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Abstract The knowledge of scintillation quenching of α-
particles plays a paramount role in understanding α-induced
backgrounds and improving the sensitivity of liquid argon-
based direct detection of dark matter experiments. We per-
formed a relative measurement of scintillation quenching in
the MeV energy region using radioactive isotopes (222Rn,
218Po and 214Po isotopes) present in trace amounts in
the DEAP-3600 detector and quantified the uncertainty of
extrapolating the quenching factor to the low-energy region.

1 Introduction

Over the past decade, liquid argon (LAr) detectors have been
extensively used for dark matter direct detection experiments
due to the high purity, scalability and excellent scintillation
efficiency of this material [1–5]. These experiments are opti-
mized to primarily measure the scintillation signals induced
by low-energy nuclear recoils that could be produced due
to elastic scattering of weakly interacting massive particles
(WIMPs), a promising dark matter candidate. Because the
WIMP interaction rate is extremely low, mitigating back-
ground events is an inevitable requirement of such a detection
procedure.

The scintillation time profiles of LAr due to electronic
recoils (ERs) and nuclear recoils (NRs) differ from each
other [6,7]. This characteristic helps to reduce ER back-
grounds due to 39Ar β decays using the pulse-shape dis-
crimination (PSD) technique [8]. DEAP-3600 achieved the
most sensitive limit on the spin-independent WIMP-nucleon
cross-section on argon above 30 GeV/c2 WIMP mass [1].
The sensitivity of the DEAP-3600 experiment is limited by
the presence of intrinsic α-backgrounds. The most challeng-
ing such backgrounds come from α-decays within the trace
amount of dust particulates dispersed in the LAr volume, and
from α-decays of 210Po on the flowguides in the neck of the
detector, following which the scintillation light is shadowed.

In order to correctly model α-induced backgrounds, the
amount of scintillation light induced by α-particles in LAr
must be understood over a wide range of energy. This can
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be quantified by considering the fraction of deposited energy
that is dissipated as scintillation photons: this ratio is known
as the quenching factor (QF). A number of experimental stud-
ies have been performed to measure the scintillation yield due
to neutron-induced NRs in LAr in the low-energy region [9–
12]. The scintillation quenching at low energies cannot com-
pletely be explained by the Lindhard et al. theory [13] and
various models have been proposed to understand the light
yield for low-energy NRs in LAr [11,12,14,15]. In con-
trast to NRs, few measurements are available for studying
scintillation light due to α-particles in LAr at high energies
using a 210Po source [16–18]. In the absence of a universally
accepted α-quenching model, we explore the scintillation
yield of α-particles over a wide energy region (tens of keV
to a few MeV) and quantify extrapolation uncertainties.

The main objective of the present work is to generate
an energy-dependent scintillation quenching curve for α-
particles in LAr and probe the uncertainty of extrapolating
the α-particle QF to the low-energy region for LAr. As input
to the extrapolation procedure, we start from the direct mea-
surement of the scintillation QF of α-particles from 210Po
reported in Ref. [16], and perform a relative measurement
of the QF using full-energy α peaks from the 222Rn chain
using DEAP-3600 data. Using such a relative measurement
reduces the impact of systematic uncertainties related to the
detector response and absolute energy calibration. Based on
the results in the MeV range, a model is then used to extrap-
olate the α-particle QF into the low-energy region for LAr.

Section 2 presents a brief description of the DEAP-3600
detector as well as data selection. The relative measurement
of the scintillation QF for α-particles in the MeV energy
region is described in Sect. 3. In Sect. 4, we extrapolate the
energy-dependent α-particle QF and estimate the uncertain-
ties down to energy values in the tens of keV range. Finally,
we summarize the results in Sect. 5.

