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?22Rn contamination mechanisms on acrylic surfaces
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Abstract In this work, the ***Rn contamination mech-
anisms on acrylic surfaces have been investigated. ***Rn
can represent a significant background source for low-
background experiments, and acrylic is a suitable mate-
rial for detector design thanks to its purity and trans-
parency. Four acrylic samples have been exposed to a
222Rn rich environment for different time periods, being
contaminated by *?Rn and its progenies. Subsequently,
the time evolution of radiocontaminants activity on the
samples has been evaluated with a and v measurements,
highlighting the role of different decay modes in the
contamination process. A detailed analysis of the alpha
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spectra allowed to quantify the implantation depth of
the contaminants. Moreover, a study of both a and ~
measurements pointed out the **?Rn diffusion inside
the samples.

1 Introduction

Radon-222 is a radioactive noble gas belonging to the
2387 chain, a natural chain that is present in almost
all the rock types. Thanks to its chemical inertia and
its half-life of 3.8 days, this gas can diffuse through
rock layers containing uranium ore and spread in air.
Another way for ?*?Rn to reach the atmosphere is the
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Fig. 1: The 222Rn chain. All the ~ decays have been omitted.

dissolution of its parent 2?°Ra in water which filters
through rocks. Both these mechanisms make possible
to consider a ?*?Rn chain that is independent from the
287 chain where ?*?Rn originates (Fig. . When a
material is exposed to air, it is naturally exposed to
222Rn, leading to a radioactive contamination on it.

?22Rn can contaminate the detection system of an
experiment and, for some categories such as rare events
searches, it can represent a not negligible source of
background. For this reason, understanding the ***Rn
contamination mechanisms is a primary step in the
experiment planning, and is also necessary in a wide
range of applications, wherever an ultra-pure material
is needed. A ?*?Rn contamination may occur during
the whole material life. Indeed, raw materials can be
naturally contaminated by ?*?Rn present in mining de-
posits; a radiopure material can also be exposed and
re-contaminated during all construction phases as pro-
duction, handling and storage. Additionally, in those low-
background experiments where the detector is placed
underground, a further ?**Rn exposure is likely to occur
because of the presence of rocks in the surroundings. In
these experiments (e.g., CUORE [I], JUNO [2], SNO+
[3]), a study of the ***Rn related background is a key
point to achieve the demanded performances.

A contamination can take place at each point of the
222Rn chain. The action of the following three mecha-
nisms is expected:

— Diffusion of ?*Rn itself inside materials due to a
concentration gradient.

— Implantation of radioactive ?*Rn progenies as a
result of nuclear decays.

— Deposition on surfaces of dust bound to radioactive
particles in air.

Among ?*’Rn daughters (Fig. , 210py, (112 =22.3y)
is the isotope which may be responsible for the longest
lasting contamination. This kind of contamination may
be not easily removable and a continuous source of
background, depending on the application.

The evolution of ?*?Rn chain in time and, more
generally, of a nuclear chain with Ny nuclei of type 1
and none of the other types initially present can be
described by the Bateman Equations [4]. In these equa-
tions, the activity at time ¢ of the nth member of the
chain is expressed in terms of the decay constants \; of
its predecessors:

n
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i=1 (1)
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The prime on the lower product indicates that the term
¢ = m has to be omitted.

In this work, acrylic has been chosen as a target to
study ?*Rn contamination mechanisms. Acrylic is a
good choice when a transparent and ultra-pure plastic
is needed. Indeed, it covers a primary role in JUNO
and SNO+ experiments, where it has been chosen as
the construction material for the vessel containing the
liquid scintillator. The vessel is in direct contact with
the scintillator, thus any contamination would bring to a
background that may dangerously increase the spurious
count rate.

