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Measurement of cosmogenic °Li and 3He production rates at RENO
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We report the measured production rates of unstable isotopes °Li and ®He produced by cosmic muon
spallation on '2C using two identical detectors of the RENO experiment. Their 8 decays accompanied by a
neutron make a significant contribution to backgrounds of reactor antineutrino events in precise
determination of the smallest neutrino mixing angle. The mean muon energy of its near (far) detector
with an overburden of 120 (450) m.w.e. is estimated as 33.1 & 2.3(73.6 £ 4.4) GeV. Based on roughly
3100 days of data, the cosmogenic production rate of °Li(He) isotope is measured to be 44.2 + 3.1(10.6 +
7.4) per day at near detector and 10.0 & 1.1(2.1 = 1.5) per day at far detector. This corresponds to yields of
Li(*He), 4.80 + 0.36(1.15 £ 0.81) and 9.9 + 1.1(2.1 £ 1.5) at near and far detectors, respectively, in a
unit of 107% y~'g~!cm?. Combining the measured °Li yields with other available underground
measurements, an excellent power-law relationship of the yield with respect to the mean muon energy
is found to have an exponent of a = 0.75 &+ 0.05.
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I. INTRODUCTION

Cosmic muons create spallation products in underground
detectors and their surrounding rocks. They produce
unstable radioisotopes and neutrons by interacting with
12C in liquid scintillator detectors. Cosmogenic isotopes of
°Li and ®He are sources of the most serious background in
the reactor neutrino oscillation measurements [1-3] and
potential sources of background in the double-beta decay
and dark matter experiments.

The muon-induced production of radioactive isotopes
was studied by an experiment [4] at CERN using the Super
Proton Synchrotron muon beam. The muon energy depend-
ence of the spallation production was obtained for energies
of 100 and 190 GeV. The production cross sections at other
energies were estimated from the measured results by
extrapolation, assuming a power-law dependence on the
muon energy. However, the production rate of °Li and *He
was measured only at 190 GeV. The cosmogenic yield of
radioactive isotopes can be calculated with a large uncer-
tainty, using simulations based on MUSIC [5], FLUKA [6],
and GEANT4 [7].
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The S decays of °Li and ®He accompanied with an
emitted neutron mimic an inverse beta decay (IBD) reaction
of electron antineutrino, 7, + p — e + n. Their relatively
long lifetime and high muon rate of shallow detector sites
make it difficult to separate the °Li and 3He decays from the
IBD events using a timing veto criterion. Therefore,
accurate production rates of the cosmogenic isotopes are
of great interest to make a precise determination of the
neutrino mixing angle 05 as well as to make a sensitive
search for neutrinoless-double-beta decay and dark matter.

The cosmogenic °Li and ®He production rates have been
measured and reported by the underground experiments of
Borexino [8], Daya Bay [9], Double Chooz [10], and
KamLAND [11]. The presented rates were indirectly mea-
sured from observed cosmogenic neutron and '”B produc-
tion, or obtained by the delayed time with respect to a
parent muon. However, correct association between a
cosmogenic isotope and its preceding muon is not possible
when it comes to a high muon rate relative to the °Li or *He
lifetimes. This paper presents a direct measurement of the
cosmogenic °Li and ®He production rates in two identical

© 2022 American Physical Society


https://orcid.org/0000-0002-1416-4482
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.012005&domain=pdf&date_stamp=2022-07-20
https://doi.org/10.1103/PhysRevD.106.012005
https://doi.org/10.1103/PhysRevD.106.012005
https://doi.org/10.1103/PhysRevD.106.012005
https://doi.org/10.1103/PhysRevD.106.012005

H.G. LEE et al.

PHYS. REV. D 106, 012005 (2022)

RENO detectors with 120 and 450 m.w.e. overburdens. We
employ a method of measuring the rates from the observed
p-decay spectra of the isotopes produced by the entire
cosmic muons passing through the detectors.

Section II presents an overview of the RENO experi-
ment. Section III describes detection of cosmic muons and
produced cosmogenic radioisotopes. Section IV describes
selection criteria for the cosmogenic °Li and ®He /8 decays
and their backgrounds. Section V presents their measured
p-decay spectra. In Sec. VI, we report the observed and
production rates of cosmogenic °Li and ®He isotopes in the
two RENO detectors. Finally, we summarize in Sec. VIL

II. THE RENO EXPERIMENT

The RENO experiment measured the smallest neutrino
mixing angle 0,5 based on the disappearance of electron
antineutrinos produced by the Hanbit nuclear reactors
[1,12]. Two identical near and far detectors (ND and
FD) were deployed at distances of 290 and 1380 m from
the reactor array center, respectively. They detect the
reactor antineutrinos through the IBD reaction, using liquid
scintillator (LS) loaded with 0.1% gadolinium (Gd) as a
target. The interaction is identified by coincidence between
the prompt positron signal and the delayed neutron capture
on Gd.

