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D. D’Angeloao,v, S. Davinil, A. De Candias,g, S. De Ceccox,y, G. De Filippiss,g,

G. De Rosas,g, A. V. Derbinz, A. Devotoo,j, M. D’Inceccop, C. Dionisix,y, F. Dordeij,
M. Downingab, D. D’Ursoar,aj, G. Fiorillos,g, D. Francoad, F. Gabrielej, C. Galbiatiae,p,q,

C. Ghianop, C. Gigantiw, G. K. Giovanettiae, O. Gorchakovah,1, A.M. Gorettip,
A. Grobovaa,ag, M. Gromove,ah, M. Guanai, Y. Guardincerrial,1, M. Gulino1,aj,

B. R. Hackettc, K. Herneral, B. Hosseinij, F. Hubautf, E. V. Hungerforda, An. Ianniae,p,
V. Ippolitox, K. Keeteras, C. L. Kendzioraal, I. Kochanekp, D. Korablevah, G. Korgaa,p,
A. Kubankinan, M. Kussh, M. La Commaras,g, M. Laio,j, X. Liae, M. Lissiaj, G. Longos,g,

I. N. Machulinaa,ag, L. P. Mapelliaq, S. M. Marim,n, J. Maricicaf, C. J. Martoffam,
A. Messinax,y, P. D. Meyersae, R. Milincicaf, M. Morrocchih,i, V. N. Muratovaz, P. Musicol,

A. Navrer Agassonw, A.O. Nozdrinaaa,ag, A. Oleinikan, F. Orticaat,au, L. Paganiac,
M. Pallavicinik,l, L. Pandolaaj, E. Panticac, E. Paolonih,i, K. Pelczarp,u, N. Pellicciaat,au,

E. Picciauo,j, A. Pocarab, S. Pordesal, S. S. Poudela, P. Pralavoriof, F. Ragusaao,v,
M. Razetij, A. Razetop, A. L. Renshawa, M. Rescignox, J. Rodep,w, A. Romaniat,au,

D. Sabloneae,p, O. Samoylovah, W. Sandsae, S. Sanfilippon,m, C. Savareseq,p,ae, B. Schlitzerac,
D. A. Semenovz, A. Shchaginan, A. Sheshukovah, M. D. Skorokhvatovaa,ag, O. Smirnovah,

A. Sotnikovah, S. Strackah, Y. Suvorovs,g,aa, R. Tartagliap, G. Testeral, A. Tonazzoad,
E. V. Unzhakovz, A. Vishnevaah, R. B. Vogelaarap, M. Wadaae,j,ak, H. Wangaq, Y. Wangaq,ai,

S. Westerdaleae,j, Ma. M. Wojciku, X. Xiaoaq, C. Yangai, G. Zuzelu

aDepartment of Physics, University of Houston, Houston, TX 77204, USA
bInstituto de F́ısica, Universidade de São Paulo, São Paulo 05508-090, Brazil

cPacific Northwest National Laboratory, Richland, WA 99352, USA
dPhysics Department, Augustana University, Sioux Falls, SD 57197, USA

eSkobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow 119234, Russia
fCentre de Physique des Particules de Marseille, Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille,

France
gINFN Napoli, Napoli 80126, Italy

hINFN Pisa, Pisa 56127, Italy
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Abstract

Finding unambiguous evidence of dark matter interactions in a particle detector is a main
objective of physics research. The liquid argon time projection chamber technique for the
detection of Weakly Interacting Massive Particles (WIMP) allows sensitivities down to the
so-called neutrino floor for high and low WIMP masses. Based on the successful operation of
the DarkSide-50 detector, a new and more sensitive experiment, DarkSide-20k, was designed
and is now under construction. A thorough understanding of the DarkSide-50 detector
response to events classified as dark matter as well as all other interactions is essential for
an optimal design of the new experiment. In this paper, we report on a particular set of
events, for which scintillation-ionization signals are observed in association with signals from
single or few isolated electrons. We identified and provided an interpretation for two event
types in which electrons are produced via photoelectric effect on the cathode electrode and
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in the bulk liquid. Events with photoelectric emissions are observed in association with most
interactions with large energy depositions in the detector. From the measured rate of these
events, we determine the photo-ionization probability, or photoelectric quantum efficiency,
of tetraphenyl butadiene (TPB) at wavelengths around 128 nm.