2 Detector and data selection

The DEAP-3600 detector contains 3.3 tonnes of LAr within
a spherical acrylic vessel (AV) of radius 850 mm. The top
300 mm of the spherical detector region contains gaseous
argon (GAr). A detailed description of the detector is given
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Table 1 The short-lived α-decays of interest in LAr [19–22]. The activity of these isotopes in the DEAP-3600 detector was estimated in Ref. [1]

Radioactive isotope Half-life Branching ratio (%) α-particle energy (MeV) Q-value (MeV) Activity in DEAP-3600 (µBq/kg of LAr)

222Rn 3.8 days 99.92 5.489 5.590 0.153 ± 0.005
218Po 3.1 min 99.9989 6.002 6.115 0.159 ± 0.005
214Po 164.3 µs 99.9895 7.686 7.833 0.153 ± 0.005

in Ref. [23]. The inner surface of the AV is coated with a 3µm
layer of 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) wavelength
shifter which converts 128 nm scintillation light produced by
LAr to visible light that peaks at 420 nm. The light signal
is acquired by 255 inward-facing Hamamatsu R5912-HQE
photomultiplier tubes (PMTs) which have high quantum effi-
ciency and low radioactivity [24]. The PMT signals are digi-
tized by both high-gain (CAEN V1720) and low-gain (CAEN
V1740) waveform digitizer channels. Signals from the high-
gain digitizer channels are used in this analysis.

Data are processed using the RAT [25] software frame-
work adapted for DEAP-3600 data. The charge of a pulse
detected in a PMT is divided by the average single-PE charge
of the PMT, known from calibrations, to obtain the number
of recorded photoelectrons (PEs). This analysis uses the full
dataset collected by DEAP-3600 from November 2016 to
December 2017, plus 20% of the dataset collected from Jan-
uary 2018 to March 2020. This corresponds to 388.4 live-
days.

Events are observed due to α-decays from the 222Rn iso-
tope and its descendants, occurring inside the detector includ-
ing the LAr target [1]. Starting from 222Rn, three α-particles
and two β-particles are emitted following the sequence of
transitions before producing the long-lived isotope 210Pb,
the chain with the highest probability being:

222
86Rn

α−→ 218
84Po

α−→ 214
82Pb

β−→ 214
83Bi

β−→ 214
84Po

α−→ 210
82Pb.

In this work, we consider α-particles emitted from short-lived
decays and depositing their full energy in the LAr volume.
These α-emitting isotopes are detailed in Table 1. From the
long-lived 210Pb isotope (22.2 year half-life), the 210Po iso-
tope is produced following two β-decays:

210
82Pb

β−→ 210
83Bi

β−→ 210
84Po .

We do not consider α-decays from 210Po in the relative QF
measurement, because in DEAP-3600 these decays mostly
originate from the inner surface of the AV: the resulting α-
particles deposit an unknown portion of their energy into
the acrylic and TPB before creating scintillation signals in
LAr [1].

Fig. 1 Distribution of the number of PE detected from α-decay events
the position of which is reconstructed within radius 0–850 mm (top
histogram) and 0–600 mm (bottom histogram) from the origin of the
detector. From left to right, the peaks are from the decay of the 210Po,
222Rn, 218Po and 214Po isotopes. Each peak is fitted by a Gaussian dis-
tribution (blue line). Red solid points are the detected peak PE positions
from each Gaussian fit

Event selection cuts are applied to the data in order to
select α-decay candidates. First, the same run selection, trig-
ger requirements and data cleaning cuts as in Ref. [1] are
applied. Then, to remove pre-trigger pileup and post-trigger
pileup from coincidence events, the event trigger time must
be within the range [2250, 2700] ns in the trigger window,
be recorded at least 20 µs after the previous event’s trigger
time, and with fewer than 4 pulses recorded by PMTs in the

123



   87 Page 4 of 9 Eur. Phys. J. C            (2025) 85:87 

first 1600 ns of the event. Events are rejected if more than
75% of the PE in the event were detected by a single PMT. To
select events from the NR band and reject ERs, a PSD cut is
applied with the requirement that at least 55% of the PE are
detected within [−28, 150] ns of the trigger time. Finally, the
reconstructed position of the event must be within the LAr
volume.

Figure 1 shows the PE distribution of the selected events
at high PE, with α peaks observed from the decay of 210Po,
222Rn, 218Po and 214Po isotopes. Each peak is fitted by a
Gaussian distribution using TMinuit [26] in ROOT [27] and
the mean of the each fit function is considered as the PE peak
value.