The detector consists of four cylindrical layers as shown
in Fig. 1. They are neutrino target, y catcher, buffer, and
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FIG. 1. Schematic view of the RENO detector. A main inner
detector (ID) consists of the neutrino target, y catcher, and buffer
from the innermost and is contained in a cylindrical stainless steel
vessel. An outer detector (OD) of veto surrounds the ID and is
filled with highly purified water.

veto from the innermost and filled with different liquids. A
main inner detector (ID) consisting of the neutrino target, y
catcher, and buffer, is contained in a cylindrical stainless
steel vessel of 5.4 m in diameter and 5.8 m in height and
houses two nested cylindrical acrylic vessels. The inner-
most target vessel, a 25 mm thick acrylic vessel of 2.75 m in
diameter and 3.15 m in height, holds 16 ton of 0.1% Gd-
doped LS (Gd-LS) as a neutrino target. It is surrounded by a
60 cm thick layer of 29 ton undoped LS in y catcher, useful
for recovering y rays escaping from the target region. The
y-catcher liquid is contained in a 30 mm thick acrylic vessel
of 4.0 m in diameter and 4.4 m in height. Outside the y
catcher is a 70 cm thick buffer region filled with 65 ton of
mineral oil (MO). It provides shielding against ambient y
rays and neutrons coming from outside. An outer detector
(OD) of 1.5 m in thickness surrounds the ID and is filled
with 350 ton of highly purified water.

Light signals emitted from particles interacting in ID
are detected by a total of 354 low-background 10-inch
Hamamatsu R7081 photomultiplier tubes (PMTs) [13] that
are mounted on the inner wall of the ID. The OD is
equipped with 67 10-inch R7081 water-proof PMTs
mounted on the wall of the concrete veto vessel. The inner
surface of OD is covered with Tyvek sheets to increase the
light collection.

III. COSMIC MUONS AND COSMOGENIC
RADIOISOTOPES

A. Cosmic muon rate

Both underground ND and FD observe cosmic muon
fluxes attenuated by their overburdens. According to our
Monte Carlo simulation (MC) using the MUSIC package
[5], the mean muon energies (Eﬂ) are 33.1 £2.3 and
73.6 4.4 GeV for the ND and FD sites, respectively,
whereas the energy at ground is roughly 1 GeV. The mean
muon energy increases as function of overburden. The
modified Gaisser parametrization [14] is used as an initial
sea-level muon flux. The local mountain profile is obtained
using a topographic map of ALOS World 3D [15] and
shown in Fig. 2. An average rock density of 2.74 g/cm?,
obtained from a geological survey, and a standard rock
composition are used for muon transportation in the slant
depth of the RENO site. The error of the mean muon energy
is estimated by uncertainties associated with mountain
profile, rock density, detector location, and simulated
map range, as listed in Table I. The expected angular
distributions of cosmic muons passing through ND and FD
are obtained by the MC and shown in Fig. 3 where they
reflect the influence of the local geographical topology.

Cosmic muons are identified by the Cherenkov light in
the OD water; the scintillation and Cherenkov light in the
ID organic liquids. The muon visible energy (E}*) is
observed by scintillating light above 60 MeV. On the other
hand, it is observed predominantly by Cherenkov light
below 60 MeV.
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FIG. 2. Topological profile of the RENO detector site. The
black points indicate locations of the RENO near and far
detectors. The origin of coordinates corresponds to 126.41° in
longitude and 35.39° in latitude.

Almost all of cosmic muons are well identified by
requiring the number of hit OD PMTs (NHIT) greater than
or equal to 15. Figure 4 shows the observed E* distribu-
tion of cosmic muons with NHIT > 15 in FD. The cosmic
muons passing through the buffer region generate only
Cherenkov light in the mineral oil, and thus dominate the
cosmic muon rate below 40 MeV. The rate of cosmic
muons traversing the target or y-catcher regions below
70 MeV is estimated by extrapolation of a fit to the data
above 70 MeV using a MC predicted energy distribution.
The observed rate of cosmic muons traversing the y-catcher
region is 1257+ 1.4 s7! at ND and 14.0 £0.2 s7! at
FD, corresponding to fluxes of 6.67 £0.15 and 0.74 +
0.02 m~2s~!, respectively. Using a MC calculation, the
rate of cosmic muons traversing both target and y-catcher
regions is estimated to be 61.8 0.7 s~ at ND and 6.9 +
0.1 s~ at FD.

An average muon track length contained in the target
region is estimated by a toy MC simulation and obtained as

TABLE I. Uncertainties of mean muon energy.