Keywords: Dark matter, liquid argon, underground argon

1. Introduction

Direct detection of Weakly Interacting
Massive Particle Dark Matter (WIMP DM)
is one of the most active areas of astroparti-
cle physics. The Liquid Argon (LAr) Time
Projection Chamber (TPC) technology of-
fers a path to reach sensitivities down to the
so-called neutrino floor, for both high and
low WIMP masses. Based on the successful
operation of the DarkSide-50 (DS-50) detec-
tor [1, 2], a new and more sensitive exper-
iment, DarkSide-20k [3], has been designed
and is now under construction. A thorough
understanding of the detector response of
DS-50 is therefore key to optimizing the new
experiment. To this end, it is important to
scrutinize all event types occurring in the
detector alongside those classified as dark
matter candidates.

A typical interaction in the active volume
of the TPC yields a prompt scintillation sig-
nal, S1, and one or more clouds of ioniza-
tion electrons, depending on the single- or
multi-scatter nature of the interaction. In
the DS-50 LAr TPC, ionization electrons
drift upwards under a uniform electric field
and are, via appropriately applied electric
fields, extracted into a thin layer of argon
gas where they induce one or more elec-
troluminescence signals, S2. As discussed
in [4], S1 and S2 signals have different pulse
shapes. The S1 signal has a fast rise-time of
a few ns and falls as a double exponential,
with τ1 = (6± 1) ns and τ2 = (1.5± 0.1) µs.
The amplitude ratio between the two decay
components is ∼ 3 for nuclear recoils and
∼ 0.3 for electron recoils [5, 6]. This differ-

ence leads to a very effective Pulse Shape
Discrimination (PSD) between electron and
nuclear recoils. The S2 signal has a ∼ 1 µs
rise-time and a ∼ 3 µs fall-time. Detect-
ing both the S1 and S2 pulses of each event
allows three-dimensional reconstruction of
the interaction position and, in turn, back-
ground rejection by requiring localized en-
ergy depositions and by volume fiducializa-
tion.

In this paper, we study a particular class
of events with small-amplitude pulses ap-
pearing in the same 440 µs acquisition win-
dow of normal S1-S2 events. These events
are selected with distinctive features that
clearly separate them from multi-scatter in-
teractions with two S2 pulses. We require
one of the S2 pulses to either have a spe-
cific time correlation with the S1 or S2 sig-
nals or to be consistent with it originating
from one single drifting electron, or both.
We also provide a preliminary interpreta-
tion of the observed event types. More
studies, perhaps with other detectors, are
needed for a complete picture. A sub-set
of these events was already presented in a
previous DS-50 paper [7]. Single electron
signals were also studied in liquid xenon de-
tectors [8, 9, 10, 11, 12, 13, 14, 15, 16].

2. The DarkSide-50 detector

The DS-50 LAr TPC detects light from
both S1 and S2 using 38 3 ′′ photo-
multipliers (PMTs) arranged in two ar-
rays of 19 PMTs each, at both ends of
the (46.4± 0.7) kg cylindrical active tar-
get of low-radioactivity underground argon
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(UAr) [7, 17, 18]. The PMTs are submerged
in liquid argon and view the active volume
through fused silica windows. These are
coated on both faces with transparent con-
ductive indium tin oxide (ITO) films 15 nm
thick. The inner window faces define the
grounded anode (top) and HV cathode (bot-
tom) of the TPC, while the outer faces are
kept at the average photocathode potential
of each 19-PMTs array. The cylindrical side
wall is made of 2.54 cm-thick polytetraflu-
oroethylene (PTFE) reflector sintered using
a special annealing cycle to increase its re-
flectivity. The PTFE reflector and the fused
silica windows are coated with tetraphenyl
butadiene (TPB) wavelength shifter, which
absorbs the 128 nm LAr scintillation pho-
tons and re-emits visible photons with a
peak wavelength of 420 nm. The 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 ac-
tive volume. 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 consists of
the ITO-coated cathode and anode planes, a
field cage comprising 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, placed 5 mm below the liquid surface,
is a hexagonal mesh photo-etched from a
50 µm-thick stainless steel foil and has an
optical transparency of 95% at normal inci-
dence.

The data reported here were acquired be-
tween July 2015 and October 2017, using a
TPC drift field of 200 V/cm, an extraction
field of 2.8 kV/cm, and an electrolumines-
cence field of 4.2 kV/cm. At this extraction
field, the efficiency for extracting ionization
electrons into the gas layer is estimated to
be >99.9 % [19]. The electron drift time,

i.e., the time difference ∆tS2−S1 between the
S2 and S1 signals, has its maximum value at
tmax
drift=376 µs for events located at the cath-

ode. The electron drift speed at this field is
(0.93± 0.01) mm/µs [20].