3 Relative measurement of the quenching factor

3.1 Method

The scintillation quenching, QFα , of α-particles with energy
Eα can be expressed by the following equation:

QFα = PEα

Y × Eα,dep
, (1)

where PEα is the detected number of PE at the peak, Eα,dep

is the total energy deposited by the α-particles within LAr,
and Y (in PE/keV) is the scintillation light yield measured
for γ -rays, which is assumed to be linear over the 5–8 MeV
range. For the α-decays observed on-peak, the full energy is
deposited within the LAr volume of the detector, therefore we
take Eα,dep = Eα from Table 1. We assume that the number
of detected PE generated by the heavy nuclear recoils in these
events is negligible compared to the amount generated by the
full-energy α-particles.

The DEAP-3600 detector is calibrated at low energy from
around 565 keV to 1.3 MeV using β-decays from naturally
present 39Ar isotopes in LAr and an external 22Na γ source.
The energy response function is linear over a wide range of
energies, whereas a non-linear response has been observed
above a few MeV because of the saturation of detected pulses.
Saturation of the PMTs and digitizers can occur; digitizer
clipping effects start at lower PE compared to the region
where PMT non-linearity effects are observed. In energy
reconstruction, a correction algorithm is used to deal with
such effects. As a first step, this algorithm identifies clipped
pulses. For each such pulse, the charge measured in high-
gain digitizer channels is corrected using a function that was
obtained by comparing the pulse integrals of a large number
of unsaturated pulses recorded by high-gain digitizer chan-
nels to the corresponding pulses recorded by low-gain dig-
itizer channels. This reconstructed charge is used to recal-
culate the number of PE, after which another correction is

applied to account for the non-linear PMT response which
appears due to space-charge effects within the PMT dynode
structure. For this purpose, a sigmoidal function is used to
model charge growth in a PMT in the presence of space-
charge. This function controls both the PE value at which
saturation begins and the nature of the gradual change in
the saturation effect through three parameters determined by
tuning with data. Pulses from events originating close to the
AV surface are more likely to be saturated. The magnitude
of the entire correction procedure is typically less than 1%;
it can range up to 10% for most pulses, and rarely up to 50%
for pulses from high-energy events closest to the AV surface.
This has an indirect dependence on the reconstructed posi-
tion of the events, systematic uncertainties from which are
taken into account in the next section. A detailed description
of this procedure is provided in Ref. [28].

This analysis uses three data points: the measurement of
QFα,210Po = 0.710±0.028 at 5.305 MeV by Doke et al. [16];
and the following two relative measurements from DEAP-
3600. Based on Eq. 1, we define the ratios R2 and R3 as
follows:

QFα,218Po

QFα,222Rn
= PEα,218Po

PEα,222Rn
× Eα,222Rn

Eα,218Po
≡ R2 × Eα,1

Eα,2
, (2)

QFα,214Po

QFα,222Rn
= PEα,214Po

PEα,222Rn
× Eα,222Rn

Eα,214Po
≡ R3 × Eα,1

Eα,3
. (3)

where on the right, the subscripts 1, 2, 3 are used for 222Rn,
218Po and 214Po respectively.

By taking the ratios of the peak PE values for α-particles
within the 5 to 8 MeV range, the effect of non-linearities in
the light detection efficiency on the estimation of the QF is
reduced, and the analysis becomes less sensitive to the abso-
lute energy calibration at high energy. These ratios for 218Po
and 214Po relative to 222Rn are calculated using Gaussian fits
to the whole dataset as shown in Fig. 1 (top): the resulting
measured values of R2 and R3 are given in Table 2.

3.2 Systematic uncertainties

The light yield Y depends on various detector parameters,
such as the photo-detection efficiency of the PMTs, the reflec-
tivity of the AV surface, the roughness of the AV inner sur-
face, the efficiency and thickness of TPB, etc. Some of these
properties could vary throughout the data taking period or
different locations within the detector. Therefore, the uncer-
tainties on R2 and R3 are estimated in terms of their observed
variations as a function of reconstructed position and time of
occurrence of the α-decays within the LAr throughout the
data-taking period.