Uncertainty source ND (%) FD (%)
Mountain profile 53 4.1
Rock density 3.7 3.5
Detector location 1.7 1.5
Simulated map range 2.0 2.0
Total uncertainty 7.0 5.9
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FIG. 3. Expected angular distributions of muons passing

through ND and FD as a function of azimuthal (¢)) and zenith
angles (0). The angle ¢ is defined with respect to the east
direction.
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FIG. 4. Visible energy distributions of cosmic muons observed
in FD and ND.
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FIG. 5. Distributions of muon track lengths in the target region.

The track lengths are obtained from the MC simulation. A peak at
275(315) cm comes from muons passing in the barrel-to-barrel
(top-to-bottom), i.e., lateral (vertical) direction of the cylindrical
target.

201.1 £3.9 cm at ND and 197.4 + 3.9 cm at FD accord-
ing to the calculated track distributions as shown in Fig. 5.
The error of the average muon track length is due to
uncertainties of detector dimension, rock density profile,
mountain profile, topographic map and its range, detector
position, dE/dX, and muon multiplicity as listed in
Table II.

B. Cosmogenic radioisotopes

The KamLAND and Borexino underground detectors
observed various radioactive isotopes, including '’B, N,
%Li, and ®He, as spallation products of high-energy cosmic
muons [8,11]. A dominant production mechanism of the
cosmogenic radioisotopes is understood as the fragmenta-
tion of '2C by muon-induced hadronic showers, mostly
by n~ [4]. Both RENO ND and FD detectors have also
observed - decays of 1’B (r = 29.1 ms, Q = 13.4 MeV)
and 7 decays of >N (r =159 ms, Q = 17.3 MeV) as a
result of cosmogenic production [16]. Their decay candi-
dates are selected by requiring an energy of 3 < E <
20 MeV and an elapsed time of AT <500 ms from its

TABLE II. Uncertainties of average muon track length.

Uncertainty source Fractional error (%)

MC statistics 0.15
Detector dimension 0.12
Rock density profile 0.16
Mountain profile 0.25
Topographic map range 0.01
Detector position 0.21
dE/dX 0.24
Muon multiplicity 1.90
Total uncertainty 1.96

FIG. 6. Observed energy spectra and AT distributions (inset) of
S decays from cosmogenic '°B and >N isotopes.

preceding muon which has a visible energy larger than 1.6
(1.5) GeV at ND (FD).

Figure 6 shows observed energy spectra and AT dis-
tributions of $ decays from the cosmogenic ’B and ’N
isotopes in the RENO detectors. The observed spectra are
obtained from the selected events with 2 < AT < 60 ms.
The longer lived isotopes of He, °Li, °C, ®Li, and ®B also
contribute to the selected sample with roughly constant
decay rates on this timescale. Their contribution is sub-
tracted from the spectra using a fit-out as a longer decay-
time component. The elapsed time distribution of AT is
distorted if the muon rate surpasses the decay rates of
”B and "°N. The muon rate of E}* > 1 GeV is 1.26 +
0.03(0.29 £0.02) s7! at ND (FD) and does not result
in the AT distortion. The observed p-decay rate of
unstable '?B plus '’N isotopes, produced by muons with
E > 1 GeV, is measured to be 481.1 +3.1(179.2 + 1.5)
per day in the ND (FD) target and y-catcher region.

Neutron-unstable excited states of the cosmogenic °Li
and ®He isotopes are also produced in the RENO detectors
as a serious background against detecting the IBD events of
reactor antineutrinos. They decay into daughter nuclei with
neutron-unstable excited states by emitting a = particle
(r =257.2 ms, Q = 13.6 MeV for °Li or 7 = 171.7 ms,
0 = 10.7 MeV for %He) as well as a neutron from the
subsequent decay [17]. The neutron is captured mainly on
Gd with a mean capture time of ~26 us in the target region
[18]. The coincidence of a f emission and a delayed
neutron capture provides a clean signature of cosmogenic
°Li and ®He production in the RENO detector.

IV. EVENTS SELECTION

A. Data sample

In this analysis ~3100 live days of data taken from
August 2011 to August 2020 are used for measuring the
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cosmogenic °Li and ®He yields at RENO. We require a
prompt signal from a f decay and a delayed signal from a
neutron capture by Gd in the entire target region in order to
obtain #—n emitters from °Li and ®He. The selection
criteria for the sample are identical to those for the reactor
antineutrino events, except for releasing a muon time veto
requirement that is applied for removing cosmogenic
spallation products. Event reconstruction and energy cal-
ibration are described in detail elsewhere [18].

