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1 Introduction

The study of ion migration through diverse media has long been of interest in physics. Measurements
of heavy ion migration through noble gases [1] have important applications with implications for
public health. Specifically, they can be applied towards the measurement of radon contamination
in air, the removal of radon progeny by electrostatic precipitation, ion mobility spectrometry, and
even earthquake prediction. Measurements of the ion fraction and ion mobility of radon progeny
are also of extreme interest to rare physics event searches conducted with noble liquid detectors.
The mitigation of critical radon-related backgrounds allows these experiments to achieve higher
sensitivity [2-5].

Radon is the bane of all low-background experiments. As a noble gas it is not very chemically
reactive. It diffuses to fill whatever volume it enters, and decays by alpha emission to leave behind
additional radioactive isotopes that can easily plate out on surfaces. The daughter isotopes in all
alpha particle decays are initially negatively charged due to the emission of an alpha particle (+2e),
however, they can easily lose valence electrons in interactions with the surrounding matter. For
each alpha decay there is then some probability that the daughter will ultimately be either neutral
or positively charged [6]. Charged decay products will drift under external electric fields onto
surfaces to which they will adhere. It is important to estimate the observed rate of decays of radon
and its daughters in experiments such as these because alpha and beta-emitting isotopes present
in the bulk of detectors and on surfaces can mimic the signals of interest in searches for WIMP
(Weakly Interacting Massive Particle) dark matter, neutrinoless double-beta (OvS() decay, as well
as low-energy neutrino experiments.
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Figure 1: A portion of the uranium-238 series. The Q-value and lifetime is given for each isotope.

Though radon and its daughters form a potentially dangerous background to rare event searches,
they also provide an opportunity for detector calibration. Alpha decays can be used as standard
candles, and the known lifetimes between decays in the common uranium and thorium chains can
be exploited. For example, as shown in figure 1, the alpha decay of 2?’Rn is followed by the alpha
decay of 2!8Po with a half life of 3.09 minutes. These events can be identified by their energies
(Q[**?*Rn] = 5.59MeV, Q[28Po] = 6.11 MeV) and associated with each other by their coincidence
in time. In this way, the presence of radon and its daughters allows us to measure the characteristics
and behavior of specific decay products in situ, facilitating their proper modelling and mitigation.

Knowledge of charged daughter fraction and ion mobility can also influence suppression
strategies for other radioactive backgrounds in rare event searches [4, 5]. For example, for next
generation Ov38 experiments, like nEXO, there is interest in recovering and identifying the '**Ba
daughter produced in the Ovp3S decay of '*%Xe in order to eliminate all background except for a
small contribution from the two neutrino decay mode (2vB() [7]. However, this method requires
knowledge of the fraction of '°Ba that is charged, the magnitude of that charge, and how far '*Ba
ions may drift in the detector. Additionally, the GERDA and LEGEND experiments use a liquid
argon veto region, and must contend with *>Ar beta-decaying to “*K, which can then drift towards
the main Ge detectors. Any strategy for suppressing “*K background events must account for the
charged daughter fraction and ion drift. Although 2'3Po, 13Ba, and “’K have very different masses,
and therefore are likely to have different ion drift velocities, studies of radon daughters can provide
insight and a framework for future studies with other specific decay products.

The EXO-200 collaboration measured the fraction of charged 2!'®Po and 2'*Bi created from
alpha and beta decays in liquid xenon (LXe) to be 50.3 +3% and 76.3 +6.2%, respectively. They also
measured the mobility of 2!8Po ions in LXe and observed that the ion velocity decreased as a function
of the time the ions spend in motion. The ions had an initial mobility of 0.390 + 0.006 cm?/(kV s),
which decreased to 0.219 + 0.004 cm?/(kV's). The time constant associated with the mobility



decrease was proportional to the electron drift-lifetime in EXO-200, so impurities in the LXe are
thought to play a role in the mobility variation [8]. The effective mobility due to molecular-ion
formation in a system consisting of a barium ion surrounded by xenon gas has been considered
in the literature [9]. The effective mobility is density-dependent in gas, but the effect in liquid is
unclear. The timescale for the formation of molecular-ion structures, measured for Ar* in Ar gas to
be 8.9ns [10], is too fast to contribute to the time-dependent mobility observed in EXO-200.