To estimate uncertainties due to α-decay position (σp),
the detector volume is divided into four concentric spheri-
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Table 2 Quenching factor of α-particles obtained from the relative measurement using 222Rn, 218Po and 214Po decays within the DEAP-3600
detector. The measured value by Ref. [16] of the QF for α-particles from 210Po decays is also shown

Radioactive
isotope

Energy of α-particle
(MeV)

Ratio of PE peak to
222Rn PE peak (Ri )

Uncertainty on the
peak PE ratio (σi )

Quenching factor
(QFα)

Uncertainty on QFα

due to PE peak
ratios

Absolute uncertainty
on QFα

210Po 5.305 – − 0.710 [16] – 0.028 [16]
218Po 6.002 1.096 0.002 0.712 0.001 –
214Po 7.686 1.411 0.006 0.716 0.003 –

cal regions where the distance to the origin of the detector
is 0–200 mm, 200–400 mm, 400–600 mm and 600–800 mm.
The LAr volume which is within 50 mm from the inner sur-
face of the AV is not considered here because the PE peak
from the α-decay of 210Po on the AV surface is the dominant
contribution there. For each region, the peak PE values from
222Rn, 218Po and 214Po are each determined as the mean
of the corresponding Gaussian fit. Averaged over all four
regions, the ratios of 218Po and 214Po peak PE to the 222Rn
peak PE are respectively 1.096 ± 0.001 and 1.408 ± 0.005.

In order to estimate the uncertainties due to time of occur-
rence of α-decays in the detector (σt ), the entire dataset is
divided into twenty-one time bins, each covering sixty days
except the last bin. The peak PE ratios are estimated for each
time bin. Unlike the previous case, events originating near
the inner surface of the detector are also considered here.
Averaged over time bins, the peak PE ratios relative to 222Rn
are 1.096 ± 0.002 for 218Po and 1.412 ± 0.003 for 214Po.

Assuming the systematic uncertainties from event position
and time are uncorrelated, their sum in quadrature is taken

as the absolute uncertainty σi =
√

(σp,i )2 + (σt,i )2 on the
peak PE ratio Ri , overall resulting in R2 = 1.096 ± 0.002
and R3 = 1.411 ± 0.006.

If we further assume that at 5.489 MeV, QFα,222Rn =
QFα,210Po measured in Ref. [16], it follows from rearrang-
ing Eqs. 2 and 3 that QFα,218Po = 0.712 ± 0.001 and
QFα,214Po = 0.716±0.003 with the uncertainties due to rela-
tive PE peak positions only. The total uncertainty on these QF
values is dominated by the absolute uncertainty of ±0.028
from the measurement of QFα,210Po.

4 Extrapolation of the quenching factor

With the help of the existing experimental data [29–32], Mei
et al. [14] proposed a prescription which predicts that the
scintillation quenching of neutron-induced nuclear recoils in
noble liquids from a few tens of keV to a few hundreds of
keV is influenced by two different mechanisms: reduction of
energy transferred to electrons, and consequently production
of a smaller number of excimers and ions; and reduction

of scintillation yield due to high ionization and excitation
density.

Here, we use a model that considers two independent
quenching effects: a “nuclear QF” accounting for the fraction
of energy lost by a recoiling nucleus as a result of nuclear col-
lisions, and an “electronic QF” accounting for non-radiative
de-excitation of excimers produced by energy transferred to
atomic electrons. The product of these two factors will be
taken as the final result.