B. Background

There are correlated and uncorrelated backgrounds
between the prompt and delayed candidates. The correlated
background comes from reactor electron antineutrinos and
fast neutrons. The reactor antineutrino IBD events cannot
be discriminated against the °Li and ®He § —n emitters
because of their identical prompt and delayed signals.
However, the IBD prompt spectrum is rapidly depleted
above 8 MeV while the °Li(®He) f spectrum extends up to
14 (11) MeV. The fast neutrons are produced by cosmic
muons traversing the detector and the surrounding rock. An
energetic neutron entering the ID interacts in the LS to
produce a recoil proton before being captured. The recoil
proton generates scintillation light mimicking a promptlike
event. The uncorrelated background is due to random
association between the prompt and delayedlike candi-
dates, also called “accidental background.” The accidental
promptlike events come mostly from ambient y rays with
energies less than ~3 MeV. A detailed description of IBD
backgrounds is given in Ref. [18].

In contrast to the IBD sample of Ref. [18], this analysis
requires minimum muon veto criteria to collect the f —n
emitters from cosmogenic °Li and ®He. Therefore, either
promptlike or delayedlike events can come from f decays
of various cosmogenic radioisotopes including B with the
highest production rate. Such a delayed event may be
accidentally paired with an ambient y ray as a prompt event
to form an uncorrelated background. A high-energy muon
occasionally produces multiple '?B’s or a ’B plus a longer-
lived isotope (X), such as °C, ®Li, and ®B, to mimic a # —n
pair from the °Li or ®He decays. The background is called
“I2B — 2B /X background.”

C. Event selection criteria

The following criteria are applied to obtain a sample
of f—n emitters from cosmogenic °Li and ®He isotopes:
(i) a prompt energy (E,) requirement of 1.2 <E,<
15 MeV; (ii) a delayed energy (E,) requirement of
6 < E; <12 MeV; (iii) a time coincidence requirement
of 2 < ATpq < 100 us, where AT, is the time difference
between prompt and delayed candidates; and (iv) a spatial
coincidence requirement of AR <2 m where AR is the
distance between prompt and delayed candidates. Most of
other selection criteria for the reactor antineutrino events

are applied and given in Ref. [18]. The timing veto criteria
of rejecting events associated with cosmic muons, are not
applied in order to keep the °Li and ®He  —n decays.
However, a timing veto requirement is imposed to reject
immediate shower events if they are within a I ms window
following a cosmic muon of visible energies larger than
70 MeV or of energies between 20 and 70 MeV for OD
PMT hits greater than 50. After applying all the selection
criteria, we obtain 1211 335 (158 938) f — n candidates at
ND (FD) detector from 3100 live days of data.

V. MEASUREMENT OF °Li PLUS
SHe SPECTRUM

A. Predicted spectra

The °Li(®He) f-decay produces neutron-unstable excited
states of “Be(®Li) with a branching ratio of 50.8 +
0.9%(16 £+ 1%) [17]. The daughter nuclei subsequently
emit a single neutron that is thermalized and captured on
Gd to release a few y rays of ~8 MeV in total energy in
the target region. The f decays with an emitted neutron
are accompanied by additional a, y, or tritium particles in
the subsequent daughter-nuclei decays. A complete list
of the f—n decays, including branching ratios, mean
values of energy levels, and decay widths of daughter
nuclear states, is obtained from Ref. [17] and used in our
MC simulation. The p-decay spectra are computed
according to the Fermi theory with Breit-Wigner correc-
tion. The predicted spectra from the MC simulation are
shown in Fig. 7, where the spectral errors are estimated
from the uncertainties associated with branching ratios,
weak magnetism corrections, energy scale and resolution,
and the quenching effect of accompanied particles in the
liquid scintillator. They are used for comparison with data
as well as to extract the fractional ratios of °Li and ®He S
decays.

Arbitrary Units

—_
N

Prompt Energy (MeV)

FIG. 7. Predicted $-decay spectra of °Li and ®He isotopes.
Shaded bands indicate the spectral errors. The two spectra are
normalized to have equal areas.
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the far detector, with respect to a preceding muon with
E) > 1.5 GeV, in the far detector.

B. Measured spectrum of °Li+3He g decays

A high purity of °Li and 3He decay sample is obtained
by requiring a f —n candidate to have an elapsed time
of 40 < AT < 500(400) ms from a preceding muon with
EyS > 1.5(1.6) GeV, in FD (ND). Figure 8 shows the
elapsed-time distribution of the f —n candidates before
applying the requirement. The # — n candidates of AT <
40 ms consist of ’B — ”B/X, accidental and IBD back-
grounds and thus are excluded for measuring the °Li and
8He f-decay spectrum. The accidental background comes
from random coincidence between an ambient y ray as a
prompt candidate and a '’B decay as a delayed candidate.