A hardware event trigger in DS-50 oc-
curs when 2 or more PMT signals exceed
a threshold of 0.6 Photo-Electrons (PE)
within a 100 ns window [20]. Waveform data
are recorded from all 38 PMTs for 440 µs
starting ∼ 10 µs before the trigger. Sub-
sequent triggers are inhibited for 800 µs.
Software pulse-finding algorithms are then
applied to the digitized data, including the
pre-trigger data. The software classifies
pulses in two categories (S1 or S2) based on
the fraction of light detected within the first
90 ns (f90). The efficiency of the software
pulse-finding algorithm is essentially 100 %
for S2 signals larger than 30 PE [21]. The
pulse finder uses an integration window of
30 µs, which is long enough to include the
entire S2 signal.

The argon is continuously purified by re-
circulating it in gaseous form through a
heated getter (SAES Monotorr PS4-MT50-
R-2), which reduces contaminants such as
O2 and N2 to sub-ppb levels, and through
a cold charcoal radon trap. The mea-
sured electron drift lifetime was larger than
∼10 ms during the whole data-taking, in-
dicating ∼30 ppt O2-equivalent contamina-
tion [22].

3. Event selection

We select three-pulse events, triggered by
an S1 signal followed by two S2 signals. One
of these S2-like pulses is required to have a
charge <200 PE, and is labeled as a Single
Electron Candidate (SEC).

We require that the event trigger occurs
at least 400 µs after the end of the inhibit
window of the previous trigger (it i.e., at
least 1.21 ms after the previous trigger).
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Fi g ur e 1: P ul s e c h ar g e i n p h ot o el e ctr o n s, P E, v s.
p ul s e s h a p e di s cri mi n ati o n p ar a m et er, f 9 0 , f or all
p ul s e s i n e v e nt s wit h t hr e e p ul s e s. T h e S 1-li k e p ul s e
s el e cti o n c orr e s p o n d s t o t h e ar e a t o t h e ri g ht of t h e
t h e bl a c k d a s h e d li n e, w hil e t h e S 2-li k e p ul s e s el e c-
ti o n c orr e s p o n d s t o t h e ar e a t o t h e l eft of t h e r e d
d a s h e d li n e.

T his r e m o v es e v e nts t h at tri g g er e d o n a n
S 2 w h os e S 1 o c c urr e d d uri n g t h e i n hi bit
wi n d o w [ 7]. Si n c e t h e d et e ct or r es p o ns e of
D S- 5 0 dis pl a ys a str o n g r a di al d e p e n d e n c e
of t h e S 2 li g ht yi el d [ 1], w e o nl y s el e ct e v e nts
f or w hi c h t h e c e ntr al t o p P M T r e c or ds t h e
m ost li g ht f or S E C c a n di d at e p uls es t o a v oi d
d e ali n g wit h si z e a bl e e ffi ci e n c y c orr e cti o ns.
As dis c uss e d i n a pr e vi o us D S- 5 0 p a p er [ 1],
t h e m e a n S 2 si g n al fr o m si n gl e el e ctr o ns
w h e n t h e m a xi m u m si g n al is i n t h e c e ntr al
t o p P M T is 2 3 ± 1 P E. Fi g ur e 1 s h o ws t h e
S 1 v s. S 2 i d e nti fi c ati o n i n e v e nts wit h t hr e e
p uls es b y a p pr o pri at e s el e cti o ns i n t h e p uls e
c h ar g e v s. p uls e s h a p e dis cri mi n ati o n p a-
r a m et er (f 9 0 ) distri b uti o n. We r estri ct o ur
s el e cti o n t o el e ctr o n-r e c oil e v e nts b y r e q uir-
i n g f 9 0 < 0 .5.

We cl assif y t h e s el e ct e d e v e nts i n t w o
gr o u ps, a c c or di n g t o t h e ti m e s e q u e n c e of
t h e t hr e e p uls es: S 1- S 2- S E C, wit h t h e S E C
o c c urri n g aft er t h e S 2 si g n al, a n d S 1- S E C-
S 2, wit h t h e S E C o c c urri n g b et w e e n S 1 a n d
S 2.

T o f urt h er str e n gt h e n t h e c orr e ct i d e nti fi-
c ati o n of t h e p uls e s e q u e n c e, w e r e q uir e t h e
r ati o of S 2 t o S 1 t o b e > 1 0, as e x p e ct e d
w h e n t h e t w o p uls es c o m e fr o m t h e s a m e
i nt er a cti o n. I n d e e d, i n D S- 5 0, t h e t y pi c al

5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0
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Fi g ur e 2: S E C c h ar g e v s. ti m e di ff er e n c e b et w e e n
t h e S E C a n d t h e pr e c e di n g S 2 p ul s e, ∆ tS E C − S 2 . T h e
p o p ul ati o n at s m all v al u e s of ∆ t S E C − S 2 a n d l ar g e
v al u e s of c h ar g e i s r el at e d t o d o u bl e- s c att er γ -r a y
i nt er a cti o n s.

