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A B S T R A C T

Finding unequivocal evidence of dark matter interactions in a particle detector is a major goal of research
in physics. Liquid argon time projection chambers offer a path to probe Weakly Interacting Massive Particles
scattering cross sections on nuclei down to the so-called neutrino floor, in a mass range from a few GeV
to hundreds of TeV. Based on the successful operation of the DarkSide-50 detector at LNGS, a new and
more sensitive experiment, DarkSide-20k, has been designed and is now under construction. A thorough
understanding of the DarkSide-50 detector response and, therefore, of all types of events observed in the
detector, is essential for the optimal design of the new experiment. In this article, we report on a specific
set of events, namely, standard two-pulse scintillation–ionization signals with a third small amplitude pulse,
occurring within the 440 μs data acquisition window of standard events. Some of these events are due to the
photoionization of the TPC cathode. We compare our results with those published by collaborations using liquid
xenon time projection chambers, which observed a similar phenomenon, and, in particular, with a recent paper
by the LUX Collaboration (D.S. Akerib et al. Phys.Rev.D 102, 092004 (2020)) From the measured rate of these
events, we estimate for the first time the quantum efficiency of the tetraphenyl butadiene deposited on the
DarkSide-50 cathode at wavelengths of around 128 nm, in liquid argon. Also, both experiments observe events
likely related to the photoionization of impurities in the liquid. The probability of photoelectron emission per
unit length turns out to be an order of magnitude lower in DarkSide-50 than in LUX.
1. Introduction

The search for direct detection of dark matter in the form of Weakly
Interacting Massive Particle Dark Matter (WIMP DM) is one of the most
active areas of astroparticle physics. The Liquid Argon (LAr) Time Pro-
jection Chamber (TPC) technology offers a path to reach sensitivities to
WIMP-nucleus scattering cross-sections down to the so-called neutrino
floor [1], for both high and low WIMP masses.

Based on the successful operation of the DarkSide-50 (DS-50) de-
tector [2,3], a larger and more sensitive experiment, DarkSide-20k
(DS-20k) [4], is now under construction. A deep understanding of
the DS-50 detector response is one of the key inputs for an optimal
design of DS-20k. Therefore, beyond studying events related to dark
matter searches, it is very important to scrutinize all event types in the
detector, since they may provide indications for detector optimization.

A typical interaction in the active volume of the TPC yields a prompt
scintillation signal, S1, and one or more clouds of ionization electrons,
2

depending on the single- or multi-scatter nature of the interaction.
Inside the DS-50 LAr TPC, ionization electrons drift upwards under a
uniform electric field and are extracted into the gas pocket and induce
electroluminescence signals, S2. As discussed in [5], S1 and S2 signals
have different pulse shapes. The S1 signal rises in few ns and falls as a
double exponential, with 𝜏1 = (6 ± 1) ns and 𝜏2 = (1.5 ± 0.1) μs, and an
amplitude ratio of the two exponentials of ∼ 3 for nuclear recoils and ∼
0.3 for electron recoils [6,7]. This difference in amplitude ratios leads to
a very effective Pulse Shape Discrimination (PSD) between electron and
nuclear recoils. The S2 signal has a different pulse shape, i.e. a ∼ 1 μs
rise-time and a ∼ 3 μs fall-time. The detection of both S1 and S2 pulses
allows three-dimensional reconstruction of the interaction point and,
therefore, background rejection by detection of multiple interactions
and volume fiducialization. In DS-50 the typical pulse charge ratio, S2
over S1, as discussed in Section 2, is between 10 and 30. Therefore,
low energy interactions may yield only S2 signals above the detection
threshold. These single-pulse events were used to extend the search for
dark matter to lower masses [2].

In addition to S1+S2 and S2 only events, other event types were
also observed in the DS-50 detector. In this paper, we discuss prompt
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emission events, namely events with an additional small amplitude
S2 pulse, occurring in the same 440 μs data acquisition window as
standard events; we refer to these pulses as Single Electron Candidates
(SEC). We classify these events into two different categories: echo
vents, discussed in Section 4, when the SEC has a definite temporal
elationship with the preceding S1 or S2, and bulk events, discussed in
ection 5, when the SEC does not have a definite temporal relationship
ith the preceding S1 or S2, but is consistent with being due to a single
lectron. Therefore, both these event types have features that clearly
istinguish them from the common multi-scatter photon background
nteractions, for which the S2 pulses have a wide spectrum of charges.

We also provide an interpretation of the observed event types based
n the study detailed in this paper.

Events with single electron signals occurring outside the acquisition
indow of a previous standard event, i.e. due to delayed emission, were
lso observed in DS-50 [2] and will be discussed and analyzed in an
pcoming DS-50 publication.

