
This is a repository copy of The COSINE-100 liquid scintillator veto system.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/159488/

Version: Accepted Version

Article:

Adhikari, G., Souza, E.B.D., Carlin, N. et al. (43 more authors) (2021) The COSINE-100 
liquid scintillator veto system. Nuclear Instruments and Methods in Physics Research 
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 1006. 
165431. ISSN 0168-9002 

https://doi.org/10.1016/j.nima.2021.165431

Article available under the terms of the CC-BY-NC-ND licence 
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



The COSINE-100 Liquid Scintillator Veto System

G. Adhikaria,p, E. Barbosa de Souzab, N. Carlinc, J. J. Choid, S. Choid, M. Djamale,
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Abstract

This paper describes the liquid scintillator veto system for the COSINE-100 dark matter
experiment and its performance. The COSINE-100 detector consists of eight NaI(Tl) crystals
immersed in 2200 L of linear alkylbenzene-based liquid scintillator. The liquid scintillator
tags between 65 and 75% of the internal 40K background in the 2–6 keV energy region. We
also describe the background model for the liquid scintillator, which is primarily used to
assess its energy calibration and threshold.

1. Introduction

Overwhelming cosmological and astronomical observations provide strong evidence that
the most of the matter in the universe consists of non-relativistic dark matter [1, 2]. The
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weakly interacting massive particle (WIMP) is one of the theoretically favored candidates
to explain this dark matter [3].

COSINE-100 [4] is a direct dark matter detection experiment to test the DAMA experi-
ment’s observation of an annual modulation signal [5, 6, 7] using the same target material
as DAMA. The COSINE-100 detector consists of eight NaI(Tl) crystals with a total mass
of 106 kg, used as active target. The crystals are immersed in 2200 L of liquid scintillator
(LS) surrounded by 37 plastic scintillator panels.

It is critical to reduce the background as much as possible for dark matter searches
because of the low cross-section of the WIMP-nucleon interaction. The dominant back-
ground contributions come from radioactivity in detector materials surrounding the NaI(Tl)
detectors and backgrounds internal to the NaI(Tl) detectors themselves.

The COSINE-100 experiment utilizes the LS systems as active vetos to reduce the back-
ground level in the NaI(Tl) detectors by tagging neutrons and γ events from external sources.
In addition, the LS veto can also identify radioactive background events internal to the crys-
tal detectors by tagging escaping γ-rays. The data used in this report were acquired between
20 October 2016 and 19 December 2016, with a total exposure of 59.5 live days. During this
period, no substantial environmental anomalies or detector instabilities, such as tempera-
ture, humidity, or detector voltage/current fluctuations were observed.

2. Liquid Scintillator Veto System Configuration

The liquid scintillator in the COSINE-100 detector is held within in an acrylic container.
The inner walls of the acrylic container and the outer surfaces of the crystal assemblies are
wrapped with Vikuiti-ESR specular reflective films to increase the light collection efficiency.
The photons produced in the LS are detected by 18 5-inch R877 photomultiplier tubes
(PMTs) from Hamamatsu, installed at two opposite sides of the container. The minimum
distance between the PMTs attached to the crystals and the acrylic container inner wall is
approximately 40 cm. Figures 1a and 1b show a schematic representation of the COSINE-
100 detector and shielding structure with the liquid scintillator, and a side view of the
detector system, respectively. A more detailed description of the detector can be found in
Ref. [4].

The top 9 cm of the acrylic container housing the LS are unfilled as a safety margin in
the case of a temperature increase which may induce an expansion of the LS volume. Gas
boil-off from liquid nitrogen is injected into this volume at a rate of 3 liters per minute to
prevent the liquid scintillator contacting oxygen or water vapor, in order to maintain a high
light yield. The relative humidity in this region is kept at <2.0% and the high heat capacity
of the LS helps keep the temperature of the liquid stable at 24.20±0.05 ◦C.

Signals from the PMTs are collected with two charge-sensitive analog to digital converter
(ADC) modules with a sampling rate of 64 MHz [8]. Each ADC module has 32 channels and
its peak-to-peak voltage is 2 V with 12-bit resolution. The signals from the 18 PMTs of the
LS veto detector are amplified by a factor of 30. The LS veto data is passively triggered, the
ADC modules only take data when the NaI(Tl) crystals generate a trigger. Ref. [8] describes
the details of the trigger algorithm used for the LS veto system.
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(a) Detector Configuration (b) Detector Side view

Figure 1: (a) A schematic of the COSINE-100 detector system. 2,200 L of liquid scintillator is filled within
an acrylic container inside of a copper shield. The top 9 cm of the acrylic container is left unfilled and
nitrogen gas is circulated in this volume. (b) A side view of the detector system. The minimum distance
between the PMTs of the crystals and the inner wall of the acrylic container is approximately 40 cm.