A long-time (AT > 1 s) component in the elapsed time
distribution is dominated by reactor antineutrino IBD
candidates which are uncorrelated with muons in time.
The mean decay time of °Li + 3He is measured to be 260 =
12 ms at FD and 258 + 20 ms at ND indicating predomi-
nant production of °Li over 3He. The °Li + %He p-decay
spectrum is obtained by subtracting the long-time compo-
nent from the °Li + ®He enriched sample. The magnitude of
the long-time component is determined by a fit to the decay
time distribution. The measured °Li + ®He $-decay spectra
observed at ND and FD are shown in Fig. 9. The spectral
errors come from the statistical uncertainties in the sub-
traction. The large spectral uncertainty below 8 MeV is
caused by subtracting the long-time spectrum of reactor
antineutrino candidates, and thus the error below 8 MeV is
larger for the ND detector. On the other hand, the spectral
error above 8 MeV is smaller for the ND detector due to
higher °Li + ®He production at shallower underground.
Identical °Li + 3He p-decay spectra at both detectors are
expected because of predominant production of °Li and
identically observed mean decay times. A combined
spectrum of °Li + ®He f-decays is obtained as a weighted
mean of ND and FD spectra and used for this measurement.
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FIG. 9. (Upper) Measured °Li + ®He f-decay spectra at both

detectors. (Lower) Combined spectrum in comparison with
the MC prediction. The shaded band represents the shape
uncertainty.

A good agreement between the combined spectrum and the
MC prediction is observed as shown in Fig. 9.

VI. MEASUREMENT OF °Li AND ®He
PRODUCTION RATE

A. Estimated background rates

The obtained final sample of f — n candidates contains
remained backgrounds of IBD reactor neutrino events up to
E, ~ 8 MeV, accidental pairs below E, = 3 MeV, and fast
neutrons. Most of the backgrounds are removed by a
requirement of the prompt energy larger than 8§ MeV.
The total number of f —n candidate events at 8 < E, <
15 MeV are 10608 in the ND and 5668 in the FD. The
remained background rates are given in Table III. The fast
neutron rate is estimated by extrapolating from the back-
ground dominant region of 15 < E;, < 50 MeV based on its
flat energy spectral shape. The remained IBD candidate rate
is estimated by the Huber-Mueller [19,20] predicted
spectrum. A tiny 2>Cf contamination was accidentally
introduced into both detectors during the radioactive source
calibration in October 2012 [18]. The source container was
not tightly sealed because of a loose O ring. Most of >3’Cf
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TABLE III.  Observed °Li + ®He f-decay rates and estimated
background rates at 8 < E, < 15 MeV. Rates are given per day.
Detector ND FD
Live time (days) 2675.50 3075.84
Observed f — n candidate rate 3.96 +0.04 1.84 £0.02
°Li + 3He rate 1.46 £ 0.07 0.37 +£0.04
Total background rate 2.49 £ 0.06 1.46 £ 0.09
IBD 0.154+0.02 0.02 £ 0.01
Fast neutron 2.10£0.03 0.43 £0.01
123 — 2B/X 0.05 £ 0.01 0.01 £0.01
252Cf contamination 0.19 £ 0.04 1.01 +0.09

contamination background events are eliminated by a
multiple-neutron requirement. The remaining background
rate and spectral shape are given in Ref. [18]. In this
subsection, we present estimation of the remained I2g —
12B/X background rate.

As described earlier, a f decay from a cosmogenic
radioisotope can mimic a delayed candidate of 8§ MeV y
rays from neutron capture on Gd. A cosmic-ray muon
predominantly produces '’B as well as '°N, °C, °Li, ®He,
8Li, and ®B with decay times of 16 ms to ~1 s. All of these
radioisotopes release a f radiation between 6 and 12 MeV, a
delayed energy range, because of their end point energies
larger than 10 MeV. Such a delayed candidate forms a
background pair in the °Li and ®He f# — n final sample, as
either accidental or '’B — 1?B/X backgrounds.
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FIG. 10. Time correlation between multiple '’B decays pro-
duced by a single cosmic muon.

In order to obtain a !B — '”B/X enriched sample, the
time coincidence between prompt and delayed candidates
is expanded from 100 us to 200 ms. Figure 10 shows a time
correlation of 23.0 £ 0.9(21.7 £ 0.4) ms between them at
FD (ND). This indicates multiple '>B production by a
single cosmic muon. The longer time correlation compo-
nent comes from either 1’B production by multiple cosmic
muons or cosmogenic production of '’B plus other longer-
lifetime radioisotope. The multiple '>B — ”B/X rate is
measured from the time correlation distribution of Fig. 10.
The rate of '’B — '”B/X with their 5-decay energies above
3 MeV is measured to be 39.2 + 0.8(9.1 £ 0.3) per day in
the ND (FD).