Similar kinds of events as those discussed in this paper were also
bserved and studied with liquid-xenon based detectors. The most
omprehensive study was performed by the LUX Collaboration [8] and
e use it for comparison with our results. Other previous papers

eporting similar event types can be found in Refs. [9–12].

. The DarkSide-50 detector

The DS-50 LAr TPC is a cylinder,whose active volume has a height
f 35.6 cm and a diameter of 35.6 cm at warm, and contains 46.4(7) kg

of low-radioactivity argon (UAr) extracted from underground [13–15].
Arrays of 19 3 ′′ photo-multipliers (PMTs) at each end detect the S1
and S2 signals. The PMTs are immersed in liquid argon and view
the active volume through fused silica windows. These are coated on
both faces with transparent conductive indium tin oxide (ITO) films
15 nm thick. The inner faces of the window define the grounded anode
(top) and the HV cathode (bottom) of the TPC, while the outer faces are
kept at the average photocathode potential of each 19-PMT array. The
cylindrical side wall is made of 2.54 cm-thick polytetrafluoroethylene
(PTFE) reflector that was sintered using a special annealing cycle to
increase its reflectivity. The PTFE reflector and the fused silica windows
are coated with a tetraphenyl butadiene (TPB) wavelength shifter,
which absorbs the 128 nm LAr scintillation photons and re-emits visible
photons with a peak wavelength of 420 nm. The specific thickness of
the TPB coating on the windows varies between (230 ± 10) μg∕cm2 at
the center and (190 ± 15) μg∕cm2 at the edge of the active volume,
corresponding to a few μm thickness. The thickness of the TPB on the
cylindrical wall is (165±20) μg∕cm2 at half-height and (224±27) μg∕cm2

at the top and bottom. The electric fields needed for drifting and
extracting electrons are formed by the ITO-coated cathode and anode
planes, a field cage made of a stack of copper rings behind the PTFE
reflector held at graded potentials, and a grid that separates the drift
and electron extraction regions. The grid is placed 5 mm below the
liquid surface. It is made from hexagonal mesh photo-etched from a
50 μm-thick stainless steel foil and has an optical transparency of 95%
at normal incidence.

The data reported in this paper were collected between July 2015
and October 2017, with a TPC drift field of 200V cm−1, an extraction
field of 2.8 kV cm−1, and an electroluminescence field of 4.2 kV cm−1.
At this extraction field, the grid is fully transparent to electrons and
the efficiency for extracting ionization electrons into the gas layer
is estimated to be close to 100% [16,17]. The electron drift time,
𝑡drif t = 𝛥𝑡S2−S1, has a maximum value at 𝑡max

drif t=376 μs, corresponding to
interactions located right above the cathode. The electron drift speed
is (0.93 ± 0.01) mm∕μs [18].

A hardware trigger in DS-50 occurs when two or more PMT signals
exceed a threshold of 0.6 Photo-Electrons (PE) within a 100 ns window.
Waveform data are recorded from all 38 PMTs for 440 μs starting
∼ 10 μs before the trigger, which, for this analysis, is the S1 signal.
3

Subsequent triggers are inhibited for 810 μs. Software pulse-finding
algorithms are then applied to the digitized data, including the pre-
trigger data. The software classifies the pulses into two categories (S1
or S2) based on the fraction of light detected within the first 90 ns (𝑓90).

he efficiency of the software pulse-finding algorithm is essentially
00% for S2 signals larger than 30 PE [19]. The pulse finder uses an

integration window of 30 μs, which is long enough to include the entire
S2 signal.

The argon is purified continuously by recirculating it in gaseous
form through a heated getter (SAES Monotorr PS4-MT50-R-2), which
reduces contaminants such as H2O, O2, and N2 to sub-ppb levels, and
through a cold charcoal radon trap. The measured electron lifetime was
greater than ∼8ms during the whole data collection, corresponding to
∼35 ppt O2-equivalent contamination [20].

. Event selection

We select three-pulse events, with an S1 followed by two S2, one
f which is called a SEC. The S1 pulse provides the event trigger.
e classify the selected events into two groups, according to the time

equence of the three pulses: S1-S2-SEC, with the SEC occurring after
he S2 pulse, and S1-SEC-S2, with the SEC occurring between S1 and
2.

We require the event trigger to occur at least 400 μs after the
end of the inhibit window of the previous trigger, namely at least
1.21 ms after the previous trigger. This removes events which were
triggered by an S2, with the corresponding S1 occurring during the
inhibit window [13].

The S2 light yield drops by about 60% from the center to the sides
of the detector [21]. To avoid efficiency corrections for the pulse finder,
we only select SEC pulses with the maximum signal in the top central
PMT. Furthermore, to avoid anomalous events, we select events with
the maximum S2 signal in one of the 19 top PMTs.

The trigger, as shown in Ref. [2], is fully efficient for pulses above
30 PE, and, since all events studied here are triggered by S1, the trigger
inefficiency is completely negligible.