S 2 t o S 1 c h ar g e r ati o is b et w e e n t e n a n d
t hirt y.

4. E v e n t s wi t h p h o t o el e c t ri c e ff e c t o n
t h e c a t h o d e

F or S 1- S 2- S E C e v e nts, Fi g. 2 s h o ws t h e
c h ar g e of t h e S E C p uls e vs. t h e ti m e di ff er-
e n c e b et w e e n t h e S E C a n d t h e pr e c e di n g S 2
( ∆tS E C − S 2 ). We o bs er v e t hr e e m ai n p o p ul a-
ti o ns of S E Cs d e p e n di n g o n h o w l at e t h e y
o c c ur aft er t h e S 2 p uls e a n d o n t h e S E C
c h ar g e a m plit u d e.

O n e p o p ul ati o n of e v e nts c orr es p o n ds t o
∆ tS E C − S 2 ∼ 3 8 0 µ s, wit h S E C c h ar g e p e a k-
i n g at a b o ut 2 5 P E b ut e xt e n di n g u p t o
a c o u pl e 1 0 0 P Es.  T h e ti m e di ff er e n c e
∆ tS E C − S 2 is c o m p ati bl e wit h t h e m a xi m u m
drift ti m e tm a x

d rif t . T h er ef or e, it is pl a usi bl e
t o ass u m e t h at t h es e e v e nts c orr es p o n d t o
p h ot o el e ctri c e xtr a cti o ns fr o m t h e c at h o d e
b y S 2 p h ot o ns. We c all t h es e e v e nts S 2-
e c h o e s . T h e n u m b er of d et e ct e d S 2- e c h o
e v e nts is a ff e ct e d b y t h e li mit e d d at a a c q ui-
siti o n ti m e wi n d o w, 4 3 0 µ s aft er t h e tri g-
g er. T his ti m e wi n d o w is < 2 tm a x

d rif t , t h e ti m e
r e q uir e d t o i n cl u d e all S 2- e c h o es. S p e ci fi-
c all y, f or a n i nt er a cti o n o c c urri n g i n pr o xi m-
it y of t h e c at h o d e, ∼ tm a x

d rif t is n e e d e d f or t h e
S 2 si g n al a n d a n ot h er tm a x

d rif t f or t h e S 2- e c h o.
T h e D S- 5 0 d at a a c q uisiti o n o nl y r e c or d e d
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Fi g ur e 3: R ati o b et w e e n e v e nt s c o nt ai ni n g a n S 2-
e c h o a n d st a n d ar d S 1- S 2 e v e nt s, a s a f u n cti o n of t h e
drift ti m e, ∆ t S 2 − S 1 .

S 2- e c h o e v e nts ori gi n ati n g fr o m pri m ar y i n-
t er a cti o ns i n t h e t o p s e cti o n of t h e T P C,
wit h drift ti m es ≤ ( 4 3 0 µ s − tm a x

d rif t ). T his is
ill ustr at e d i n Fi g. 3, w hi c h s h o ws t h e r a-
ti o b et w e e n e v e nts c o nt ai ni n g a n S 2- e c h o
a n d st a n d ar d S 1- S 2 e v e nts, as a f u n cti o n
of t h eir drift ti m e (t h e n or m alis ati o n a c-
c o u nts f or t h e di ff er e nt b a c k gr o u n d r at es
al o n g t h e c h a m b er drift a xis). T h e c ut o ff
a b o v e ∼ 5 0 µ s r e fl e cts t h e li mit e d d at a-
a c q uisiti o n ti m e wi n d o w. T h e dr o p b el o w
∼ 1 0 µ s is d u e t o t h e i n e ffi ci e n c y of t h e
p uls e- fi n d er al g orit h m i n r e c o nstr u cti n g t w o
p uls es w hi c h ar e t o o cl os e i n ti m e. T his ef-
f e ct is als o o bs er v e d i n n or m al S 1- S 2 e v e nts.