3. Production of Liquid Scintillator

COSINE-100 uses a linear alkylbenzene (LAB)-based liquid scintillator [9, 10], which
contains 3 g/L of 2,5-diphenyloxazole (PPO) and 30 mg/L of 1,4-bis (2- methylstyryl) ben-
zene (bis-MSB) as a primary and secondary wavelength shifter [11]. The emission spectrum
of the LAB has a maximum at 340 nm; the wavelength shifter mixed with the solvent match
the wavelength of the scintillation light with the maximum efficiency of the PMTs used in
the COSINE-100 experiment. The wavelength shifter boosts the optical transparency of the
solvent as well. In order to extract any insoluble impurities, the LAB is filtered by Meissner
filters that have a 0.1 µm pore size. After mixing the PPO and bis-MSB, the LS is purified
using a water extraction method [12] to avoid contamination from natural radioisotopes.

Despite the water extraction process for purification, if the LS still has a sufficiently high
radioisotope level, such as 238U or 232Th, this will contribute to the background measured
in the NaI(Tl) crystals. One needs to carefully measure the background level of the LS so
that the background observed in the NaI(Tl) crystals can be accurately characterized. For
this purpose, a prototype LS detector (∼70 mL in volume) read out by 3-inch PMTs was
installed inside the KIMS shielding facility [13] at the Yangyang underground laboratory.
Alpha particle signals are separated from gamma-induced signals by the pulse discrimination
method [14]. Possible external neutron background events which cannot be discriminated
from alphas with the available detector resolution is negligible because of the polyethylene
shielding surrounding the prototype detector. A time-coincidence analysis is performed
between sequential events to estimate the upper limit of the intrinsic 238U and 232Th chain
activity [15]. The beta-alpha coincidence between 214Bi to 214Po is used to estimate the
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238U activity and was found to be 0.087 mBq/kg. The alpha-alpha coincidence between
222Rn and 218Po is used to estimate the 232Th activity and was found to be 0.016 mBq/kg.
We determine that the background contributions from the LS veto to the NaI(Tl) crystal
energy spectra are negligible considering upper limits from the prototype detector based on
the simulation studies of the full COSINE-100 detector [10].

4. Calibration

The calibration of the 18 PMTs in the LS veto starts with matching the gain of these
PMTs, as shown in Figure 2. The gain was matched such that each PMT saturates at
around 40,000 ADC. The integrated charges of the 18 PMTs are then summed to produce
the uncalibrated energy spectrum of the entire LS veto. Events that saturate at least a
single PMT are removed to avoid events with misrepresented energies, as seen in Figure 3.
Note that if an event saturates one PMT, it does not mean that all of the other will also
be saturated. As a result of this, we observe that several events bellow the saturation point
of the total charge spectrum in Figure 3 are also removed. The spectrum does not present
characteristic features, but it is possible to notice two main shoulders at higher energies.
These are due to 40K (1.46 MeV) and 208Tl (2.6 MeV) Compton scattering.
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Figure 2: Spectra of nine 5-inch PMTs in one side of the COSINE-100 liquid scintillator veto after gain
correction, with visible saturation point. The total integrated charge is calculated by summing the charge
of all 18 PMTs.
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Figure 3: Liquid scintillator veto spectra after calibration. The total liquid scintillator energy spectrum is
the sum of the integrated charges from all 18 PMTs. The blue histogram shows the energy spectrum from
all events, whereas the red spectrum has had events that saturate at least a single PMT removed. Removing
saturated events does not affect the spectral shape below ∼ 3.2 MeV.

The LS spectrum does not exhibit mono-energetic features which could be used for energy
calibration or estimation of the energy resolution. Therefore, in order to calculate the LS
veto calibration factor we compare the data to a simulated spectrum, applying different
resolution functions. In the simulated spectrum we consider the energy deposited in the
LS by all known detector contaminants. We also compare crystal-LS coincidence spectra,
selecting specific classes of events that are tagged by both the crystal detectors and LS.
For example, we select 40K events which exhibit coincident 3.2 keV energy depositions from
Auger electrons in the NaI(Tl) detectors and higher energy depositions (up to 1,460 keV) in
the LS. The shoulder around 1,460 keV is then matched between the simulation and data
to determine the LS energy resolution (∼ 10%) and calibration. The comparison between
this coincidence data and the 40K simulation is shown in Figure 4.