The 𝑓90 variable is also used to distinguish between electron and
nuclear recoils. For electron recoils, its value is clustered around 0.3,
while for nuclear recoils, it is around 0.7. In this analysis, only electron
recoil events are selected, by requiring 𝑓90< 0.5. Moreover, to limit the
effects of saturation and pulse overlaps, we require S2<50,000 PE and
100 PE <S1<1500 PE.

In DS-50, the typical S2 to S1 charge ratio for electron recoils is
between 10 and 30. To further strengthen the identification of the
pulse sequence, the S2 to S1 ratio is required to be larger than 10.

4. Echo events

Fig. 1 shows the charge of the SEC pulse vs. the time difference,
𝛥𝑡SEC−S2, between the SEC pulse and the preceding S2 for S1-S2-SEC
events. We observe three main features in the plot, corresponding to
three sets of events, which will be detailed in the following sections.

4.1. S2-echo events

One set of events in Fig. 1 is clustered around 𝛥𝑡SEC−S2 ∼ 380 μs,
corresponding to the maximum TPC drift time, and SEC charges up to
a few hundred PEs. It seems plausible that these events are due to S2
photons extracting electrons from the cathode. The electrons then drift
through the whole TPC length. We call these events S2-echo events.
ig. 2 shows the SEC charge spectrum for these events. The peak related
o the signal from one ionization electron is clearly visible and its
orresponding SEC charge is in agreement with the observation of a
revious DS-50 paper [2] of ∼ 23 PE. The distribution also shows a tail
xtending to several electrons. The S2 pulses are quite large signals and
an induce the emission of more than one electron from the cathode.
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Fig. 1. Distribution of SEC charge vs. time difference between the SEC and the
preceding S2 pulse, 𝛥𝑡SEC−S2. The set of events at small values of 𝛥𝑡SEC−S2 and large
values of charge is related to double-scatter 𝛾-ray interactions.

Fig. 2. SEC charge distribution for S2-echo events.

From now on, we require the SEC to be a small amplitude electro-
luminescence pulse, i.e. to have a charge smaller than 200 PE. This
corresponds to about eight extracted electrons. The number of recorded
S2-echo events is affected by the data acquisition window of 430 μs
fter the trigger. This time window is smaller than 2 × 𝑡max

drif t , the time
hat would be required for recording all S2-echo events. In practice,
he DS-50 data acquisition only records S2-echo events originating from
nteractions in the top section of the TPC, with drift times, 𝛥𝑡S2−S1,

smaller than 430 μs − 𝑡max
drif t , which is ∼ 50 μs. Fig. 3 shows the fraction

of events containing an S2-echo, 𝐹S2-echo, as a function of the drift time,
i.e.:

𝐹S2-echo(𝑡drif t ) = 𝑁S2-echo(𝑡drif t )∕𝑁S2(𝑡drif t ). (1)

The drift time, 𝛥𝑡S2−S1, depends on the depth of the interaction, 𝑧,
with 𝑧 = 0 corresponding to 𝛥𝑡S2−S1 = 0, the gas–liquid interface.

If our interpretation of the S2-echo events is correct, we should
expect that, the larger the S2 charge, the greater the probability of
inducing photoelectric emission from the cathode of more than one
electron. This indeed is observed in Fig. 4, which shows the SEC charge
vs. S2 charge distribution for S2-echo events. Overlaid is the profile
histogram, which clearly shows the expected correlation.

We also expect that the probability of S2-echo events, independent
of the SEC pulse charge, increases with the S2 pulse charge. Indeed,
this is what is observed in Fig. 5, which shows the fraction of S2-
echo events as a function of the S2 charge. This fraction is found to
increase with the S2 charge, leading to an event fraction of about 0.5
at the maximum S2 selected energy. We see that at an S2 of 30,000,
the probability of observing an echo as defined is ∼20%. Given our
restricted geometric acceptance for the SEC (we only select events with
4

the maximum signal in the central top PMT), this implies that, for p
Fig. 3. Fraction of events with an S2-echo, as a function of the drift time, 𝛥𝑡S2−S1.

Fig. 4. SEC charge vs. S2 charge distribution for S2-echo events. Overlaid is the profile
histogram. A linear fit gives an intercept of ∼23.3 PE and a slope of ∼ 1.2 × 10−3.

Fig. 5. Fraction of S2-echo events vs. S2 charge, with 5μs < 𝛥𝑡S2−S1 < 45μs.

vents with S2 above this size, essentially every event produced an echo
ignal in the detector. However, due to the limited data acquisition
ime window, most of the third pulses are not recorded.

.2. S1-echo events

Another set of events in Fig. 1 is clustered at SEC charges peaking at
25 PE, the single ionization electron response, and spanning the time
xis from 50 μs to 375 μs. These events are well separated from those
ith SEC charges larger than a few 100 PEs, which are identified as S2
vents from standard double-scatter 𝛾-ray interactions in the detector.
t can be noticed that the pulse finder is not able to reconstruct SEC

ulses below ∼ 100 PE that are less than ∼ 40 μs after an S2 pulse.