A n ot h er e v e nt p o p ul ati o n i n Fi g. 2 h as
∆ tS E C − S 2 b et w e e n 5 0 µ s a n d 3 7 5 µ s a n d S E C
c h ar g es u p t o ∼ 8 0 P E, p e a ki n g at ∼ 2 5 P E,
t h e si n gl e- el e ctr o n r es p o ns e. T h es e e v e nts
ar e w ell s e p ar at e d fr o m t h e e v e nt p o p ul a-
ti o n at S E C c h ar g es l ar g er t h a n a f e w 1 0 0
P Es, t h at ar e i nst e a d i d e nti fi e d as S 2 e v e nts
fr o m st a n d ar d d o u bl e-s c att er γ -r a y i nt er a c-
ti o ns i n t h e d et e ct or. T h e n at ur e of t h e
l o w S E C c h ar g e e v e nts is cl e arl y e m er gi n g
fr o m Fi g. 4, w hi c h s h o ws t h e distri b uti o n
of ∆ tS E C − S 2 v s. ∆ tS E C − S 1 w h er e, t o hi g h-
li g ht t h e b e h a vi or of s m all c h ar g e si g n als,
w e a p pl y t h e c ut S E C < 5 0 P E. A v erti c al
b a n d c orr es p o n di n g t o ∆ t S E C − S 1 ∼ 3 8 0 µ s
is cl e arl y e m er gi n g i n t his distri b uti o n, e x-

Fi g ur e 4: Ti m e di ff er e n c e ∆ tS E C − S 2 v s. ti m e di ff er-
e n c e ∆ t S E C − S 1 di stri b uti o n f or e v e nt s wit h S E C < 5 0
P E. Li n e s c orr e s p o n di n g t o c o n st a nt ∆ t S 2 − S 1 v al u e s
ar e al s o s h o w n.
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Fi g ur e 5: S E C c h ar g e v s. S 2 c h ar g e di stri b uti o n f or
S 2- e c h o e v e nt s.

a ctl y o n e m a xi m u m drift ti m e aft er t h e S 1
si g n al. We i d e ntif y t h es e e v e nts as p h ot o-
el e ctri c e xtr a cti o ns fr o m t h e c at h o d e b y S 1
p h ot o ns a n d c all t h e m S 1- e c h o e s .

T o f urt h er t est o ur i nt er pr et ati o n of S 2-
e c h o e v e nts as S 2-i n d u c e d p h ot o el e ctri c e x-
tr a cti o ns at t h e c at h o d e, w e i n v esti g at e d t h e
c orr el ati o n b et w e e n S E C a n d S 2 c h ar g es.
T h e e x p e ct ati o n is t h at t h e l ar g er t h e S 2
c h ar g e, t h e hi g h er t h e p h ot o n fl u x hitti n g
t h e c at h o d e a n d t h e c orr es p o n di n g n u m b er
of e xtr a ct e d el e ctr o ns. S u c h a c orr el ati o n is
visi bl e i n Fi g ur e 5, s u p p orti n g t his h y p ot h-
esis.

T h e fr a cti o n, F , of s el e ct e d t w o a n d t hr e e-
p uls e e v e nts i n t h e v ari o us c at e g ori es, wit h
t h e c ut 1 0 µ s < ∆ tS 2 − S 1 < 5 0 µ s a p pli e d t o
h a v e u nif or m S 2- e c h o e v e nts s el e cti o n pr o b-
a bilit y f or all drift ti m es is s h o w n i n T a b. 1.
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Fi g ur e 6: Fr a cti o n of e v e nt s c o nt ai ni n g e c h o e s v s.
S 1 c h ar g e, wit h ∆ t S 2 − S 1 < 5 0 µ s.

T h e t a bl e als o i n cl u d es t h e fr a cti o n of st a n-
d ar d S 1- S 2 e v e nts a n d of S-li q ui d e v e nts,
w hi c h will b e dis c uss e d i n S e c. 5. I n or-
d er t o k e e p a pr o p er n or m alis ati o n wit h t h e
e c h o e v e nts, t h e n u m b er of st a n d ar d S 1- S 2
e v e nts is di vi d e d b y t h e n u m b er of P M Ts
i n t h e t o p arr a y. It c a n b e n oti c e d t h at t h e
fr a cti o n of e v e nts wit h a n S- e c h o is > 6 5 %,
wit h ∼ 2. 5 % of t h e m S 1- e c h o es.

We als o e x p e ct l ar g er p uls es t o h a v e l ar g er
pr o b a bilit y t o pr o d u c e e c h o es. We, t h er e-
f or e, st u di e d t h e fr a cti o n of e v e nts wit h a n
e c h o as a f u n cti o n of t h e S 1 c h ar g e, as s h o w n
f or ∆tS 2 − S 1 < 5 0 µ s i n Fi g. 6. T his fr a cti o n
is f o u n d t o m o n ot o ni c all y i n cr e as e wit h t h e
S 1 c h ar g e, s u p p orti n g o ur h y p ot h esis. I n-
d e e d, e c h o es o c c ur i n m or e t h a n 8 0 % of t h e
i nt er a cti o ns at t h e hi g h er e n er g y r a n g e c o n-
si d er e d.