4.1 Nuclear quenching factor

The ratio of energy transferred to electrons (Edep,elec) to the
total energy deposition, where this denominator includes the
part responsible for nuclear translation motion (Edep,nucl)
along the α-particle’s track, is defined as the nuclear QF:

QFnucl
α = Edep,elec

Edep,elec + Edep,nucl
, (4)

and the uncertainty on this calculation is taken as

�QFnucl
α =

[(
∂QFnucl

α

∂Edep,elec
σelec

)2

+
(

∂QFnucl
α

∂Edep,nucl
σnucl

)2

+ 2ρσelecσnucl

(
∂QFnucl

α

∂Edep,elec

)(
∂QFnucl

α

∂Edep,nucl

)]1/2

=
⎡
⎣

(
Edep,nucl · σelec(

Edep,elec + Edep,nucl
)2

)2

+
(

−Edep,elec · σnucl(
Edep,elec + Edep,nucl

)2

)2

(5)

− 2ρ · Edep,nucl · Edep,elec · σelec · σnucl(
Edep,elec + Edep,nucl

)4

]1/2

(6)

= √
2(1 − ρ)

Edep,elec Edep,nucl

(Edep,elec + Edep,nucl)2 σrel (7)

where ρ = −1 is the correlation coefficient between Edep,elec

and Edep,nucl which are anti-correlated for a fixed total energy
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Fig. 2 Nuclear QF curve for α-particles estimated using SRIM stop-
ping power tables and Eq. 4 (green) and TRIM simulation (black)

Fig. 3 Stopping power curves for α-particles in LAr from SRIM-
2013 [34]

deposition. In the last step it is assumed that the relative
uncertainties are similar: σelec

Edep,elec
= σnucl

Edep,nucl
= σrel.

To calculate this nuclear QF as a function of energy, TRIM
(TRansport of Ions in Matter) simulations [33] are performed
for α-particle energies between 10 keV and 10 MeV. This
simulation provides the energy loss in ionization, phonon
generation and radiation damage. The option named “Ion
Distribution and Quick Calculation of Damage” is used to
minimize the detailed estimation of target damage. To calcu-
late the nuclear QF, the energy loss from ionization estimated
using TRIM simulations is divided by the incident energy of
the α-particle. The results are shown in Fig. 2.

Also shown in Fig. 2 is the result of a cross-check cal-
culation of the nuclear QF where the electronic and nuclear
stopping power values are taken from SRIM (The Stopping
and Range of Ions in Matter)-2013 [34] as shown in Fig. 3.
The deposited energy is calculated in steps of 1 nm along
the path of the α-particle track. SRIM calculates the separate
electronic and nuclear stopping powers of the α-particle; this
accounts for the amount of energy transferred to atomic elec-

trons and nuclei directly, but does not account for the sub-
sequent scatters and the final state distribution of the energy
deposited. The resulting nuclear QF curve for α-particles in
LAr is calculated using Eq. 4.

In the present study, the values of the nuclear QF obtained
using TRIM simulations are used in the combined QF cal-
culation of Sect. 4.3. The nuclear QF values from TRIM
are about 2–6% higher than the values obtained using the
SRIM stopping power in the range 10–60 keV. This differ-
ence decreases with increasing α energy and becomes less
than 1% from around 300 keV. The stopping power calcula-
tion from SRIM deviates from the experimental data points
by a maximum of approximately 10% for helium ions within
an argon gas target [33]. Therefore, the relative uncertainty
σrel is considered as 10% here. The nuclear QF uncertainty
is calculated using Eq. 7 and shown in gray colored band in
Fig. 2.

4.2 Electronic quenching factor

Next, using Birks’s formalism [35], we account for the
non-radiative de-excitation of excimers by interactions with
atomic electrons. For the fraction of the energy deposited in
a small step that is converted to scintillation light, we write:

dy

dE
= A

1 + B dE
dx

, (8)

where dE
dx is the electronic stopping power at each step along

the α-particle’s track, and A and B are constants for any α-
particle energy. In this model, A accounts for average quench-
ing due to the density of the deposition within the track core,
and B accounts for the change in density with energy.