In liquid argon we know of no measurement of the charged daughter fraction of >'#Po produced
in the 22*Rn decay, or 2!8Po ion mobility. We present a measurement of the charged daughter fraction
for 218Po produced in the alpha decay of 2*’Rn, and the mobility of 2'8Po*. Such a measurement is
of particular interest to the future argon dark matter program, DarkSide-20k, and may be relevant to
the ongoing neutrino physics program using large liquid argon time projection chambers [11, 12].

In section 2 we describe the apparatus and available data, followed by a description of the
selection of 2**Rn-2'8Po (radon-polonium) coincidences in section 3. In section 4 we extract the
charged daughter fraction and ion mobility from the velocity distribution of 2!8Po. In section 5 we
model radon-polonium coincidences, both for a generic detector setup and the restricted analysis
volume used in this work. Lastly, in section 6 we fit the decay time spectrum for identified
radon-polonium pairs in DarkSide-50 data with the derived model.

2 The DarkSide-50 detector and available data

DarkSide-50 is the current phase of the DarkSide WIMP dark matter search program, operating
underground at the Laboratori Nazionali del Gran Sasso in Italy. The detector is a dual-phase
argon Time Projection Chamber (TPC), housed within a veto system of liquid scintillator and water
Cherenkov detectors. The cylindrical TPC volume is filled with liquid argon (LAr), with a thin layer
of gaseous argon (GAr) at the top. The TPC is observed through fused-silica windows by two arrays
of 19 3" Hamamatsu R11065 photomultiplier tubes (PMTs), one at the top and one at the bottom
of the detector. The windows are coated with Indium-Tin-Oxide (ITO), which acts as the cathode
(bottom) and anode (top) of the TPC. During normal WIMP search running the 50 kg LAr bulk is
subject to a uniform 200 V/cm drift electric field oriented such that negative charges drift towards
the gas layer, and positive charges towards the cathode. Interactions in the liquid argon produce
excitation and ionization. The de-excitation of argon dimers produces prompt scintillation called
S1. Non-recombined ionization electrons are drifted by the electric field to the gas layer, where they
produce a secondary scintillation signal, S2, by electroluminescence. The S2 signal provides 3D
position information. Depth within the detector (d) is given by the drift time of electrons from the
interaction site to the gas layer, observable as the time separation between S1 and S2. Transverse
position is given by the light distribution over the PMTs. A drawing of the DarkSide-50 TPC can
be found in figure 2, and full details of the detector can be found in ref. [13].

This work uses a dataset from a 532 live-day exposure with underground argon (UAr), which
is substantially reduced in P Ar activity [14]. This data was acquired between August 2, 2015, and
October 4, 2017 and had an average trigger rate of 1.5 Hz. This is the same dataset used to perform
the fully blinded WIMP analysis in ref. [15], as well as a recent S2-only analysis probing low-mass
dark matter [16].



N a N Top PMT array
LArfeed/, AL -

f PMT mount and
) | reflector
2 W
{ a‘( ____— Diving bell
S t‘
\ ITO anode

Extraction grid

[RN

Boiler for gas pocket \( 4

Field cage rings

/\,\ A
o
=
m
m
@
=
o
Q
o
-]

ITO cathode

a
K\\\\\

f

Cathode window

=4 1‘
1’ | Bottom PMT array

Figure 2: A schematic of the DarkSide-50 TPC.

3 Event selection and the radon-polonium search algorithm

For this search we are looking for two alpha decays captured in separate event windows (meaning
two distinct events with separately triggered acquisition windows). In principle the >’Rn and
218Po decays can occur close enough in time that they inhabit the same event window (440 us
duration), or one decay may be lost to the cut on the time-since-previous-event (1.35 ms duration)
that is part of our standard analysis. The lifetime of 218pg js 268.2's [17], therefore the total
probability of the two decays occurring within the same window or lost to the discussed cut is
P = m 00'0017% e = 7 x 1076, which is negligible. The trigger rate during underground

argon running in DarkSide-50 is ~ 1.5 Hz, so we expect other independent events to occur between

the alpha decays of interest.