Astroparticle Physics 140 (2022) 102704P. Agnes et al.

S

S

𝜖

F
a

𝜖

w
U

𝐹

i

e
p

e
o

4

i
a
a

Fig. 6. Time difference 𝛥𝑡SEC−S2 vs. time difference 𝛥𝑡SEC−S1 distribution for events with
EC<50 PE.

Fig. 7. Time difference 𝛥𝑡SEC−S1 distribution, for events with SEC<50 PE and 𝛥𝑡SEC−S2 <
350 μs.

The origin of these events can be understood from Fig. 6, which
shows the distribution of 𝛥𝑡SEC−S2 vs. 𝛥𝑡SEC−S1, when selecting events
with SEC<50 PE.

Three event categories are clearly visible in the distribution: a
horizontal band at 𝛥𝑡SEC−S2 ∼ 380 μs, corresponding to the S2-echo
events discussed in Section 4.1, a continuum of events without a
specific time relation of the SEC with either S1 or S2, which will be
discussed in Section 5, and a vertical band, corresponding to 𝛥𝑡SEC−S1 ∼
380 μs, about one maximum drift time after the S1 signal. We interpret
these events as photoelectric emissions from the cathode induced
by S1 photons and call them S1-echo events. Fig. 7 shows the time
distribution, 𝛥𝑡SEC−S1, for events with SEC<50 PE and 𝛥𝑡SEC−S2 < 350 μs.
The narrowness of the peak for the S1-echo events and the similarity
between the rates before and after the peak imply that there is no
substantial delayed emission from the liquid surface on the scale of 10
to 100 μs. This finding agrees with the electron extraction efficiency
into the gas pocket being close to 100%, as mentioned in Section 2.
The events before and after the peak belong to the S2-bulk category
and are discussed in Section 5.

Fig. 8 shows the fraction of S1-echo events, 𝐹S1-echo, vs. the drift
time, 𝑡drif t , defined as:

𝐹S1-echo(𝑡drif t ) =
𝑁S1-echo(𝑡drif t )
𝑁T(𝑡drif t )

, (2)

with 𝑁T(𝑡drif t ) the selected total number of events (two pulse and three
pulse). The fraction 𝐹S1-echo rises with 𝑡drif t up to about 250 μs, due
to solid angle effect, whereas it drops at large 𝑡drif t , when the time
of the SEC becomes closer to the preceding S2. This drop is due to a
pulse finder inefficiency, similar to the effect seen in Fig. 1, which
5

tends to merge small signals with a preceding S2. Indeed, when for p
Fig. 8. Fraction of S1-echo events, 𝐹S1-echo, vs. drift time 𝛥𝑡S2−S1 (black dots) and
after S1 UV photon corrections (red dots), 𝐹 𝜖

S1-echo. 𝐹 𝜖
S1-echo is multiplied by 0.01 to

fit conveniently on the plot.

instance, we select low energy events, such as with S1<800 PE and
S2< 5000 PE, we find that the drop at large 𝛥𝑡S2−S1 only starts at
∼ 300 μs. No tuning of the pulse finder algorithm was made to cope
with this effect. We tested the hypothesis that the drop could be due to
the SEC being captured by the ion cloud of the S2 signal, by selecting
events for which the S2 signal maximum is not in the central PMT. The
corresponding distribution in Fig. 8 does not change, and we therefore
discard this hypothesis. The presence of a time gap between the S2 and
the subsequent SEC is also visible in the continuum of events at the
bottom of Fig. 6.

The geometric acceptance for S1 UV photons, 𝜖(𝑟, 𝑡drif t ), defined as
the fraction of photons, for which we assume 4𝜋 emission at a given 𝑟
and 𝑧 position in the chamber, that hits a cathode area corresponding
to the central PMT, was calculated with a simple Monte Carlo. In
the following, we made the simplifying assumption, true to a good
approximation, that the event distribution in 𝑡drif t and 𝑟 factorizes.
Then, the average 𝜖(𝑡drif t ) is obtained by weighting the geometric
acceptance 𝜖(𝑟, 𝑡drif t ) by the normalized radial distribution, 𝑓 (𝑟), of the
2 pulses measured with data, as:

̂(𝑡drif t ) =
∑

𝑟
𝜖(𝑟, 𝑡drif t )𝑓 (𝑟), (3)

or 𝑡drif t < 330 μs, the calculated efficiency is a rising function of 𝑡drif t
nd can be parametrized as:

̂(𝑡drif t ) = 0.0072 ⋅ 𝑒0.0024⋅𝑡drif t − 0.0054, (4)

ith 𝑡drif t in μs. The fraction of S1-echo events vs. drift time after S1
V photon acceptance corrections, defined as:

𝜖
S1-echo(𝑡drif t ) =

𝑁S1-echo(𝑡drif t )
𝜖(𝑡drif t )𝑁T(𝑡drif t )

, (5)

s shown in red in Fig. 8. Below ∼ 200 μs we retrieve a flat distribution.
By analogy with Fig. 5, we show in Fig. 9 the fraction of S1-

cho events vs. S1 charge, with 50 μs < 𝛥𝑡S2−S1 < 200 μs. Again, the
robability of S1-echo events increases with S1 charge.

