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Abstract: Single electron noise which persists for many milliseconds is known to follow ionizing
events in liquid/gas xenon emission detectors. Due to the long timescale, this noise can be mistaken
for a genuine signal. Therefore, it is a limiting background to the low-energy threshold of dark
matter searches, and could prevent discovery-class searches forMeV scale hidden sector darkmatter.
A systematic study reveals distinct fast and slow components to the noise. The fast component is
compatible with the hypothesis of electrons which were trapped below the liquid surface, and can be
reduced by increasing the electric field across the liquid/gas interface. However, the slow component
increases linearly with electric field. Hypotheses for the origin of this effect are discussed, and
techniques for mitigation are suggested.
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1 Introduction

Liquid xenon emission detectors [1–3] have proven extremely useful for rare-event search ex-
periments, such as for direct detection of galactic dark matter. They are a variant of the time
projection chamber in which ionized electrons are drifted to the liquid-gas interface under the
influence of an applied electric field El. There, the electrons are extracted and drifted through the
gas, where they cause proportional scintillation. This technique can easily provide sensitivity to
single electrons [4, 5]. The electron emission from the liquid into the gas has a prompt (. 0.1 µs)
component and a delayed (� 1 µs) component [6]. A widely accepted interpretation is that this
delayed component is due to electrons which thermalize at the interface and become trapped [7].

In a search for low-mass dark matter, the XENON10 collaboration identified a single electron
background which they referred to as an “electron train”, with a time scale at least as long as the
putative thermalized component [8]. This background is thought to have been responsible for a
significant number of the one, two and three electron signals reported in that analysis. A similar
background was observed in ZEPLIN-III [4], there-in referred to as ‘spontaneous’ single electron
signals, due to the lack of apparent time correlation with preceding events. More recently, dedicated
studies [9, 10] confirmed that indeed the spontaneous signals are time-correlated, and continue for
many miliseconds after the primary event.

There is great interest in mitigating this electron noise. It is a potential irritation in the analysis
of dark matter search data from instruments such as LUX [11] or XENON1T [12], where it can
complicate the classification of low-energy events. It greatly diminishes the discovery potential of
these detectors in low-mass dark matter searches [8, 13], or MeV-scale hidden sector dark matter
searches [14–16]. It also would complicate efforts to study neutrino neutral current coherent
scattering off atomic nuclei [17]. Even a small (∼ 10 kg) liquid xenon emission detector could have
significant dark matter discovery potential [18], should it manage to mitigate the single electron
noise.
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In this article we report results of R&D towards that end, from a systematic study of electron
trains in a small liquid xenon emission detector. The data clearly show two components τ1 and τ2 in
the delayed electron emission, the faster of which (τ1) can reasonably be interpreted as the initially
un-emitted (thermalized) electrons. However, the slower component (τ2) is not at all consistent
with this interpretation.

2 Experimental details

The test bed used to obtain these results was designed to be similar in form and function to the
existing dark matter search instruments mentioned in section 1, and is shown schematically in
figure 1. It was configured with a 50mm diameter wire grid cathode and a planar anode. The anode
was constructed from gold-coated copper-clad G10 fiberglass, with etched concentric segmentation.
The central segment had a 6mm diameter, with each of two successive segments increasing in radius
by 3mmeach. These three segmentswere each instrumentedwith aCremat CR-150 charge-sensitive
preamplifier, with a gain of 1.4mV/fC. The stainless steel grid wires (California Fine Wire, “ultra
finish”) had 100 µm diameter, and were strung on stainless steel frames with a 2mm pitch. The
anode and the cathode were located 5mm apart, with a shield grid 10mm below the cathode.

Xenon was condensed and filled to about 4mm above the cathode. An electric field El was
applied in the z direction by biasing the cathode to a voltage −V , and holding the anode at ground.
Electrons resulting from ionizing radiation were thus drifted toward the anode, and extracted across
the liquid-gas interface. The value of El contains a systematic uncertainty of ±0.4 kV/cm due
to uncertainty in the liquid xenon level. This relationship is described in the appendix. This
uncertainty does not affect the basic results, but should be born in mind when comparing against
other measurements.

Aqueous 210Po (as PoCl4) was evaporated on a single ∼ 1mm section of a single wire, in the
center of the cathode. The literature does not discuss spontaneous deposition1 of polonium onto
stainless steel [19, 20], however, we found it to be robust against dissolution in liquid xenon. Each
disintegration of the parent isotope emits into the liquid xenon either a 5.3MeV alpha particle, or a
206Pb nuclei with a maximum energy of 103 keV. The source spot size was small enough that alpha
particle signals only appeared on the central anode segment. This arrangement was made in order
to mitigate any effects of electric field fringing near the edges of the active region. The projected
range of the alpha particles in the liquid xenon is 41 µm [21], which means they range out under the
influence of an electric field which is non-linear and much larger than the bulk field El.