Figure 3 shows energy versus reconstructed depth calculated from the time separation between
S1 and S2 for all events with an alpha-like S1 signal [18]. The depth (d) is zero at the liquid-gas
interface at the top of the detector, with d = 35.0 cm at the cathode. The integral of the S1 signal,
given in units of photoelectrons [PE], is approximately proportional to event energy. The main
DarkSide-50 digitizers are tuned for the WIMP search range of 30-200 keV,,; (keV nuclear recoil
equivalent), so alpha decays (> 5MeV) suffer from saturation effects. We correct for saturation
using data from a set of low gain digitizers. S1 is also corrected for a depth-dependent light yield.
This is typically done as a function of the depth reconstructed from S1 and S2. However, in order
to remain consistent with other alpha studies [18, 19], we use an alternative correction to S1 where
the depth of an event is inferred from the difference in light seen between the top (S1;) and bottom
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Figure 3: Plot of reconstructed depth (d) versus S1, corrected for saturation and depth-dependent
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(S1y) PMT arrays, referred to as the top-bottom asymmetry (TBA):

TBA = w. 3.1
ST+ S1y

The two vertical bands in figure 3 represent >’Rn on the left and 2'8Po on the right. More
details of the identification of specific alpha emitting isotopes in the DarkSide-50 detector can be
found in ref. [18]. The bands are straight in the middle, but bend to fewer PE at the top and bottom
of the detector. This is due to our TBA correction to S1. Near either array of PMTs, the variable
TBA depends heavily on whether an event is located directly over a PMT face or over the Teflon
reflector between PMTs. To avoid the breakdown of our correction we restrict our search to the
region where the bands are straight and well separated, corresponding to a depth in the LAr of
d = [4.7,31.6] cm from the liquid-gas interface. A full description of the selection criteria for the
222Rn and ?'®Po decays identified for this work can be found in chapter 5 of ref. [18].

Our radon-polonium coincidence search algorithm associates identified >>Rn events with the
next identified >'®Po event. If a second 2*’Rn event occurs, the first 22?Rn event is ignored and
the pairing continues on the second event. If two >'®Po events are found in a row, only the first is
associated with the preceding 2?*Rn event.We would expect to see two 22*Rn events in a row when
a 218Po ion drifts out of the restricted analysis volume. Likewise, we can get two 2!8Po events in
a row when 22?Rn decays above the analysis volume and the corresponding 2'8Po drifts into the
volume. Note that our algorithm assumes that radon-polonium coincidences can be reliably tagged
by pairing the 2*?Rn and 2!8Po events that are closest together in time. Given the observed rates of
(7.62 + 0.12) #2?Rn decays per day and (6.61 + 0.11) 2!8Po decays per day [18], this is reasonable.
We are using a reduced volume, so we expect roughly 77% of the quoted rates. A search for radon-
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polonium coincidences in the 532 live-day dataset results in 1795 identified radon-polonium pairs.
The energy separation is very clear, as evidenced by figure 4, which shows the S1 spectra for the
constituent events of each identified radon-polonium coincidence, with the >*Rn decay appearing
in black and the 2'8Po decay in gray.

4 Measuring the ion fraction and mobility from a drift velocity spectrum

We can measure the fraction of ionized >'®Po and the mobility of 2!8Po ions by examining the
observed spatial separation of the constituent decays in the identified radon-polonium pairs. Those
pairs containing charged >'®Po are more likely to be excluded from the data sample because the 2!8Po
ion can drift out of the analysis volume. For these measurements, specifically the measurement
of the charged daughter fraction (f), we need to apply an additional requirement to the identified
radon-polonium pairs to ensure a balanced selection. To this end we require:

drn < dmax — Vgi) * Idecay 4.1

where dy, is the observed depth of the 222Rn decay, dmax = 31.6 cm is the depth of the bottom of

the analysis volume (figure 3), v}}ii) is a chosen upper bound on the velocity of 218pg jons, and tdecay

is the observed 2'8Po decay time measured from the time of the observed >’Rn decay. The value of
hi ; avg avg

o is defined as vy, o

population in an initial velocity plot filled with all radon-polonium pairs, shown as a gray dashed

v + 20, where v, ° and o are extracted from a Gaussian fit to the higher velocity

line in figure 5. We measure vg(i) = 2.24 mm/s.