5. Background Fit

Once the calibration and resolution have been determined, we model the liquid scintil-
lator background by fitting the full energy range with a simulated energy spectrum. The
Geant4 [16, 17] simulated spectrum consists of components from the NaI(Tl) detectors,
PMTs, the LS itself, and other external components, such as the detector shielding struc-
ture. Each component is simulated separately. For the dataset used in this analysis the
LS veto operated in a passive trigger mode, only recording an event when triggered by an
energy deposition in an NaI(Tl) detector. Thus, a cut must be applied to the simulated
events to select identify only events that deposit energy in at least one crystal.

The fit is performed via the method of maximum likelihood, taking into consideration
the simulated spectra from both internal and external backgrounds [18], as well as the
statistical uncertainties of the data. Only the energy region between 500-3000 keV is fitted,
as the resolution was estimated exclusively for these higher energies.
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Figure 4: Liquid scintillator veto tagging spectra for crystal events with energies between 2-4 keV. The
comparison between data (blue) and simulation (red) is shown at an arbitrary rate scale. The Compton
shoulder from 1,460 keV γ-rays originating from 40K decays in the crystals is clearly visible in both the
data and simulated spectra. The data spectrum has higher rates at lower energies due to other background
components that can act at those energies, which are not considered in this simulated 40K spectrum. At
energies above ∼ 1.9 MeV, events cannot be attributed to 40K only.

The fit considers prior estimates of the activities of various background components,
given in [18], as initial parameters in the fit. The 40K background in the LS is fit freely
and later compared to recent measurements. Only 100 hours of data are used in the fit, to
avoid spectral changes due to small gain drifts that occur over longer periods of time. This
observed gain drift and its correction is explained in Sec. 8. The fitted spectrum can be
seen in Figure 5, while the best-fit background levels are given in Table 1. The observed
discrepancies between the data and MC indicates that both the resolution measurement and
the modeling of external components needs to be improved. However, the primary goal of
this study is not the measurement of the background activities, especially because of the
challenges of performing an accurate calibration and mapping of the energy resolution of
the LS. Nonetheless, the background modeling performed helped us better identify the most
prominent components observed by the LS veto and gave an estimation of the 40K activity
in the LS.

6. Analysis Threshold Estimation

Because of the relative rarity of WIMP interactions with ordinary matter, the application
of a coincidence or anti-coincidence requirement between the sodium iodide detectors or the
LS veto provides a key event discriminator between a possible WIMP signal and background
events. Additionally, we can take advantage of these coincidence conditions to identify
particular radioisotopes contaminating the detector. An event that activates a single NaI(Tl)
detector is referred to as a single-hit event; events that activate multiple NaI(Tl) detectors,
or that activate any number of NaI(Tl) detectors plus the LS veto, are classed as multiple-hit
events. Events identified as muons are typically vetoed and not subject to the single- or
multi-hit classification. An event occurring in the LS veto is defined as activating the veto
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Figure 5: Fit of the first 100 hours of liquid scintillator data with Geant4 simulations modeling the main
background components in the detector. Only the main internal and external components are considered in
this fit. The bottom panel shows the ratio of the data to the total fit.

Table 1: Liquid scintillator background fit results.

Component Background (mBq/kg)
Internal 40K 7.04 ± 10.9
Internal 22Na 0.63 ± 11.8
PMT 238U 3.84 ± 13.5
PMT 232Th 75.4 ± 54.9
PMT 40K 32.5 ± 19.1
LS 40K 5.9 ± 54.0
LS 238U 0.09 ± 0.08
LS 232Th 0.02 ± 0.02
External Steel 238U 29.4 ± 346.0
External Steel 232Th 49.1 ± 173.2

if the measured energy deposited in the LS veto is above a set threshold. We seek an energy
threshold at which the rate of LS veto events results in a deadtime of less than 0.5%, which
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is to minimize noise event contamination in the event selection.
In order to determine the LS veto energy threshold, we perform a conservative calculation