Fig. 10 shows the SEC charge distribution for selected S1-echo
vents. The peak corresponding to one extracted electron can be clearly
bserved. A shoulder due to two extracted electrons can also be noticed.

.3. Calculation of the cathode quantum efficiency

From the measured fraction of both S1-echo and S2-echo events, it
s possible to estimate the quantum efficiency of the cathode in liquid
rgon, i.e. the photoelectron emission probability per UV photon, 𝛾𝑈𝑉 ,
t the liquid argon emission wavelengths of ∼128 nm.

For the calculation of the quantum efficiency measured with S1
hotons, 𝑄𝐸 , we select events with 50 μs < 𝛥𝑡 < 200 μs. Indeed,
𝑆1 S2−S1
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Fig. 9. Fraction of S1-echo events vs. S1 charge, with 50 μs < 𝛥𝑡S2−S1 < 200 μs.

Fig. 10. SEC charge distribution for S1-echo events.

e have shown in Fig. 8 that, for these drift times, we retrieve a
lat distribution as a function of 𝑡drif t , after acceptance corrections. The
umber of S1-echo events is given by:

S1-echo(𝑡drif t ) = 𝜖(𝑡drif t )𝑁𝑆1
𝛾𝑈𝑉

(𝑡drif t )
𝑄𝐸𝑆1
⟨𝑁𝑒𝑙⟩𝑆1

, (6)

where the number of S1 UV photons is given by:

𝑁𝑆1
𝛾𝑈𝑉

(𝑡drif t ) = 𝑁T(𝑡drif t )⟨𝑆1⟩𝑒∕𝑔1. (7)

𝑁T(𝑡drif t ) is the selected total number of events (two pulse and three
pulse), ⟨𝑆1⟩𝑒 the S1 mean charge expressed in PE, and 𝑔1 ∼ 0.16 PE/𝛾𝑈𝑉
the average number of photoelectrons per UV photon [21]. The pres-
ence of the average number of electrons per S1-echo event, ⟨𝑁𝑒𝑙⟩𝑆1, in
the denominator of Eq. (6) takes into account that an S1-echo event
might have more than one extracted electron. ⟨𝑁𝑒𝑙⟩𝑆1 is given by:

⟨𝑁𝑒𝑙⟩𝑆1 = ⟨SEC⟩S1∕𝑔, (8)

with ⟨SEC⟩S1 the average SEC charge of the distribution of Fig. 10, and
𝑔 ∼ 23 PE∕𝑒− the photoelectric gain in the central PMT.

In the selected 𝛥𝑡S2−S1 range, the average fraction of S1-echo events,
⟨𝐹 𝜖

S1-echo⟩, is ∼ 1.0, see Fig. 8, and from Eq. (5), Eq. (6), and Eq. (7),
we obtain:

𝑄𝐸S1 ∼ ⟨𝐹 𝜖
S1-echo⟩

𝑔1
⟨𝑆1⟩𝑒

⟨𝑁𝑒𝑙⟩𝑆1 (9)

The mean value of S1, ⟨𝑆1⟩𝑒, is ∼ 730 PE, while the average number
of electrons, ⟨𝑁𝑒𝑙⟩𝑆1, is ∼ 1.1, giving a 𝑄𝐸S1 of ∼ 2.4 × 10−4∕𝛾𝑈𝑉 .

The S2-echo photons are induced by S2 signals, which are all
produced within the thin gas region at the top of the TPC. The average
acceptance for S2 UV photons, 𝜖𝑆2, is therefore the value calculated
6

from Eq. (4) at 𝑡drif t ∼ 0.
For S2-echo events, Eq. (9) gets modified into:

𝑄𝐸S2 ∼
⟨𝐹S2-echo⟩

𝜖S2

𝑔2
⟨𝑆2⟩𝑒

⟨𝑁𝑒𝑙⟩𝑆2 (10)

here the average of 𝐹S2−echo, ⟨𝐹S2-echo⟩ ∼ 0.055, is taken from Fig. 3
ver the interval 5 μs < 𝛥𝑡S2−S1 < 45 μs, ⟨𝑆2⟩𝑒 is the mean S2 charge,
𝑁𝑒𝑙⟩𝑆2 is the average number of electrons per S2-echo event,

𝑁𝑒𝑙⟩𝑆2 = ⟨SEC⟩S2∕𝑔, (11)

ith ⟨SEC⟩S2 the average charge of the distribution of Fig. 2, yielding
𝑁𝑒𝑙⟩𝑆2 ∼ 2.1.