10° =
10°
= il
10 =
B [l
'E, [ Iﬂ“l LI |
E A A b
-3 -2 -1 0 1 2 3 4
Vp, [ M1 s]

Figure 5: Plot of the average velocity of 2'®Po for all radon-polonium pairs(gray, dashed line) and
those pairs passing eq. (4.1) (black, solid line).

Eq. (4.1) requires that the starting position of the ?>Rn decay be high enough in the detector
that, given the observed 2!8Po decay time, the corresponding 2'3Po decay would still be contained
within the analysis volume if it was charged and moving at vgi). This additional requirement
effectively removes radon-polonium pairs with neutral >'®Po in the same proportion as 2!8Po* exits
the analysis volume.

Figure 5 shows the velocity spectrum for all radon-polonium pairs (gray, dashed line), and
those pairs passing the additional depth requirement (solid black line). The additional requirement
reduces the sample from 1795 to 461 identified pairs. The ion velocity is calculated from the
data by vp, = (dpo — dRn)/tdecay- There are two populations in this plot, one at zero velocity and
another at ~ 1.7 mm/s. This indicates that there is only one charged species of 2'8Po ion observed
in these >’Rn decays. This is consistent with expectations given that the first and second ionization
potentials of polonium are 8.42¢eV and 19.28 eV, respectively, and the ionization potential of LAr
is 15.76 eV [20].

A Gaussian fit to the higher velocity population in the spectrum of radon-polonium pairs
passing the additional requirement (black) yields an ion velocity of vio, = (1.72 = 0.02) mm/s. The
measured ion velocity is related to the ion mobility by:

Vion = HionE (4.2)

where pjon is the ion mobility [10~*cm?/(V s)] and E is the drift electric field strength [V/cm]
(200 V/cm in DarkSide-50). Using eq. (4.2), our measured ion velocity corresponds to an ion
mobility of (8.6 +0.1) x 10* cm?/(V s). The spread of the population centered around zero allows
us to constrain the motion of 2!'®Po due to LAr motion or diffusion along the axis of the TPC. The
data is well-fit by a Gaussian with 20~ < 0.1 mm/s. The error on the measured ion velocity in this
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as described in the text.

analysis does not include the effects of LAr motion or diffusion, which are thought to influence the
spread of the distribution, not the mean, as evidenced by the symmetry of the peak in the population
centered on zero. The two velocity populations are well-separated. The fraction of 2!8Po that is
charged as a result of the 2*?Rn decay is calculated by counting the number of identified coincidences
falling above and below 0.8 mm/s (indicated by the line at 0.8 mm/s indicated in figure 5), yielding
0.37 £ 0.03.

Note that figure 5 represents the average velocity of 2'3Po over the full drift time since we
simply divide the total position difference by the total time elapsed between decays. If the 2'3Po
ion drift velocity changes as a function of time, due to impurities for example, that would not be
captured in this plot. In EXO-200, a drift time-dependent ion velocity was observed, and was
ascribed to the presence of impurities in the LXe [8]. To check the stability of the ion velocity in
DarkSide-50 as a function of the time the ion spends drifting, vp, versus decay time is plotted in
figure 6. A Pearson correlation coefficient of -0.15 is calculated for the population centered around
1.72 mm/s, indicating a very weak correlation. We conclude that the velocity of 2'®Po ions does
not have an obvious dependence on the ion drift time.

5 Modeling the decay time spectrum

When charged >'®Po daughters drift out of our analysis volume, the corresponding radon-polonium
pair does not pass our selection criteria. The probability for a >'8Po* ion to escape our analysis
volume changes as a function of the ion drift time (its decay time), manifesting as a deviation of the
observed 2!'8Po decay time spectrum away from a pure exponential. The shape of this spectrum can



be described analytically and fit to the decay time spectrum in data to extract parameters of interest.
This is done in section 6. To keep our model general we will initially consider an analysis volume
that extends all the way to the cathode. For the purposes of the derivation we will define several
useful parameters:

o 7 the lifetime of 2!13Po.