A single Hamamatsu R8778 photomultiplier was installed 15mm below the cathode grid. The
photomultiplier was biased to the recommended maximum −1500V, resulting in easily recogniz-
able single photoelectron pulses and a gain of 1.9 × 107. Voltage records of ionizing radiation
events were digitized at 14 bits with 125MHz sampling and a 20MHz low-pass filter, with an event
duration of 1ms. Typical events contained both a primary scintillation pulse (S1) and a secondary,
proportional scintillation pulse (S2) caused by extracted electrons. A helium after-pulse, a photo-
multiplier artifact, was often evident 500 ns after the S1. The magnitude of this after pulsing signal
was estimated to be about 10% of the originating signal. The average number of photoelectrons

1Refers to an irreversible adsorption process, usually of an aqueous metal cation.
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Figure 1. (Left) A schematic sectional view of the internal construction of the cylindrical test bed, with
segmented anode (A), cathode grid (K), shield grid (G) and the location of the 210Po source (S) indicated.
(Right) The configuration of the segmented anode as seen from below.

nphe per single electron in the S2 signal was a linear function of the electric field, increasing as
nphe = 5.77(El − 3.25), where El is measured in kV/cm.

Alpha particle S1 consist of ∼ 3 × 105 scintillation photons [22], of which approximately 10%
were collected. This signal easily saturated the anode and the biasing circuit of the photomulti-
plier [23]. The saturation results in a non-linear response and precludes an accurate measurement
of the number of photons present in the S1. The S2 signals consisted of an even larger number of
photoelectrons, leading to a complete collapse of the photomultiplier output. This is visible just
after 200 µs in figure 2 (middle and bottom). The response recovers in about 30 µs, as expected
from the RC time of the biasing circuit. The saturation does not adversely affect the experiment,
because (a) the alpha particle population was easily identifiable by its size and characteristic drift
time (from the cathode), and (b) the number of electrons obtained from alpha particle pulses were
measured directly with the charge-sensitive preamplifier.

During operation, the xenon was maintained at a vapor pressure of 1.5 Bar, which implies a
fluid temperature of 172K. Our own temperature measurement recorded 174K on the outside of the
stainless steel vessel which enclosed the xenon. This difference is reasonable considering thermal
losses. The xenon was continuously circulated through a heated getter. The liquid was evaporated
into a purification loop via a capillary, and the gas was separately purged into the purification loop
via a sintered metal filter (to limit the purge rate). The xenon turnover time was about 6 hours,
as measured by mass flow. About 2/3 of the flow rate was from the liquid, and the rest from the
gas purge. The electron attenuation length was not measured during this experiment, but from
comparison with previous experiments and measured charge yields in the literature, can be inferred
to have improved to a few tens of cm over the course of a week.

3 Results

Data were acquired at four values of El, corresponding to V = [3, 4, 5, 6] kV. In each case, the
population of 210Po alpha particle events was isolated using simple, robust software cuts on the
signal size of S1, S2 and the time delay between them. The waveforms were then stacked (summed)
and low-pass filtered. Following this treatment, two distinct exponential components to the delayed
electron noise were evident. The decay times of the two components were obtained by fitting a
linear function to y = log[Σ(α events)] over 40 µs (τ1) and 500 µs (τ2) regions, indicated by the
extent of the fits in figure 2 (bottom). The results are unchanged if this operation is performed on

– 3 –



2
0
1
8
 
J
I
N
S
T
 
1
3
 
P
0
2
0
3
2

0 200 400 600 800 1000
time [µs]

102

103

ph
ot

om
ul

ti
pl

ie
r

re
co

rd
[m

V
]

×1.0

3µs

×5

10µs

0 200 400 600 800 1000
time [µs]

102

103

ph
ot

om
ul

ti
pl

ie
r

re
co

rd
[m

V
]

×0.2

3µs

×5

10µs

0 200 400 600 800 1000
time [µs]

4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0

lo
g[

Σ
(α

ev
en

ts
)]

τ2 = 2.3 ms

τ1 = 42 µs

Figure 2. Typical 206Pb recoil and 210Po alpha particle events with V = 4 kV, showing inset detail of the
primary S1 and S2 structure of the event, as well as a zoom on a portion of the after-pulse region. (Top)
A 206Pb event record, with S1 = 130 detected photons (photoelectrons) and S2 = 67 detected electrons. A
single electron is visible nearly 800 µs after the primary event. (Middle) A 210Po alpha particle event record.
(Bottom) 400 summed alpha particle event records, low-pass filtered to more clearly illustrate the electron
train. Just after 200 µs, the event record shows complete collapse in the photomultiplier response, due to
saturation. The recovery time is as expected from the RC time constant of the biasing circuit.

either the raw or filtered event records. The τ1 fit region was chosen to begin 40 µs after the S2, to
avoid the region of saturated photomultiplier signal.