The mean S2 charge, ⟨𝑆2⟩𝑒, is ∼ 23, 430 PE, 𝑔2 ∼ 𝑔1 ∼ 0.16 PE/𝛾𝑈𝑉
21,22], and 𝜖S2 ∼ 1.8 × 10−3, giving a 𝑄𝐸S2 of ∼ 4.4 × 10−4∕𝛾𝑈𝑉 .

The two measurements of the quantum efficiency, 𝑄𝐸S1 and 𝑄𝐸S2,
re in broad agreement with each other. They are affected by sys-
ematic uncertainties due to the dependence of both 𝑔1 and 𝑔2 on
he interaction position in the detector, at most a 10%–20% effect,
nd to the acceptance calculation for S1 and S2 UV photons. Indeed,
oth 𝜖(𝑡drif t ) and 𝜖S2 were calculated under the simplifying assumption
hat the SEC signals with the maximum charge in the top center
MT are only those with electrons extracted from the cathode area
orresponding to the center PMT. In this way, the efficiency is slightly
nderestimated, since electrons extracted just outside that area can still
ive the same kind of signal. A quick evaluation of the uncertainty on
he geometric efficiency calculation can be obtained from the fraction
f the detector cross-section which is not covered by the PMTs, which
mounts to ∼15%. Rayleigh scattering was also not included in the
cceptance calculation. An upper bound on the size of this effect could
e obtained by re-calculating 𝜖(𝑡drif t ) and 𝜖S2 with the inclusion in the
onte Carlo of the Rayleigh scattering probability for the UV-photons,

ssuming that every scattered photon is lost. In this extreme case, with
scattering length of 90 cm [23], 𝜖S2 would decrease by ∼30%, whereas

𝜖(𝑡drif t ) by only ∼15%.
In the calculations of the acceptance for S1 and S2 UV photons, we

ssumed no dependence on the angle of incidence on the cathode of the
hotoelectric efficiency and that UV light attenuation in liquid argon
s negligible.

The measured absorption length of TPB at 128 nm is about 400 nm
24]. Since this thickness is much smaller than the few microns of the
PB on the DS-50 cathode (see Section 2), most of the photoelectric
ffect we observe is due to electron emission from the TPB itself.
he QE we measure is therefore the previously unmeasured quantum
fficiency of the TPB in liquid argon. It should also be noted that this
ay be different from the value measured in vacuum since the effective
ork function of the TPB could be modified by the electron affinity of

he liquid argon, as is expected for liquid xenon [8].

. Bulk events

.1. Event features

In addition to the S1-echo and S2-echo vertical and horizontal
ands, in Fig. 6 there is also a continuum of events with no specific
alues of time differences between SEC and either S1 or S2. Since our
election constrains the SEC pulse to follow the S2 one, these events
ollow the S2 signal, we call them S2-bulk events.

It is also possible to observe other events with no specific values
f time difference between SEC and S1, by studying events with the
ime sequence S1-SEC-S2. In Fig. 11, we show the SEC charge vs. time
ifference 𝛥𝑡SEC−S1 distribution. We notice that these events, apart from
he first 30 μs, are evenly distributed in time and with a SEC charge
onsistent with being single electrons. We call them S1-bulk events.
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Fig. 11. SEC charge vs. time difference 𝛥𝑡SEC−S1 distribution, in events with the time
sequence S1-SEC-S2.

Fig. 12. Fraction of S2-bulk events vs. S2 charge, with 𝛥𝑡S2−S1 > 50 μs.

5.2. Interpretation of bulk events

An understanding of the origin of S2-bulk and S1-bulk events is no
simple matter. However, at least two observations support that there is
a correlation with the S2 and S1 UV photon emission, respectively.

The first observation is that the ratio of the number of observed
events (the number of S2-bulk events divided by the number of S1-
bulk events) is similar to the ratio of the pulse charge of S2 and S1.
The former ratio, as detailed below, is ∼ 19, whereas the latter one
is ∼ 24. To compute the event ratio, we selected the S2-bulk events
by requiring 5 μs < 𝛥𝑡S2−S1 < 45 μs and the S1-bulk ones by requiring
𝛥𝑡S2−S1 > 354 μs, i.e. with S2 events at the top of the chamber and the S1
events at the bottom. These time windows were selected with a proper
normalization: the corresponding number of total selected events in
these windows, two pulse and three pulse events, is the same and they
also allow for approximately equal path lengths for the UV photons in
the liquid. We also require 𝛥𝑡S1−SEC > 30 μs to avoid events which could
be related to grid ionization, as discussed at the end of this section. In
this way we find 8348 S2-bulk events and 432 S1-bulk events, giving
a ratio of ∼ 19.