* fmax; the maximum drift time possible for 218pg jons, a function of ion mobility and the
detector geometry.

s f; the fraction of charged 2'®Po.
* P.; the probability to observe a decay on the cathode.

We assume that the >'Po daughters come from a spatially uniform distribution of >>’Rn. Then,
for a >!8Po decay time ¢, the fraction of 218pg jons that reach the cathode is ﬁ for t < tpax, while
for t > tmax all 2'8Po ions have already reached the cathode. We split the radon-polonium pairs
into those with neutral and charged >'Po. For the neutral case, the resulting decay time spectrum
is simply

Freutral(?) = A(1 _f)e_% (5.1

where A is a normalization, and 7 is the 2!3Po decay time. For the charged case, the resulting decay
time spectrum is

Af [(1 - tnfax) +PC$] €T 1<t

Fcharged(t) = (5.2)

AfPe.e~ 1> fmax
The full expression for the analytical description of observed radon-polonium decays in a TPC is
the sum of egs. (5.1) and (5.2):

Aex 1= f(1=P)r=| 1< tmn

F(t) = Freural(?) + Fcharged(t) = _t
Ae?[l_f(l_Pc)] ! 2 Imax

(5.3)

Our restricted analysis volume requires two modifications to eq. (5.3). The restricted volume
decreases the maximum drift time for ions across the volume, shortening #y,x. More importantly,
once a 2!8Po ion leaves the volume it has zero probability to be observed, so P. = 0. The function
then becomes

i 4
Ae= (1 —fﬁ) t < fmax

Fymod(t) = const + .
AeT (1=f) t > tmax

, 6.4
where we have added a constant to handle possible background in a fit to our data.

In order to illustrate the modeled effect of detection efficiency and restricted analysis volumes
on the observed decay time spectrum, a toy Monte Carlo is performed. We simulate radon-
polonium pairs with 7 = 268.2s [17], a charged daughter fraction of f = 0.37, and ion mobility
of wion = 8.6 X 10~* cm?/(V s), where we have used the values measured from DarkSide-50 data
in section 4. The simulation mimics the DarkSide-50 geometry, with a full drift length of 35.0 cm.
Decays that occur on the cathode are detected with a 50% efficiency, as an alpha particle emitted into
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Figure 7: Toy monte carlo results for the decay time of simulated radon-polonium coincidences.

the cathode will deposit no energy in the LAr. We generate 10% radon-polonium coincidences, with
the position of the 2??Rn decay randomly distributed throughout the simulated volume. Uncharged
218Po remain and decay at their initial position, but 2'8Po* ions drift towards the cathode at the
speed defined by ujon.

Figure 7 shows the simulated decay time spectrum, color coded for various event selections.
The spectrum of all generated radon-polonium pairs (black) exhibits pure exponential decay. The
spectrum of observed radon-polonium pairs in the full volume (blue) exhibits a suppression at longer
decay times and a kink around 200s. The position of this feature is set by the full drift length for
ions.! The spectrum of observed decays for a restricted analysis region equivalent to the one used
in this work (green) exhibits a stronger suppression and kink around 160 s. The position of the kink
changes due to the shorter drift length across the reduced analysis volume, 27.0 cm versus 35.0 cm.

6 Fit to the decay time spectrum

The decay time spectrum for identified radon-polonium pairs in DarkSide-50 data is shown in
figure 8. A binned likelihood fit of eq. (5.4) to the data yields 7 = (242.8+15.1) s, f = (0.35+0.07),
and tmax = (177.0 = 34.8) s. We can relate the maximum drift time for ions to the ion velocity by:

D
Vion = —— 6.1

max

where D = 27.0 £ 0.3 cm is the maximum drift length across the reduced analysis volume at the
standard field configuration (E = 200 V/cm). This definition of #y,x is precise for an ion drifting at

!Given the input values of the simulation: the nominal 200 V/cm drift field in DarkSide-50, a full drift length of
35.0cm, and an ion mobility of 8.6 x 10~* cm?/(V s), the corresponding maximum ion drift time is 203 s.
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Figure 8: Decay time spectrum for radon-polonium pairs identified in 532 live-days of DarkSide-50
data.

exactly the mean value of v;,,. However, as observed in figure 5, there is a spread in ion velocity.
When relating vion and 5, We consider #y,x to be the mean value of a distribution.