Figure 11 shows the delayed energy distributions of the
1B — 12B/X enriched 8 — n sample where the time coinci-
dence between prompt and delayed candidates is less than
3 ms. The IBD delayed candidates show up as a distribution
peaking at 8 MeV, indicating y rays from neutron capture
on Gd. Their mean time coincidence is roughly 26 us. The
delayed candidates from !B § decays are clearly seen
above 9 MeV. The observed rate of '’B — ”B /X is obtained
by a fit to the spectrum using measured spectral shapes of
IBD delayed events and '’B/X 8 decays. The '°B — ’B/X
background rate remaining in the # — n candidate sample is
obtained from a delayed energy spectrum. The estimated

10°F T T T ' —=
= ¢ Data (Far) 3
- — Fit .
N D PB.12g/X i
210" g % W E
S 3
d
m 10 E_ X
E } t t t } : t
C ¢ Data (Near)
10°E — Fit
% ; ..... g g/
E ----- n capture on Gd
S 10
PR
= C
5) -
>
e (1=
[ 1 N N N 1 i
6 8 10
Delayed Energy (MeV)
FIG. 11. Delayed energy distribution of B — ’B/X enriched

f —n sample. The time coincidence in the sample is less than
3 ms between prompt and delayed candidates.
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FIG. 12. Determination of °Li + *He f-decay rate at 8 < E,, <
15 MeV in ND. A spectral fit is performed by using the
measured °Li + 8He f-decay spectrum together with estimated
background rates and spectra. The rate at 1.2 < £, <8 MeV is
estimated by extrapolating from the fit result using the measured
°Li 4 %He p-decay spectrum.

rate at 8 < E, < 15 MeV is 0.05 £ 0.01 per day at ND and
0.01 + 0.01 per day at FD.

B. Measurement of °Li+3He f-decay rate

The observed rate of °Li + ®He f-decays at 8 < E, <
15 MeV is determined by a spectral fit to the final f —n
sample as shown in Fig. 12. The fit is performed by using the
measured °Li + ®He f-decays spectral shape together with
estimated background rates and spectra. The obtained °Li +
®He rate at 8 < E, < 15 MeV is 1.46 + 0.07 per day at ND
and 0.37 £ 0.04 per day at FD as shown in Table III. The
systematic error of the fit result comes from the uncertainties
of the °Li + 3He p-decay spectral shape, the IBD expectation,
and the rest background contribution. The largest systematic
error is due to the uncertainty of the measured °Li + *He
p-decay spectrum at ND and the background at FD, and can
be reduced with more data. The estimated background
uncertainties can also be reduced with more data.

The rate at 1.2 < E}, <8 MeV is estimated by extrapo-

lating from the fit result using the measured °Li + $He

TABLE IV. Fractional errors of °Li plus ®He f-decay rates
measured at 1.2 < E, <15 MeV.

ND FD
Uncertainty source (%)
Statistics at 8—15 MeV 2.12 4.32
°Li and ®He spectrum at 1.2-15 MeV 2.26 2.26
IBD at 8-15 MeV 1.59 1.01
Other backgrounds at 8—15 MeV 1.52 7.90
Total error 3.80 9.34
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S 100—
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=
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4
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Prompt Energy (MeV)
FIG. 13. Fraction of °Li f# decays in the measured °Li + ®He

spectrum. A spectral fit to the measured spectrum is performed to
obtain the fraction using the MC predicted -decay spectra of “Li
and ®He.

p-decay spectrum. The total °Li + %He p-decay rate for
1.2 < E, <15 MeV is 11.92 4 0.25(stat) & 0.38(syst) per
day at ND and 3.04 £ 0.13(stat) & 0.25(syst) per day at
FD. The fractional errors of the observed rates are shown in
Table IV. The largest error comes from the °Li and *He
spectrum uncertainty at ND and the background uncer-
tainty at FD.

C. Observed °Li fraction

The  —n emitters are predominantly produced by °Li
over ®He. Using the MC predicted f-decay spectra of °Li
and ®He, the °Li contribution is determined by a fit to the
measured °Li + ®He $-decay spectrum, as shown in Fig. 13.

TABLE V. Errors of measured °Li fraction.

Uncertainty source ND (%) FD (%)
Data statistics 4.0 3.2
Branching ratio 1.5 1.7
Non-f particle 1.7 1.7
Energy scale 0.5 0.5
Energy resolution 0.2 0.3
Total uncertainty 4.6 4.1
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The obtained fraction of °Li(®He)  — n decay is (93.3 £
4.6)%[(6.7 +4.6)%] for ND and (94.2 £4.1)% [(5.8 £
4.1)%)] for FD. The ®He fractions of both detectors are
consistent with null rates indicating negligible contribution
of 8He to the observed f —n emitters. The errors come
mostly from the statistical uncertainty and partly from the
uncertainties associated with the predicted °Li and ®He
p-decay spectra. Table V shows the breakdown errors of the
measured °Li fraction.