The total energy that goes into scintillation along the α-
particle track is then:

y(Eα) = A
∫ Eα

0

dE

1 + B dE
dx

. (9)

We define the electronic quenching factor from this model
as the fraction of energy that goes into scintillation:

QFM
α = y(Eα)

Eα

= A

Eα

∫ Eα

0

dE

1 + B dE
dx

. (10)

The model predictions for the ratios Ri are likewise:

RM
i = y(Eα,i )

y(Eα,1)
=

∫ Eα,i
0

dE
1+B dE

dx∫ Eα,1
0

dE
1+B dE

dx

. (11)

We constrain the values of the parameters A and B using
the measured values of QFα,210Po from Ref. [16] and the two
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Fig. 4 χ2 from Eq. 12 shown as a function of A and B. The red-dotted
line represents the 1σ contour drawn in the (A, B) parameter space

Ri from Sect. 3, by minimizing

χ2 =
(QFα,210Po − QFM

α,210Po
)2

σ 2
0

+
3∑

i=2

(
Ri − RM

i

)2

σ 2
i

(12)

where as reported above the uncertainties are σ0 = 0.028,
σ2 = 0.002 and σ3 = 0.006. Using the electronic stopping
power values from SRIM-2013 [34], this χ2 is calculated in
a grid of (A, B) values over the range A = (0.600 − 1.000)

and B = (0.001 − 0.160): the result is shown in Fig. 4. The
χ2 is observed to be smooth, with a minimum at A = 0.756
and B = 0.081 μg · cm−2 · keV−1. The resulting best-fit
electronic QF curve is shown in Fig. 5.

Based on the χ2 function, a 1σ contour is drawn in (A, B)

parameter space where on the contour χ2 = χ2
min + 1, with

χ2
min the minimum χ2 value (corresponding to the best fit):

this contour is also shown in Fig. 4. For different (A, B) com-
binations along this contour, the electronic QF is calculated
as a function of α-particle energy using Eq. 10. The 1σ bands
in Fig. 5 are generated by using the QF curves from the worst
fits that are consistent with the data at the 1σ level.

4.3 Combined results

The final energy-dependent QF curve is obtained by tak-
ing the product of the best-fit electronic QF curve and the
nuclear QF curve from TRIM. According to these results,
at high energy the electronic quenching mechanism is domi-
nant, while at low energy nuclear quenching becomes impor-
tant.

Figure 6 displays the scintillation QF curve for α-particles
in LAr and the corresponding ±1σ uncertainty band over
the energy range 10 keV–10 MeV, from the combination of
the electronic QF with the nuclear QF. This uncertainty band
comes from the combination of the 1σ band on the electronic

Fig. 5 Electronic QF as a function of α-particle energy. The best-fit QF
curve is shown with the red dashed line. The green shaded region is the
1σ band considering only the uncertainties of the relative measurement,
as a function of energy. This band encompasses the absolute uncertainty
from the measurement of QFα,210Po which is the dominant uncertainty
in this analysis. The red solid square represents T. Doke’s measurement
of the scintillation quenching of α-particles emitted from the decay of
210Po [16]. Two black open circles display the DEAP-3600 relative
measurements from 218Po and 214Po (see Table 2)

Fig. 6 Energy-dependent scintillation QF curve for α-particles within
LAr, as a function of their energy on a logarithmic scale. The nominal
and ±1σ QF curves are the product of the electronic QF (see Fig. 5)
with the nuclear QF from TRIM (see Fig. 2)

QF shown in Fig. 5 with the nuclear QF uncertainty calculated
using Eq. 7 taking σrel = 10%.

Relative light yield measurements were performed by
Hitachi et al. [17] within liquid argon by measuring the pulse
heights of α-particles from 210Po, 212Bi, 252Cf and 212Po
relative to 6 MeV α-particles. The resulting estimates of
the quenching factors are consistent with our results within
uncertainties.
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5 Summary and outlook

In summary, α-particles from radioactive decays detected in
LAr with the DEAP-3600 detector are used to perform a rel-
ative measurement of the QF at energies between 5.489 and
7.686 MeV, corresponding to the full-energy α peaks. One
advantage of the relative measurement procedure is to reduce
the impact of light-yield non-linearity effects observed in
DEAP-3600 data above a few MeV. We extrapolated the
QF values into the low-energy region down to 10 keV, and
also assigned uncertainties to this extrapolation. The energy-
dependent QF curve is utilized in the analysis of backgrounds
to the WIMP search. Measurements of the QF at various ener-
gies are currently underway in order to validate these results.
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