Fr o m t h e fr a cti o n of S 1- e c h o e v e nts it
is p ossi bl e t o m e as ur e t h e p h ot o el e ctri c
e missi o n pr o b a bilit y fr o m t h e c at h o d e, P p h ,
at t h e li q ui d ar g o n e missi o n w a v el e n gt hs
ar o u n d 1 2 8 n m. F or t his c al c ul ati o n, w e r e-
m o v e t h e r estri cti o n i n t h e e v e nt s el e cti o n
of t hr e e hits i n t h e e v e nt. T his crit eri o n is
a p pli e d t o a v oi d t h e n e e d of e ffi ci e n c y c or-
r e cti o ns i n t h e c al c ul ati o n of t h e p h ot o el e c-
tri c e missi o n pr o b a bilit y fr o m t h e c at h o d e.
P p h is d eri v e d as:

P p h = R S 1 − e c h o ×
g 1

S 1 · g e o

, ( 1)

5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0
s ]µ [S 2 - S 1t∆
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Fi g ur e 7: Fr a cti o n of e v e nt s wit h a n S 1- e c h o v s.
drift ti m e ∆ t S 2 − S 1 .

wit h R S 1 − e c h o = ( 6 .4 ± 0 .1) × 1 0 − 3 t h e a v-
er a g e S 1- e c h o fr a cti o n, r ef err e d t o Fi g. 7,
S 1 = ( 1 3 1 8 ± 1) P E t h e a v er a g e S 1 c h ar g e,

a n d g 1 = ( 0 .1 5 7 ± 0 .0 0 1) P E / p h ot o n [ 2 3].
T h e o pti c al g e o m etri c a c c e pt a n c e g e o w as
d et er mi n e d ass u mi n g t h at t h e S 1 p h ot o n
hits t h e c at h o d e i n t h e ar e a c orr es p o n di n g
t o t h e c e ntr al P M T, a n d w e f o u n d g e o =
( 8.6 ± 1 .3) × 1 0 − 3 . T h e d o mi n a nt u n c er-
t ai nt y o n t his q u a ntit y c o m es fr o m n e gl e ct-
i n g t h e n u m b er of p h ot o ns hitti n g t h e c at h-
o d e i n a n ar e a b et w e e n P M Ts a n d w as e v al-
u at e d c o m p ari n g t h e c at h o d e s urf a c e c o v-
er e d b y P M Ts wit h t h e t ot al ar e a a n d di-
vi di n g it b y t h e n u m b er of t h e t o p arr a y
P M Ts. C o m bi ni n g all u n c ert ai nti es, w e o b-
t ai n P p h = ( 0 .9 ± 0 .2) × 1 0 − 4 .

Si n c e t h e m e as ur e d a bs or pti o n l e n gt h at
1 2 8 n m is a b o ut 4 0 0 n m [ 2 4], m u c h l ess t h a n
t h e f e w µ m t hi c k n ess of t h e T P B o n t h e
c at h o d e (s e e S e c. 2), m ost of t h e p h ot o ns
ar e e x p e ct e d t o i nt er a ct i n t h e T P B. P p h is
t h us a g o o d m e as ur e m e nt of t h e p h ot o el e c-
tri c q u a nt u m e ffi ci e n c y of T P B, u n m e as ur e d
s o f ar.