D. Cosmogenic °Li and ®He yields

The cosmogenic yields of °Li or ®He are determined from
the observed 3 — n rate from their decays. The °Li yield per
muon and mass in target region, Y (°Li), is given by the
observed rate of °Li and ®He S —n decays (R;tfn), the
measured fraction of °Li decay [f(°Li)], the detection effi-
ciency of °Lidecay [e(°Li)], the # — nbranchingratio (Brj_,),
the muon rate (R,) passing through the target, the average
muon track length in target (L ,) and the target density (p):

fCLY)

1\ — RObs |
YOLi) = R ¢(°Li)-Brg_y-R,-L, - p (m)

The detection efficiencies of °Li or ®He # — n decays are
obtained by using control samples and MC simulations. Most
of the  — n selection efficiencies are identical to those of the
IBD event selection [ 18] because of their common criteria for
the prompt and delayed candidates and coincidence between
them. The only timing veto criteria against cosmic shower
muons are avoided to collect maximum °Li and ®He  —n
decays. The efficiency of prompt energy E, > 1.2 MeV
requirement differs between °Li and ®He f decays, and
(92.0 + 2.3)% for °Li and (86.7 =4 2.5)% for *He. The errors
come from the uncertainties of their expected f-decay
spectra. The overall detection efficiency of °Li(®He)
is (49.6 +1.5)%((46.8 £ 1.5)%) for ND and (56.2 +
1.6)%((53.0 + 1.7)%) for FD. The individual detection
efficiencies are presented in Table VI.

A detailed description of their estimation is given in
Ref. [18]. The non f — n branching ratio of Bry_, needs to
be taken into account to estimate the total production rate of
%Li and ®He isotopes and is (49.2 4 0.9)% for °Li and (84 =
1)% for ®He [17]. As described earlier, the rate of cosmic
muons passing through the target region, R,, is estimated
to be 61.8+0.7s™" at ND and 6.940.1 s' at FD.
An average muon track length in target (l_,ﬂ) is obtained
as 201.1 =39 cm at ND and 197.4£39 cm at FD.
Table VII shows values necessary for converting the
observed rate into a yield.

The cosmogenic isotope yields are obtained in a unit of
1078 y~! ¢! cm?. The °Li yield is measured to be 4.80 &
0.36 for ND and 9.9 4 1.1 for FD. The ®He yield is
measured to be 1.15+0.81 for ND and 2.1 £1.5 for

TABLE VI. Detection efficiencies of °Li or He f# — n decays.
Efficiency (%)
Selection requirement ND FD
Omax/ ot 100.00 + 0.02
Gd capture fraction 85.0£0.8
Spill-in 101.3+£0.9
Time coincidence 96.6 £0.5
Spatial correlation 100.00 + 0.03
Delayed energy 92.1+0.7
Prompt energy Li 92.0+2.3
{ $He 86.7+2.5
Muon veto 88.816 = 0.001 98.667 £ 0.001
Multiplicity 99.991 £+ 0.001 99.155 + 0.006

Trigger veto
252Cf removal

82.31+£0.02 90.049 £ 0.002
96.488 +0.004 90.977 £+ 0.04

Flasher removal 99.93 £ 0.01 99.51 £0.03
Total Li 49.6 £ 1.5 562+ 1.6
{ 8He 46.8 £ 1.5 53.0+ 1.7
TABLE VII. List of values used for converting observed rate
into yield.
ND FD

Ry_,(/day) 11.92 £ 0.45 3.04 +£0.28
R, (/ sec) 61.84 £0.71 6.94 + 0.08
L, (cm) 201.1+3.9 1974 +39
p(g/cm?) 0.856 £ 0.001
€ (%) )Li 496 t1.5 562+ 1.6

8He 46.8 £ 1.5 53.0+ 1.7
(%) Li 933+4.6 942 +4.1

8He 6.7+4.6 58+4.1
Bry_, (%) 9Li 50.8£0.9

8He 16+1

FD, and rather consistent with a null signal within its large
error. The total yield of °Li + ®He is obtained as 5.95 &
0.65 for ND and 12.0 =+ 1.6 for FD. Note that the °Li + *He
yield with a subsequent f —n decay is insensitive to the
individual isotope fraction of a large uncertainty, and
obtained as 2.62 + 0.14 for ND and 5.36 4+ 0.54 for FD.

TABLE VIII. Measured cosmogenic yields of 9Li, ®He, and
9Li+ 8He. The first error is statistical and the second one is
systematical.

Yield (x107% p~!g~1cm?)

Isotope ND FD

Li 4.80+0.23 028 9.89+0.54 +0.95
8He 1.15 £ 0.69 £ 0.42 21+1.1£09
Li + %He 595+£050+£041 12.04+0.94 £ 1.26

Li+%He - p+n

2.62+0.06 £0.12

5.36 +£0.23 £ 0.48
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TABLE IX. Yields, production rates, and cross sections of cosmogenic °Li and He radioisotopes. The measured values are also given
for Borexino [8], Double Chooz [10], and KamLAND [11]. Daya Bay’s observed results [9] are not included because of missing absolute
detection efficiency and acceptance while Ref. [10] presents estimated values assuming full contribution of Li.