The number of delayed single electrons in each component (fast and slow) were obtained by
summing the respective portion of the photomultiplier waveform, and dividing by the average single
electron size. This procedure was followed because (1) a hand scan of numerous events affirmed that
the delayed noise consists overwhelmingly of clearly recognizable single electron pulses, as seen
in figure 2 (middle, inset); and (2) often the single electron pulses overlap, so an analysis based on
identifying and counting individual electrons would be more likely to suffer from systematic error.
Separately, the number of prompt electrons was measured with the charge sensitive preamplifier.
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Figure 3. (Left) The amplitude of the delayed electron noise is expressed as a percent of the number of
prompt electrons in the ionizing event. The fast component a1τ1 can be compared against (1 − κ), where
κ is the prompt (occurring in t . 0.1 µs) electron emission efficiency. The slow component a2τ2 is fit by
a linear function (dotted), whose slope is a factor ×13 smaller than that of the proportional scintillation.
(Right) The change in amplitude components a1τ1 and a2τ2 after one week of continuous purification of the
liquid xenon. The fast component was not significantly affected by improved liquid purity, while the slow
component decreased by a factor ×2. Statistical uncertainty is comparable to the size of the data points.

This ranged from 33, 060 electrons (lowest El data point) to 69, 920 electrons (highest El data point),
and was obtained directly from the prompt (∼ 1 µs) step height of the raw charge preamplifier output.
Statistical uncertainty on the direct charge measurement was about 8%. The ratio of these numbers
is plotted in figure 3 (left), expressed as a percent.

We also observed an increased rate of isolated single photons amongst the delayed electron
signal. Some fraction of these photons were due to after-pulsing, the photomultiplier tube artifact
described in section 2. Controlling for this and the photomultiplier tube dark counts, delayed single
photons seem to be present at a rate of about ×0.1 compared with the number of single electrons.
However, because this test bed has no (x, y) resolution in it’s scintillation detection, we cannot
exclude the possibility that some of these single photons might be due to single electrons whose
proportional scintillation yield was very low (such as near the edges of the active region). Therefore,
we must consider this as a 10% uncertainty in counting the number of delayed electrons.

The fast (τ1) and slow (τ2) components were both assumed to begin at 200 µs, immediately after
the prompt S2, and to extend to infinity. The measured decay time constants of the delayed electron
emissionwere observed to increasewith increasing electric field. We found τ1 = exp(2.62+0.157 El)

and τ2 = exp(6.32 + 0.214 El). The measured amplitudes a1τ1 and a2τ2 of each component were
corrected for the sample measurement window, and are plotted in figure 3 as a percent of the
measured number of prompt electrons. The data shown in figures 2 and 3 (left) were acquired
after more than a week of continuous purification of the liquid xenon. Figure 3 (right) shows the
fractional change in aτ due to one week of continuous purification. The fast component was not
significantly affected by improved liquid purity, while the slow component decreased by a factor ×2.

The fast component of the delayed emission decreases with increasing El, suggesting that
these are electrons which thermalized at the interface and thus were not emitted promptly. This
interpretation can therefore be compared against (1 − κ), where κ is the prompt (occurring in a
time t . 0.1 µs) electron emission efficiency. This comparison tacitly assumes that all electrons
which are not emitted promptly are eventually emitted as delayed electrons — an assumption
which is certainly challenged by electron capture on electronegative impurities. The function
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κ = [1 + exp(p1(−El + p2))]
−1 was used as a parameterization to fit the data from [6, 24]. Ref. [6]

is an absolute measurement of the prompt electron emission efficiency, obtained from a charge-
sensitive preamplifier. In this case, we found p1 = 1.67 and p2 = 3.00. In contrast, ref. [24] is
a relative measurement, obtained from the S2 signal of extracted electrons. It was normalized by
assuming the prompt emission reached unity at El = 7 kV/cm. In this case, we found p1 = 1.14
and p2 = 3.41.