2 Contamination Strategy and Measurements

Radon-222 contamination on acrylic has been repro-
duced in a high radon concentration environment, where
the activity of this gas reached values ten thousand times
greater than atmospheric levels. This condition enabled
to reproduce the consequences of years long exposure of
acrylic to air, thus to perform a consistent study in a rea-
sonable time frame. A plexiglass hermetic box (Rn-Boz)
has been employed together with some rocks contain-
ing uranium ore, which have been put inside the box
following the configuration described in Ref. [I]. ***Rn
level inside the Rn-Box has been monitored by daily
measurements: in about 20 days, the Rn-Box reached a
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Fig. 2: 222Rn activity measurements inside the Rn-Box over
a week. Each colour indicates a different day, and points of
the same colour correspond to different measurements carried
out in a single day.

222Rn saturation level of 250 + 5 kBq/m?. In Figure
monitoring measurements in a week are shown; each
point corresponds to a 40 minutes long measurement,
the shortest time frame necessary for the *?Rn detector
to perform a reliable measurement. After the closing of
the Rn-Box, all the elements of the **?Rn chain tend
to reach the secular equilibrium condition, where all
their activities are equal. In a parent-daughter system,
secular equilibrium is reached in about five times the
daughter half-life. More generally, in a chain case secular
equilibrium is reached in about five times the longest
living daughter half-life. Hence, in about three hours
from the closing (= 5715 of 21pp. the longest living
daughter before 210Pb), the upper part of the ?*’Rn
chain reached the secular equilibrium condition, that
is As22p, = A2sp, = Aciapy, = A21apg; = A21ap,. Be-
cause of its half-life of 22.3y, 2'°Pb can be considered
as an almost stable element that accumulates during the
exposure periods. The activity of its daughter (*'°Po)
increases towards the condition Azi0p, = A210py, which,
in our case, is never achieved during the exposure.

Four acrylic plates with dimension of 5 x 5 x 0.5 cm
have been chosen as samples, one with smooth texture
(i.e., a polished surface) and three with opaque texture
(i.e., a rough surface). After a cleaning process with
distilled HyO, all the samples have been placed inside
the Rn-Box and left in for different periods, as reported
in Table [

After the exposure, o and -y spectroscopies have been
performed on each sample. The available detectors were
a surface barrier silicon detector with a 900 mm? active
surface and a 40nm dead layer placed in a vacuum
chamber, for the a spectroscopy, and a broad-energy
high-purity germanium detector (HPGe) with carbon
window, configured for low-background measurement

and with 50% relative efficiency, for the v spectroscopy.

Table 1: Exposure periods of the acrylic samples in order of
extraction.

Sample Exposure Time
(d]
Smooth 86
Opaque 1 72
Opaque 2 90
Opaque 3 39

At first, a study of the detector background has been
carried out. Two two-week-long o measurements have
been performed using the silicon detector, one with the
chamber being empty and the other with a cleaned but
not contaminated acrylic plate. Both the spectra present
a compatible activity of 2!°Po, at a level of (1.0 0.1) x
10~* Bq, negligible with respect to the 210pg activities
obtained for the contaminated samples (~ 10! Bq).
Similarly, a study of the HPGe gamma background
has shown a negligible count rate with respect to the
measurements of the contaminated samples.

Once a sample was extracted from the Rn-Box for
the experimental measurements, a study of the evolu-
tion in time of the radon chain element activity was
performed in order to understand the 2*?Rn contami-
nation features. ***Rn, 2'*Po, ?'Po and *'°Po activity
behaviors have been observed thanks to a measure-
ments, putting the acrylic samples in front of the silicon
detector. Gamma measurements of the *'°Pb 46.5 keV
characteristic line (4% branching ratio) have been also
performed by means of the HPGe detector to quantify
the 2'°Pb fraction that gravitationally deposited on the
samples surface and the deeper implanted one due to its
parents decays. The performed measurement sequence
is identical for all the studied acrylic samples. After 3
minutes from the extraction of a sample, 11 fast alpha
measurements in a row (from 3 to 40 minutes) have been
performed to study 2'®*Po and ?'*Po activity evolution.
These measurements have been followed by a long (from
13 to 42 days) a measurement to study 210pg activity
evolution in time. In Table [2| the sequence of the fast
a measurements is reported; in Table [3] the duration
of the long o measurement of each acrylic sample is
shown. Subsequently, two 7 measurements of the *°Pb
46.5keV line have been carried out, the second after a
rinsing of the plate with distilled water, in order to re-
move the dust laying on its surface. The surface cleaning
allowed to estimate the fraction of 2!°Pb that implanted
in depth inside the samples.