T h e d e p e n d e n c e of t h e fr a cti o n of S 1-
e c h o e v e nts o n drift ti m e is s h o w n i n Fi g. 7,
o bt ai n e d wit h o ut t h e r e q uir e m e nt of t hr e e
p uls es i n t h e e v e nt. Fr o m t h e q u alit ati v e
p oi nt of vi e w, t his di ff er e nt s el e cti o n h as a
m ar gi n al e ff e ct o n t h e b e h a vi or of distri b u-
ti o n. We o bs er v e a ris e i n t h e e v e nt n u m b er
u p t o a b o ut 1 5 0 µ s, as e x p e ct e d fr o m g e-
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T a bl e 1: Fr a cti o n ( F ) of s el e ct e d e v e nt s i n t w o a n d t hr e e- p ul s e e v e nt s i n t h e v ari o u s c at e g ori e s: S 1- S 2 ar e
r e g ul ar t w o p ul s e e v e nt s wit h a s ci ntill ati o n a n d a n i o ni z ati o n p ul s e, S- e c h o si g n al s i n cl u d e b ot h S 1- e c h o a n d
S 2- e c h o p ul s e s d u e t o el e ctr o n e xtr a cti o n fr o m t h e c at h o d e, a n d S-li q ui d si g n al s r e pr e s e nt S 1 a n d S 2 si g n al s
d u e t o el e ctr o n e xtr a cti o n fr o m t h e li q ui d, a s di s c u s s e d i n S e c. 5. T h e s el e cti o n 1 0 µ s < ∆ tS 2 − S 1 < 5 0 µ s w a s
a p pli e d. T h e n u m b er of st a n d ar d S 1- S 2 e v e nt s i s di vi d e d b y t h e n u m b e r of P M T s i n t h e t o p arr a y. T h e
d e n o mi n at or i s d e fi n e d a s t h e s u m of all c at e g ori e s wit h S E C < 2 0 0 P E. T h e S- e c h o si g n al s ar e di s c u s s e d i n
S e c. 4, w hil e S-li q ui d si g n al s i n S e c. 5. F or t h e S 1- e c h o s el e cti o n, it i s al s o r e q uir e d t h at t h e e v e nt i s n ot a n
S 2- e c h o.

C at e g o r y ∆ t c ut S E C c ut F ( %)

S 1- S 2 - - 2 5.6 ± 0 .1

S- e c h o si g n al s - < 2 0 0 P E 6 5 .6 ± 0 .1
S 2- e c h o 3 7 5 µ s < ∆ tS E C − S 2 < 3 8 5 µ s < 2 0 0 P E 6 3 .9 ± 0 .1
S 1- e c h o 3 7 5 µ s < ∆ tS E C − S 1 < 3 8 5 µ s < 2 0 0 P E 1 .6 9 ± 0 .0 3

S-li q ui d si g n al s - < 5 0 P E 8 .0 0 ± 0 .0 5
S 2-li q ui d  ∆ tS E C − S 2 > 0 & n ot- e c h o < 5 0 P E 7 .9 6 ± 0 .0 6
S 1-li q ui d  ∆ tS E C − S 2 < 0 & n ot- e c h o < 5 0 P E 0 .0 3 7 ± 0 .0 0 5

o m etri c a c c e pt a n c e e ff e cts b ut, c o ntr ar y t o
t h e e x p e ct ati o ns, w e o bs er v e a d e cr e as e at
l ar g e drift ti m es. T his e ff e ct is e x pl ai n e d
b y t h e di ff er e nt e n er g y distri b uti o n of b a c k-
gr o u n d e v e nts i n t h e t o p p art of t h e T P C
c o m p ar e d t o t h e b ott o m, p ossi bl y d u e t o
t h e as y m m etr y i n m at eri al distri b uti o n a n d,
t h er ef or e, i n t h e r a di o a cti vit y l o a d. I nt er-
esti n gl y, w e o bs er v e a n al m ost t hr e e-f ol d dif-
f er e n c e of t h e m e a n S 1 e n er g y of S 1- e c h o
e v e nts f or s m all a n d l ar g e drift ti m es.

5. E v e n t s wi t h p h o t o el e c t ri c e ff e c t i n
t h e li q ui d

I n a d diti o n t o e v e nts wit h p h ot o el e ctri c
e ff e ct o n t h e c at h o d e ( S- e c h o si g n als), w e
als o o bs er v e i n Fi g. 4 e v e nts wit h ti m e di ff er-
e n c es u nr el at e d t o c at h o d e e missi o n. We as-
s u m e t h at t h es e e v e nts ar e d u e t o p h ot o el e c-
tri c e xtr a cti o n o n s o m e s p e ci es i n t h e li q ui d,
s u c h as m et a-st a bl e ar g o n a ni o ns or tr a c e
c o nt a mi n a nts.  We c all t h es e e v e nts S 2-
li q ui d, si n c e wit h t h e ti m e s e q u e n c e S 1- S 2-
S E C, t h e S E Cs wit h si n gl e el e ctr o n c h ar g e
ar e pr e d o mi n a ntl y i n d u c e d b y S 2 p h ot o ns.
It is als o p ossi bl e t o o bs er v e a si mil ar ki n d of
p h e n o m e n ol o g y b y st u d yi n g e v e nts wit h t h e
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Fi g ur e 8: S E C c h ar g e v s. ti m e di ff er e n c e ∆ t S E C − S 1

di stri b uti o n, i n e v e nt s wit h t h e ti m e s e q u e n c e S 1-
S E C- S 2.