of the LS veto-induced deadtime. The conservative nature of this approach originates with
a worst-case assumption: we assume LS veto events are non-overlapping; that is, we assume
that no LS veto events occur within the deadtime of another LS veto event. This minimizes
the number of events needed to achieve a specific deadtime. Under this assumption, and
the fact that the duration of a single LS veto event is 200 ns, an event rate of 100 Hz would
lead to a 20 µs/second, or 0.002%, deadtime under these conservative assumptions [8].
In addition, we must take into account the fact that for non-muon events the LS veto is
passively triggered and is thus only acquires data when activated by a trigger from one of the
NaI(Tl) detectors. Following a NaI(Tl) trigger, the LS veto acquires data for a 4 µs period
surrounding this trigger. Thus, our observed 15 Hz average NaI(Tl) trigger rate results in a
60 µs/second livetime for the LS veto. A 0.5% deadtime within this period then corresponds
to 300 ns per 60 µs. As each LS veto event occupies 200 ns, we require a LS veto event rate
equal to or below 1.5 Hz in our worst-case assumption. Figure 6 shows how the LS total
trigger rate changes as a function of the energy threshold. With a higher energy threshold,
the LS trigger rate decreases as fewer events pass that energy threshold. This demonstrates
that by having a conservative threshold of 20 keV, you can achieve <0.5% deadtime in the
LS channels.

20 40 60 80 100 120 140
LS Threshold (keV)

1

2

3

4

5

6

7

8

9

10

T
ri
g
g
e
r 

R
a
te

 (
H

z
)

Figure 6: LS trigger rate as a function of LS energy threshold. A horizontal line is drawn at 1.5 Hz, which
equates to a 0.5% deadtime of the LS DAQ.

7. Background Tagging Efficiency

The tagging efficiency is defined as the fraction of events tagged (vetoed) by the LS
among all the triggered events in the crystals. In order to estimate the tagging efficiency of
the LS system in COSINE-100, we measure the event rates of the NaI(Tl) detectors with and
without the LS veto requirement, as shown in Figure 7 and Figure 8. A significant reduction
in the background rate of the NaI(Tl) detectors is realized by requiring that no signal be
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present in the LS veto detector. The total tagging efficiency of events coincident with the
six active crystals in the COSINE-100 system, which is calculated using the total number
of LS-tagged events, is shown in Table 2, for 2–6, 6–20, and 100–1500 keV energy regions
as representative regions. Two crystals, Crystal-5 and Crystal-8, are not shown due to their
lower light yields and, hence, higher energy thresholds (4 keV and 8 keV) [4]. The total
tagging efficiencies of the LS are between 10% and 16% in the low energy region and between
50% and 62% in the high energy region, for different crystals in the detector system. This
is clearly observed in Figure 7 and Figure 8 by comparing the rates of coincident events and
total events. The higher tagging efficiency at high energies is because there is a relatively
higher contribution from radioactive isotopes at higher energies, such as nuclei in the 238U
and 232Th decay chain. The difference in the tagging efficiency between different crystals
is mainly due to each crystal’s different background compositions. The tagging efficiencies
in the energy interval of 2–6 keV are higher than those in the 6–20 keV interval, which
indicates that the tagging efficiency of 40K is higher than that of most other components.

One of the most prominent backgrounds for dark matter searches with NaI(Tl) crystals
is the internal 40K decay to 40Ar [4, 19, 20, 21, 22, 23]. This decay generates an X-ray
at approximately 3.2 keV with a 1,460 keV γ-ray. If the accompanying 1,460 keV γ-ray
escapes from the crystal, the event consists of a single 3.2 keV deposition, which becomes a
background in the region of interest for the WIMP search. However, if we tag the escaping
1,460 keV γ-ray with the LS veto detector, we can tag the 3.2 keV X-ray in the NaI(Tl)
crystal as a non-WIMP event.

In order to properly obtain the 40K tagging efficiency of the LS system, we need to
simulate various background components with the Geant4 simulation package. The veto
efficiency for energies between 2–4 keV is estimated from the internal 40K simulation, which
shows that the tagging efficiency of the 40K events is 65 – 75%. Table 3 summarizes the
40K tagging efficiencies for the six crystals considered in this analysis. The untagged 40K
events are due to the 1,460 keV γ-rays escaping the LS veto without scatter, scattering off
another volume within the LS veto, such as the crystal encapsulation, or due to 40K decaying

Table 2: Total tagging efficiencies for six crystals in the COSINE-100 detector system calculated from data.

Total tagging efficiency (%) Crystal-1 Crystal-2 Crystal-3 Crystal-4 Crystal-6 Crystal-7
2–6 keV 14.75 28.90 17.34 18.48 14.66 14.30
6–20 keV 10.88 16.52 13.98 14.39 13.06 13.15

100–1500 keV 57.53 54.69 50.92 49.79 61.92 57.68

Table 3: 40K tagging efficiencies for six crystals estimated using a Geant4 simulation.