The slow component of the delayed electron emission increases linearly with increasing El, at
a rate which is a factor ×13 smaller than that of the proportional scintillation. This suggests that
the physical origin of the effect may be due to the number of proportional scintillation photons, or
due to the increase in electric field. A distinct reduction in the magnitude of the slow component is
obtained by purifying the xenon, as shown in figure 3 (right).

4 Discussion of the origin of the slow component

The observations suggest that the physical origin of the slow component is electron release from
negative ion impurities. If we accept this hypothesis, then it remains to understand what is causing
the release of these electrons, and which electronegative impurities contribute most strongly. The
dominant mechanisms of electron release from negative ions are photoionization, and direct electron
detachment (either via a collisional or a tunneling process). Oxygen is awell-known and unavoidable
electronegative impurity in this class of detectors, so it will be considered as an example in the
following discussion.

Collisional electron detachment can be expected to have a timescale t ≈ τc/exp(−Eb/kT).
Taking τc = 10−13 seconds as a typical collision time in the condensed state, and considering the
binding energy Eb = 0.45 eV of an excess electron to the oxygenmolecule, one finds t ≈ 10 seconds.
This should not tend to increase significantly with increasing El. On the other hand, the timescale
for tunneling would likely decrease with El, in contrast with our observation.

Electron detachment due to photoionization could occur if some detector materials were
fluorescing, following exposure to the UV photons in the prompt signal. Visible fluorescence
would be seen easily by the photomultiplier, at variance with our observation. However, the
photomultiplier would be largely blind to infrared fluorescence. Even photons with wavelength in
excess of 2.5 µmwould have enough energy to photoionize O−2 . Teflon samples have been previously
seen to fluoresce in the visible region [25, 26]. The fluorescence depends on the conditions of Teflon
synthesis, and on the impurity type and concentration. The effect of lower temperature is not known.
We cannot exclude the possibility that the Teflon used in our test bed construction fluoresce in the
infrared. It is also possible that impurities within the xenon produce fluorescence photons.

Finally, we note that the prompt scintillation in xenon is due to de-excitation of the lowest bound
states of the xenon excimer [27]. The xenon excimer also has higher-energy bound states [28], which
may be excited by the drifting electrons which cause the proportional scintillation. If any of these
higher states had lifetimes of several milliseconds, then they could be a source of delayed photons.

5 Conclusions

Delayed, time-correlated single electron noise — sometimes referred to as “electron train” back-
grounds — in liquid xenon emission detectors show two distinct components. The fast component

– 6 –



2
0
1
8
 
J
I
N
S
T
 
1
3
 
P
0
2
0
3
2

decreases with El and appears to be due to thermalized electrons which were not emitted in the
prompt S2 signal. The slow component increases with El and is consistent with several hypothe-
ses, as discussed in the preceding section. Additional components may exist amongst the delayed
electron pulses. These could possibly be resolved with longer-timescale studies. A test bed capable
of imaging the (x, y) location of single electrons might also return additional information. And,
other classes of delayed electron backgrounds have been noted [10], which are not studied in the
present work.

Previous suggestions for mitigation [29] are relevant primarily to the τ1 component, and
therefore would not be sufficient for informing the design of discovery-class liquid xenon emission
detectors for MeV-scale hidden sector dark matter. The present work suggests that regardless of
the origin of the τ2 component, an immediate steps towards mitigation of this background is to
improve the xenon purity. A future work will attempt to identify the exact origin of this effect,
by (1) removing Teflon from the detector construction, and (2) investigating the specific effect of
impurity dopants.

A Electric field directly above the 210Po source

For a fixed distance d between cathode and anode, and a liquid height h < d, the electric field
applied in the liquid is given by El = εgV/(εld + (εg − εl)h), in which εl = 2 and εg = 1 are the
long-wavelength limit of the dielectric constants of the liquid and gaseous states. As required by
continuity the electric field in the gas is εgEg = εlEl. Near the cathode grid wires, the electric field
increases rapidly in strength. The field profile is analytical [30], but cumbersome to write. Figure 4
shows the field profile in the caseV = 4 kV applied to the cathode, directly above one of the cathode
wires.
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101

el
ec

tr
ic

fie
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/
[k

V
/c

m
]

V = −4 kV

liquid level

Figure 4. Calculated electric field as a function of liquid level.

There is some width to the distribution of drift times for alpha particles leaving the cathode,
and this particular case is useful for comparison against those events with the shortest (cathode-
consistent) drift time. The liquid level was estimated from the profile of El, along with the
measured electron drift time and known electron drift velocity in liquid xenon [31]. Uncertainty in
this procedure is estimated to result in a systematic uncertainty of ±0.4 kV/cm, as indicated in the
figures.
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