration lev-
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els within the LS. Therefore, the uncertainty in the predicted
(e, n) rate depends directly on the uncertainty in the mea-
sured radioactivity concentration levels within the detector.
A commonly used in-situ method to extract the concentration
of the 238U and 232Th chains in secular equilibrium [48,62],
is through the rate measurement of their daughter decay pairs
214Bj-214po and 212 Bi-2!2Po, respectively. These Bi-Po event
pairs consist of the S-decay of Bi, followed rapidly by the
a-decay of Po, providing a possibility of coincident event tag-
ging with high efficiency and purity. These samples also pro-
vide excellent data for tuning the /8 discrimination meth-
ods [63], that are also being implemented in JUNO [33].

The amount of out-of-equilibrium 2!°Po can be identified
directly via application of these /8 discrimination meth-
ods [11]. In this work, we assume that JUNO data will allow
extracting the precision of the « emitters in the LS with an
uncertainty of 5%.

7.2.2 Scintillation quenching factors

JUNOSW models the quenching effects in the LS energy
response following the semi-empirical Birks’ law [64], with
three coefficients kB, defined for e™/e™, protons, and as.
The values of k B used in this work were assumed from mea-
surements made by the Daya Bay experiment, where more
details can be found in [30]. The thorough calibration of the
quenching parameters in JUNO is planned based on deploy-
able source calibration [40] and ongoing table-top experi-
ments.

In this work, uncertainties in the proton quenching fac-
tors directly impact the low energy part of the prompt
3C(a, n)!'°0 spectrum. To determine the level at which the
proton quenching uncertainty can impact the spectrum, we
varied the Birks’ coefficients within a range of &= 10% in the
simulation of 2*! Am-13C neutron calibration source [65]. We
performed multiple simulations of this source placed at the
detector’s center, accounting for its detailed geometry. For
each simulation, the reconstructed prompt energy spectrum
was produced, applying the same IBD analysis cuts defined
in Sect. 6.2. It was determined that the peak position of the
low energy proton recoil peak can be defined with a precision
of ~1%.

The precision of the & quenching factor has limited impact
on the («, n) background. In order to evaluate it, we repeated
our simulations by varying the kB values of as by £5%, i.e.
the precision certainly worse that JUNO expects to achieve
on this parameter. The resulting changes in the («, n) prompt
reconstructed energy spectrum were found to be less than 1%.

Overall for this work, a 5% conservative uncertainty was
assigned to the > C(a, 1)!'°0 eventrates due to the quenching
factors of protons and as.

Table 4 Summary of the uncertainties of the estimated B3C(a, n)'°0
event rates

Uncertainty source Relative uncertainty

SaG4n reference value discrepancy 18%
BC(a, n)'°0 cross section 15%

o maximum step length dependence 5%
Detector response 5%
Radioactivity concentration 5%
Total (quadratic sum) 25%

7.2.3 Summary of 3C(a, n)'%0 event rate uncertainty

The sources of systematic uncertainties for the BC(a, n)'°0
event rates, following the above discussions, are summari-
sed in Table 4. The total value of 25% is calculated as the
quadratic sum, conservatively neglecting possible correla-
tions among different sources.

8 Conclusions

The '3C(a, n)'°0 reaction represents an important back-
ground in the detection of electron antineutrinos in LS detec-
tors, as for the cases of reactor and geoneutrinos. This work
has presented the first specific evaluation of this interac-
tion in JUNO, using novel techniques and implementing the
assumed radiopurity of its LS. In particular, we have applied
the SaG4n simulation tool version 1.3 and the current ver-
sion of the JUNO simulation and reconstruction software.
The total expected rate is 0.090 x (1 £ 0.25)cpd in the
fiducial volume of the analysis (18.35kt) from 232Th and
238U chains and additional out-of-equilibrium 2!°Po, as in
Table 3. The expected shape of this background is shown in
Fig. 14. According to recent calculations [17], the estimated
IBD rate is equal to 47.1cpd. This is much higher than the
BC(a, n)'°0 background. Thus, given the assumed levels
of « contamination in the JUNO LS, the impact on the reac-
tor and geoneutrino measurements is found to be minimal,
provided this background is appropriately constrained during
the analysis.

While this evaluation has been performed specifically for
JUNO using LAB-based LS, our results can be exploited
also for other LS-based experiments. Particularly useful can
be the provided neutron yields in Table 3 and supplementary
material available online regarding SaG4n simulation config-
urations and results for 232Th, 238U, and 219Po, as well as the
dependence of our results on the hydrogen mass fraction of
the LS. And last but not least, this work employs one particu-
lar nuclear database, JENDL/AN-2005. Additional calcula-
tions using other newer libraries may be needed in the future.
It will mainly help to more precisely evaluate the associated
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systematic uncertainties. Moreover, evaluation of the actual
background levels based on the JUNO data is also planned.
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