Note that while we ascribe all SEC after S2 as S2 bulk events, in fact
for 𝛥𝑡SEC−S1 up to the maximum drift time, the source (S1 or S2) is not
determined. Given the observed ratio of a SEC formation by S2 or S1,
this is a small correction.

The second observation is that the fraction of both S2-bulk and
1-bulk events increases with S2 and S1 charge, respectively, as shown
n Figs. 12 and 13.

A candidate explanation for S2-bulk events is the photoionization
f contaminants by S2 photons (or S1 photons). One possibility is a
7

ontaminant that captured an electron during a previous event, such a
Fig. 13. Fraction of S1-bulk events vs. S1 charge, normalized to two-pulse events with
5 μs < 𝛥𝑡S2−S1 < 45 μs.

as, for instance, the O−
2 ion, which has an ionization energy lower than

the 9.76 eV energy of VUV argon photons. Photoionization of neutral
molecules such as O2 or H2O is less likely since the first ionization
energy is above 9.76 eV. Another potential contaminant is TPB,
which can detach from the walls and dissolve in the liquid [25].

Due to the SEC pulse selection requirement of having the signal
maximum in the central PMT, we tend to rule out the interpretation
of S2-bulk events as photoelectric emissions from the walls.

We do not favor the possible interpretation of the S2-bulk events as
being due to recombination or de-excitation of contaminant molecules
since these mechanisms are not expected to yield electrons.

From the fraction of S2-bulk events,

𝐹S2-bulk =
𝑁S2-bulk
𝑁T

, (12)

ith 𝑁S2-bulk the number of selected S2-bulk events and 𝑁T the to-
al number of selected events (two-pulse and three-pulse), we derive
he probability of photoelectric extraction from the liquid per unit
ength and per UV photon, 𝑃𝐸𝑃𝑆2. Averaging over the interval 5 μs <
𝑡S2−S1 < 45 μs, we have

𝐸𝑃𝑆2 =
1

�̂�S2

𝑔2
⟨𝑆2⟩𝑏

⟨𝐹S2-bulk⟩, (13)

ith ⟨𝑆2⟩𝑏 the mean S2 charge for selected S2-bulk events. The quantity
̂ S2 is the average S2 path length, defined as:

̂ S2 =
∑

𝑟
𝐿S2(𝑟)𝑓 (𝑟), (14)

where 𝐿S2(𝑟) is the path length of an S2 photon generated at the radial
istance 𝑟, that falls inside a cylinder of diameter equal to that of the
entral PMT and height equal to the maximum TPC drift length. Since
𝐹S2-bulk⟩ ∼ 0.006, �̂�S2 ∼ 1.5 cm, and ⟨𝑆2⟩𝑏 ∼ 18, 000 PE, we obtain
𝐸𝑃𝑆2 ∼ 4 × 10−6 𝑒−∕𝛾𝑈𝑉 ∕m.

A higher than average number of events per unit 𝛥𝑡SEC−S1, as well
s a higher SEC charge, is observed in Fig. 11, at small values of
𝑡SEC−S1 below 30 μs. A possible interpretation of these events is the
hotoionization of the extraction grid by S1 signals, as was observed
ith the LUX detector [8].

.3. Additional studies

To further test our interpretation of bulk events as photoionization
f contaminants, we performed two more studies.

For S2-bulk events, we analyzed a set of data taken during a time
eriod of five days in July 2015, when the getter used in the closed
oop to remove contaminants in the liquid argon was turned off for
aintenance. Over this period, we expect an increase in contaminants

nd, if our hypothesis is correct, in bulk photoionization. This is
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Fig. 14. Distribution of the time difference of S1-bulk events with any previous event
in a time window of 10 s, for SEC <50 PE. No specific selection cuts to the previous
events were applied.

indeed what we observe with the data, but the increase is relatively
modest. Indeed, the fraction of S2-bulk events increased by ∼35%.

For S1-bulk events, although it is plausible as discussed in Sec-
tion 5.2 that the SEC may originate from the S1 light, there is
still the possibility that the SEC is a remnant from a previous event,
e.g. an electron captured by some electronegative impurity and then
released randomly in the time window between S1 and S2. To test this
hypothesis, we looked at a possible time correlation with the previous
events. The time difference of S1-bulk events with any previous event
in a time window of 10 s (out of which we only display 1 s), for
SEC<50 PE, is shown in Fig. 14.

No specific selection of the previous events is applied, and the time
of the events is defined here as the trigger time. According to a simple
Monte Carlo simulation that we have performed, a time correlated
component would show up as an exponential rise toward zero time. Our
data, as shown in Fig. 14, allow us to exclude a correlated component
with 𝜏 ⪆ 20 ms.