ti m e s e q u e n c e S 1- S E C- S 2. We s el e ct e d t h e
p uls es wit h t h e s a m e crit eri a d es cri b e d i n
S e c. 3. I n Fi g. 8, w e s h o w t h e S E C c h ar g e
v s. t h e ti m e di ff er e n c e ∆ tS E C − S 1 distri b u-
ti o n. We n oti c e t h at t h e e v e nts ar e e v e nl y
distri b ut e d i n ti m e a n d wit h a S E C c h ar g e
c o nsist e nt wit h si n gl e el e ctr o ns ( ∼ 2 5 P E).
We, t h er ef or e, c all e d t h e m S 1-li q ui d . T h e
n u m b er of e v e nts o bs er v e d i n t h e v ari o us
c at e g ori es d uri n g t h e d at a-t a ki n g, a n d f or
∆ tS 2 − S 1 < 5 0 µ s , is s h o w n i n T a b. 1. W hil e
it c o ul d b e ar g u e d t h at t h e o c c urr e n c e of
si n gl e el e ctr o ns b et w e e n S 1 a n d S 2 or f ol-
l o wi n g a n S 2 is of r a n d o m n at ur e, t h e m u c h
l ar g er n u m b er of e v e nts o bs er v e d i n t h e
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categories S2-liquid compared to S1-liquid,
supports the hypothesis that at least the S2-
liquid events are indeed correlated with the
S1-S2 signals.

To further investigate the hypothesis link-
ing S-liquid events to contaminants, we
analysed a set of data taken in a period
of five days in July 2015, when the get-
ter was turned off for maintenance. During
this period, we expect, as described in [1],
an increase of contaminants and, therefore,
of S-liquid events. This is indeed observed,
as the fraction of S-liquid events increased
to (10.8 ± 0.7)% from (8.00 ± 0.05)%, as
reported in Tab. 1 for the standard data-
taking period. This ∼35% increase of S-
liquid fraction suggests that at least part
of these events are due to the photoelectric
extraction from contaminants that are nor-
mally trapped by the getter. The rest of
them can possibly be due to photoelectric
effect on impurities not trapped by the get-
ter or meta-stable states of argon, for which
further investigation is needed.

The possibility that single electrons are
remnants from the previous event instead of
originating from photoelectric effect in the
same event was tested by looking at cor-
relations with the preceding events. The
time difference distribution between an S1-
liquid or an S2-liquid event with any previ-
ous event in a time window of 10 s did not
display any significant time correlation.

The hypothesis of photoelectric extrac-
tion in the liquid was also suggested by other
investigators in relation to xenon detectors
[10, 25, 26]. For instance, in Ref. [10],
the authors claim the photo-ionization of a
yet undetermined contaminant species in the
liquid xenon as a possible origin of isolated
electrons.

6. Conclusion

We observed several categories of single
isolated electrons in association with stan-
dard scintillation-ionization signals in the
DarkSide-50 LAr TPC. The most abun-
dant one includes S2-echo events, which
are low-charge S2-like pulses occurring af-
ter one maximum drift time from the pre-
vious S2 signal. These signals are induced
by scintillation light photo-extracting elec-
trons from the cathode. Given the lim-
ited data-acquisition time window, only S2-
echoes produced in events with an inter-
action occurring in the upper ∼ 5 cm of
the TPC can be detected. Another cat-
egory, not affected by the limited data-
acquisition time window, includes S1-echo
events, which contain low-charge pulses oc-
curring one maximum drift time after S1.
The probability of such a processes is linked
to the photo-ionization probability of the
DS-50 cathode, which is made of fused sil-
ica and coated with ITO and TPB. We
measured its photoelectric extraction prob-
ability at wavelengths of 128 nm to be of
the order of 0.1%, most probably domi-
nated by the effect on the TPB. Despite
the small probability, the number of events
with echoes turns out to be about twice
the standard two-pulse S1-S2 events, used
for WIMP dark matter searches, due to the
large number of photons associated with the
S2 pulses. Having a definite time delay from
S1 and S2 pulses, the echo signals can easily
be tagged and therefore do not hinder the
dark matter searches.

We also observed events possibly related
to interactions of photons in the liquid, S-
liquid. Indeed, 128 nm radiation can in-
teract with electro-negative impurities or
meta-stable anions along its path, induc-
ing photo-ionization processes in the liquid.
We also investigated their relative number
in the period of maintenance of DS-50, when
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the getter of the purification system was of-
fline and we found that the rate of S-liquid
events increased by 35%. This rate increase
suggests a relationship between S-liquid sig-
nals and impurities in the liquid, that may
be further investigated by future work.
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