Table 2: Arrangement of the o measurements for each acrylic
sample.

Duration Observed Isotopes
[min]
Meas. 1 (M1) 3 218pg, 214pg
Meas. 2 (M2) 3 218pg, 214pg
Meas. 3 (M3) 3 218pg, 214pg
Meas. 4 (M4) 10 214pg
Meas. 5 (M5) 10 214pg
Meas. 6 (M6) 20 214pg
Meas. 7 (M7) 20 214pg
Meas. 8 (M8) 20 214pg
Meas. 9 (M9) 40 214pg
Meas. 10 (M10) 40 214pg
Meas. 11 (M11) 40 214pg
Long Meas. (LM) see Table 210po

Table 3: Duration of the long o measurements (LM) for each
acrylic sample.

Sample Duration  Observed Isotopes
[days]

Smooth 26 210pg
Opaque 1 13 210pg
Opaque 2 21 210pg
Opaque 3 21 210pg

3 Analysis of Acquired Data

When a sample is extracted from the Rn-Box, it is no
longer exposed to the rich *Rn atmosphere on the
inside. Thus, the secular equilibrium condition on the
plate surface is not verified anymore. It is expected
that the extracted sample is contaminated by **Rn
and its daughters, which start to decay following their
characteristic half-life. In the following sections, all the
analysis passages to study *??Rn contamination are
introduced and discussed.

3.1 Study of 218pg and 2'Po Contamination

The fast o measurements (see Table [2]) allowed to recon-
struct the evolution in time of 2**Po and *'*Po activity.
In Figure 3] the first acquired spectrum (M1) of one of
the analyzed samples is shown, where *'®Po and *!*Po
peaks at 6.0 MeV and 7.7 MeV, respectively, are clearly
recognizable. Conversely, there is no evidence of the
222Rn signal at 5.5 MeV. As detailed later in this Sec-
tion, these measurements allowed to understand the role
of the decay type in the contamination process.

By the first three a measurements (M1, M2 and M3),
it has been possible to extrapolate 2'®Po activity value

Fast Measurements: M1 - Opaque Acrylic 2
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Fig. 3: Example of an acquired spectrum (M1). 218Po and
214Pg peaks are visible at 6.0 MeV and 7.7 MeV, respectively.

Table 4: A, p, estimation for each measured acrylic sample.

Sample A9, 4p, (& stat £ syst)
[Bq]

Smooth 46.8 + 1.6 + 2.5
Opaque 1 372+ 1.5+ 2.0
Opaque 2 484 + 1.7 + 2.6
Opaque 3 429 + 1.6 &+ 2.3

on each sample at the moment of extraction (494p,)-
The instantaneous activities obtained from M1, M2 and
M3 spectra have been successfully interpolated with a
decreasing exponential function. In Figure[4] the inter-
polation of Opaque Acrylic 2 activities is shown as an
example. The absence of both a growing term of *'*Po
and a recognizable ***Rn peak suggests that radon diffu-
sion was not a competing contamination process in this
case. However, more on *?Rn diffusion will be discussed
later in Section 3.7}

For each sample, the reconstructed A9, p, values are
reported in Table [4l The errors on A9, are those ex-
trapolated from the fit procedure (stat) together with a
systematic uncertainty (syst) coming from the observed
fluctuations of *Rn concentration in the chamber (see
Fig.|2). The systematic uncertainty has been chosen as
half of the distance between maximum and minimum
detected values and it is equal to 5.4%. Since the A;¢p,
values are consistent, the initial conditions of all the sam-
ples can be considered homogeneous. As a consequence,
the contamination process can be considered replicable,
allowing the comparison of the results obtained for the
following ***Rn daughters in the chain.