6. Discussion

We observed several categories of single isolated electrons in as-
sociation with standard scintillation–ionization S1-S2 signals with the
DS-50 LAr TPC. Since this is the first study with an argon detector, it is
interesting to compare our results to the abundant literature available
with xenon detectors. One of the most comprehensive studies was
performed by the LUX Collaboration [8] and we mostly compare our
results to this one in the following. Section III of that paper reports
about four kinds of phenomena: (a) photoionization electrons that are
detected within hundreds of microseconds after the S1 and S2 pulses, (b)
delayed emission of individual electrons at the millisecond-to-second scale,
(c) electron emission that appears independent of prior interactions, and
(d) clustered electron emission that occurs within tens of milliseconds after
S2. The present paper gives our experience with the first phenomenon;
the second and third are briefly discussed in Ref. [2] and will be treated
in more detail in an upcoming DS-50 publication. We do not observe
the clustered electron emission that occurs within tens of milliseconds
after S2.

6.1. Echo events

S1-echo and S2-echo events are observed both with xenon detectors,
namely LUX, ZEPLIN-III [10], XENON100 [11] and with DS-50. The
main structural difference between these detectors in this respect is that
the DS-50 cathode and anode planes are continuous planes, with the
surface facing the active volume coated with ITO and TPB, whereas
LUX uses metal grids and there is no wavelength shifting of the light.
8

The quantum efficiency of TPB in DS-50 and that of metal grids in LUX
were measured. In both experiments they were calculated with both S1
and S2 photons, and the results agreed in both cases within a factor of
two.

In both LUX and DS-50 we observe events that are compatible with
photoionization from the extraction grid, right below the gas–liquid
interface.

6.2. Bulk events

S1-bulk and S2-bulk events are observed by both LUX and DS-50
Collaborations. Interesting considerations about the origin of S2-bulk
events in LUX were obtained from the 𝛥𝑡S2−S1 distribution. Unfortu-
nately, due to the limited time window of our data acquisition, we have
a severe restriction on the time range of the S2-bulk events, preventing
us from making similar considerations.

LUX attributed both S1-bulk and S2-bulk events to the photoion-
ization of impurities dissolved in liquid xenon, more likely neutral
molecules than negative ions. The hypothesis of photoionization in the
liquid xenon was likewise suggested by the XENON-100 [11] Collabo-
ration, which also showed a correlation of the rate with the electron
lifetime, and by the ZEPLIN-II [9] and ZEPLIN-III Collaborations [10].

We observed with DS-50 a correlation with impurity concentration,
as the rate of S2-bulk events increased by about 35% during a period of
time with the getter switched off. We note that, during the same time
period, as described in a previous DS-50 paper [2], we observed a five-
fold increase in isolated, i.e., far in time from a standard event, single
electrons. Hence, while our data point to an impurity-related origin
for photoionization events, our understanding remains incomplete and
inconclusive.

Both LUX and DS-50 measured the probability of photoelectric emis-
sion per unit length in the bulk. LUX measured (5–20)×10−5𝑒−∕𝛾𝑈𝑉 ∕m
while DS-50 with S2-bulk events measured ∼ 4×10−6𝑒−∕𝛾𝑈𝑉 ∕m, i.e.,
smaller by more than a factor of 10.

While there is no a priori reason the LUX and the DS-50 values
for photoelectric emission should be the same, it may be of interest to
identify the factors that contribute to the difference in values observed.
The measured electron lifetime in DS-50 is much larger than both the
lifetime measured by LUX (by more than a factor of 10) and the DS-50
maximum drift time (by a factor of 30). Since the electron attachment
rate at the drift field of 200 V/cm (the same for DS-50 and LUX) is
about the same for argon and xenon for e.g. O2 [26], it is plausible
that the lifetime difference is mostly driven by a lower concentration
of contaminants in DS-50 than in LUX. This conclusion is also coherent
with the higher expected outgassing load in a liquid xenon system due
to the higher temperature. Concerning the photoionization of negative
ions, the different affinities and UV emission energies between liquid
argon and liquid xenon may also play a role in the measured 𝑃𝐸𝑃S2
values.

Unfortunately, identification of the impurity molecules was not
possible in both experiments and will have to wait for future research.

It should be noted that the report by LUX [8] is a snapshot in
time and that xenon-based experiments have to-date achieved much
improved lifetimes.
6.3. Outlook

Given that the same wavelength shifter will be deposited on the
cathode of DS-20k, the S1-echo and S2-echo events observed with
DS-50 are most likely to be present in DS-20k as well. Given that the
aspect ratios of the DS-50 and DS-20k TPCs are almost identical, and
that the S2 gain is intended to be the same, the number of echo events
will scale with the event rate in the detector. In addition to the event
rate factor, there will be a factor of five more S2-bulk events due to
the longer drift length of DS-20k, assuming the level of contaminants
remains the same.
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