E}t Yii Ve Rlﬁri()d lefé’ ¢ OLi OHe
Experiment Detector  (GeV) (x1078 y~' g~ cm?) (ton~! day~1) (ub)
RENO ND 33.1+£23 480+0.36 1.15+0.81 2.77 £0.20 0.66 + 0.47 0.96 +£0.07 0.23+£0.16
FD 73.6+t44 9.89+1.09 2.05+1.45 0.628 £+ 0.068 0.130+0.092 1.97+0.22 0.41+0.29
Double Chooz ND 321420 551+£0.52 <4.96 1.73 £0.16 <1.56 1.10 £0.10 <0.99
FD 63.7+£55 7.90+£0.51 0.77 £ 1.61 0.48 +£0.03 0.05 +£0.10 1.57 £0.10 0.15+0.32
KamLAND 260 + 8 22+2 7T+4 0.0028 +0.0002  0.001 £ 0.00005
Borexino 283 + 19 29+3 <2.0 0.00083 4 0.00009 <0.00042

The measured yields of °Li, ®He, and °Li + ®He are listed in
Table VIIL

The cosmogenic °Li(*He) production rate is estimated
from the yield, and obtained as 2.77 4+ 0.20(0.66 +
0.47) ton~! day~' for ND and 0.628 4 0.068(0.130 =+
0.092) ton~!' day~! for FD. The cross section of °Li(®He)
production is derived from the yield and the target mass of
12C, and obtained as 0.96 4 0.07(0.23 & 0.16) ub for ND
and 1.97 4+ 0.22(0.41 + 0.29) pb for FD. The cosmogenic
yields, production rates, and cross sections for both
detectors are given in Table IX where other experimental
results are compared.

The cosmogenic yields at underground sites are expected
to have a dependence on the mean muon energy (E,),

E a
Y=Y ), 2
°\1 Gev @)
x10® ‘
L. |
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FIG. 14. Measured yields of cosmogenic °Li and ®He at
RENO’s ND and FD. They are compared with those of Double
Chooz, Borexino, and KamLAND. The arrows present an upper
limit of 26. A fit to the °Li yields obtains the power-law exponent
of a = 0.75 + 0.05 with y*/NDF = 0.98.

where a is a power-law exponent as a function of Eﬂ [4].
As described in Sec. III A, the mean muon energies are
33.1 2.3 and 73.6 £ 4.4 GeV for the ND and FD sites,
respectively, obtained from a MUSIC simulation. Figure 14
shows comparison of the measured °Li or ®He yields with
other measurements from Borexino [8], Double Chooz
[10], and KamLAND [11]. The yields of Double Chooz are
obtained from the probability of neutron production within
1 ms and a certain distance with respect to a preceding
muon [10].

These earlier measurements are based on time and spatial
correlation with a preceding cosmic muon. However, the
association becomes uncertain when it comes to a high
muon rate relative to the °Li or ®He lifetimes at a shallow
underground. The RENO measurement does not rely on the
time and spatial correlation with a preceding muon, but is
obtained from direct counting the °Li and *He f—n
emitters at 8 < £, <15 MeV by a fit using a measured
spectrum. Therefore, this result provides a direct measure-
ment of the cosmogenic °Li and ®He yields at shallow
overburdens to obtain an accurate value of the power-law
exponent. A fit to the cosmogenic °Li yields at several
underground locations finds @ = 0.75 £0.05 and Y, =
(0.37 £0.08) x 107 ! g=! cm? with y?/NDF = 0.98 as
shown in Fig. 14.

VII. SUMMARY

The  —n emitters from °Li and ®He radioisotopes are
produced as spallation products of cosmic muons in the
RENO ND and FD. Their observed rates are obtained by a
spectral fit without their muon time and spatial information.
A relative fraction of the two cosmogenic isotopes is
measured by MC expected spectra of their S decays,
and thus allows a direct measurement of the individual
%Li and ®He yields. Other cosmogenic radioisotopes such as
2B and !2N are also observed, and their contribution to the
S —n sample is estimated.

The cosmogenic °Li yields at the two underground
detector sites show a clear relationship with the mean
muon energy. A well-behaved power-law dependence of

012005-10



MEASUREMENT OF COSMOGENIC °LI AND ®HE...

PHYS. REV. D 106, 012005 (2022)

the °Li yield is obtained as a function of the mean muon
energy from combining available other measured values.
The power-law relationship provides a useful prediction of
°Li and 3He f — n emitting background rates for '°C based
underground detectors.
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