40K Tagging efficiency (%) Crystal-1 Crystal-2 Crystal-3 Crystal-4 Crystal-6 Crystal-7
2–4 keV 75.12 72.72 69.08 75.94 66.52 65.80
2–6 keV 73.51 71.16 67.54 74.46 65.18 64.39
0–10 keV 71.35 69.02 65.56 71.58 63.08 62.42
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into 40Ca instead of 40Ar. The tagging efficiencies for 40K decays originating in Crystal-1
and Crystal-4 are found to be higher than the other crystals since these two crystals are
located at the edges of the array, and thus surrounded by fewer non-scintillating detector
components. The efficiencies of Crystal-6 and Crystal-7, on the other hand, are the lowest
as they are near the bottom of the LS detector and are also surrounded by neighboring
crystals. The filled blue circles in Figure 8 show the low-energy spectrum of the NaI(Tl)
crystal that is tagged by the LS veto detector. The size of the 3.2 keV peak from 40K
decay differs based on the crystal due to differences in initial 40K contamination levels in
each of them, with Crystal-2 having the highest level of 40K contamination, followed by
Crystal-1/Crystal-3/Crystal-4 and Crystal-6/Crystal-7 [4].

8. Gain fluctuation and correction

Fluctuations in the LS veto gain can be monitored by tracking the Compton edge of 40K
over time. To quantitatively evaluate the LS veto gain fluctuations, we fit the Compton
edge of the 1,460 keV γ-ray found in the LS spectrum with the following phenomenological
function,

y =
p0

ep1(x−p2) + 1
, (1)

and extract the p2 parameter, which represents the location of the Compton edge. The plot
of the parameter p2 as a function of time is shown in Figure 9a. We was observed that the
gain slowly decreased from the beginning of the physics run, hitting a minimum in early
April 2017. The gain then increased to 85% of its original value around late June 2017, and
has been slowly decreasing since.

We have not yet found the cause of this behavior, as the current DAQ configuration,
which only saves the charge sum of a triggered event, only provides limited information
about the behaviour of the LS veto system. Nonetheless, it is important to correct for gain
shifts in the LS veto as it will impact the signal event selection of COSINE-100 if untreated.
We used the fitted p2 parameter from the LS spectrum of the first dataset of the physics
run as a reference value and corrected each subsequent dataset by applying correction factor
to match the the p2 parameter. The p2 parameter from the corrected LS spectrum as a
function of time for each dataset can be found in Figure 9b, which illustrates the increase
LS veto energy scale stability provided by the gain correction.

9. Conclusion

The purpose of the liquid scintillator veto system of the COSINE-100 experiment is
to reduce the background level both from the external and internal sources. The liquid
scintillator is carefully produced to have a high light yield with a low radioactive background,
and a dataset with a total exposure of 59.5 live days was used for this analysis. A Geant4
simulation shows a reasonable agreement with the data measured from the LS system, and
this simulation result is then used to cross-check the calibration of the LS. The analysis
threshold is determined to minimize noise event contamination in event selection. The
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tagging efficiency of 3.2 keV X-rays from internal 40K decays is estimated to be about 65 to
75% from the Geant4 simulation.
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Figure 7: Background energy spectra of the six NaI(Tl) crystals in the COSINE-100 detector system at
high energy. Vetoed events (blue filled circles) deposit energies greater than 20 keV in the LS veto, whereas
events defined as NaI(Tl) only (red triangles) have no such depositions in the LS veto detector. The black,
open circle spectrum represents all events (the sum of events in both categories). Crystal-5 and Crystal-8
are not shown due to their lower light yields and, hence, higher energy thresholds.
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Figure 8: Background energy spectra of the six NaI(Tl) crystals in the COSINE-100 detector system at
low energy. Vetoed events (blue filled circles) deposit energies greater than 20 keV in the LS veto, whereas
events defined as NaI(Tl) only (red triangles) have no such depositions in the LS veto detector. The black,
open circle spectrum represents all events (the sum of events in both categories). Crystal-5 and Crystal-8
are not shown due to their lower light yields and, hence, higher energy thresholds.
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(a) LS gain vs. time before correction
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(b) LS gain vs. time after correction

Figure 9: LS gain fluctuation as a function of time (a) before and (b) after correction. The gain of the LS
is represented by the location of the Compton edge of 1,460 keV γ-ray scatters, which originate from 40K
decays.
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