The value of T extracted from the fit is within 20" of the value in ref. [17]. Using equation (6.1),
a fitted t,.x value of (177.0 = 34.8) s corresponds to an ion drift velocity of (1.52 + 0.30) mm/s and
an ion mobility of (7.6 £ 1.5) x 10~ cm?/(V s). Likewise, the measured vigy, = 1.72 + 0.02 mm/s
from section 4 corresponds to fm,x = 157.0 £ 2.5s. The small value of the constant returned by
the fit, compatible with zero, confirms the cleanliness of the radon-polonium coincidence sample.
The values of f and t,x from the decay time spectrum fit are within one standard deviation of the
values extracted from figure 5.

The fact that the reduced y? is less than one is expected, given that the model is an over-fit to
the data and contains multiple correlated parameters. The Pearson correlation coefficients for the
parameters in the fit are summarized in table 1. A number of the parameters are moderately to highly
correlated. From this we conclude that the decay time spectrum fit is not sensitive enough to make
an independent statement on the values of those parameters. However, it provides a consistency
check on the values extracted by more sensitive means in section 4.

7 Results and discussion

A summary of the measurements from sections 6 and 4 are shown in table 2, along with other
measurements from the literature. The values from the two measurements conducted in this study
(the analysis of 2'®Po velocity and fits to its decay time spectrum) are consistent. The measurements
from this study are also within errors of the analysis performed in ref. [19].

—11 =



Table 1: Table of Pearson correlation coefficients for the fit parameters from figure 8. Redundant
coefficients are omitted.

amp tau f tmax  const

amp 1 - - - -
tau | -0.03 1 - - -
f 0.46 0.79 1 - -
tmax | -0.43 039  0.25 1 -
const | 0.01 -0.74 -0.49 -0.21 1

Table 2: Table summarizing the results of radon-polonium analysis with comparisons to literature.
The uncertainties represent statistical uncertainties only.

Experiment max Vion H
Medium Ref. [s] (%58 [107* 7] /
0200 8] - 148 +0.01 3.90 £0.06 0.503 = 0.03
DS-50 [19] - 1.53 +0.05 7.64 0.36 = 0.05
LAr

DS-50 This work

e ey 17702348 1522030 76515 0352007

DS-50 This work

Lar oopy 1570425 1724002 8601 037003

The ion mobility in liquid argon is higher than in liquid xenon [8], with the mobility differing
by a factor of 2.2 + 0.04. It is not unexpected that the measured mobilities in Ar and Xe would
differ, as the two liquids have different densities. In fact, the relative density of xenon to argon is
2.942 [%]/ 1.395 [%] = 2.1 [21]. The difference in the measured mobilities is consistent with
an inversely proportional relationship between density and the mobility of ions in the noble liquids.

The fraction of charged 2!8Po produced in the ?>’Rn decay in LXe (0.503 + 0.03) is higher than
in LAr (0.37 = 0.03) by a factor of 1.35 + 0.17 (recall the relative density of xenon to argon is 2.1).
The relationship between the ion fraction and liquid density does not appear to be linear.

8 Conclusions

The charged daughter fraction of 2!3Po and the mobility of 2!8Po* ions was measured by two
independent methods using identified radon-polonium coincidences in DarkSide-50 data. The two
measurements presented in this study, a fit to the observed decay time spectrum and examination
of the observed velocity spectrum, are consistent. The fraction of charged 2'®Po produced in the
222Rn decay in LAr is measured to be (0.37 + 0.03) and the observed mobility of >'®Po™ ions is
(8.6 +0.1) x 107* <.

— 12—
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