214po mean activity has been also obtained for each
of the 11 fast o measurements. The activity values have
been fitted using Equation , summing three indepen-
dent terms: One chain originating from 2**Po, present on
the acrylic at the moment of extraction; one chain start-
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Fig. 4: Fit of reconstructed 218Po activity at the beginning of
M1, M2 and M3 for the Opaque Acrylic 2, with the A3,4p,
estimation.
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Fig. 5: Fitted plot of the 214Po mean activities for the Opaque
Acrylic 2 sample. The goodness of fit is acceptable, and
A3 4Py AS145; result to be compatible.

Table 5: AY,, p, and AS,, 5, estimations from 214Po activity
fit for each measured acrylic sample.

Sample ASiapy AS14ps
[Bd] [Bdq]
Smooth 79.8 £ 0.8 80.0+ 1.0
Opaque 1  54.3 £ 0.7 55.7 £ 0.9
Opaque 2 74.8 £ 0.8 76.0+ 1.0
Opaque 3 65.7 £ 0.7 68.0% 1.0

ing from *'*Pb; and the 2'*Bi contribution. In Figure
an example of interpolation is reported. The activity
values at the moment of extraction (AS,gp., AY;,pp and
AY,45:) have been extrapolated for each sample; A9, ,p;,
and A9, 5, have been left as free parameters, while
AY. s p, has been forced in one standard deviation range
around the value extrapolated from the fit of **Po mea-
sured activities. A3 ,p, and A9, 5, obtained values are
reported in Table [5f they turn out to be compatible in
each measured sample.

The outcomes of the 2®*Po and 2'*Po measurements
highlight the dependency of the contamination mecha-
nism on the decay type. Since 2'®Po activity is always
lower than 2'Pb activity, both the o decays of ***Rn
and 2'®Po must be responsible for the implantation
of the recoiling nuclei inside the acrylic. On the other
hand, since 2!*Pb and ?'Bi activities are compatible,
the implantation is not affected by the 8 decays of these
isotopes. Thus, the key outcome of these measurements
is that the only decay implanting isotopes inside the
acrylic is the alpha one, and subsequent alpha decays
add their contribution to the measured total activity
of the contaminant. Conversely, the beta decays do not
cause any implantation of radioactive contaminants.

The third a-emitter in the ?*?Rn chain is **Po.
Given its short half-life (1,2 = 163 ps), its contribu-
tion to the sample contamination can be inferred only
by studying its parent (*'*Bi) and daughter (*!°Pb)
nuclides. In the ?*Rn chain evolution, 2'°Pb can be
considered as an almost stable element that accumu-
lates in the samples during the whole exposure period
in the Rn-Box. The activity of *'°Pb has been directly
quantified by means of the v measurements described in
Section [3.4] whose results are recalled for convenience
in Table |§| as MA (Measured Activity); here, the errors
also include a 5% systematic uncertainty due to the
Monte Carlo simulation for the efficiency evaluation,
besides the statistical contribution given in Table[8] On
the other hand, 2'Bi activity in each sample can also
be used to predict an expected 21°Pb count rate, which
does not take into account the additional contribution
of 2'Po direct implantation. Therefore, a comparison
between the measured and expected 2!°Pb activities
should provide a hint for the eventual 2'*Po implanta-
tion. The expected activity of 2!°Pb in a sample can be
calculated as:

AglOPb = /\210PbAgl4BiAt693p (3)

where Ateyp, is the exposure period of the single sample
and A9, is 2'*Bi activity estimation of Table [5} In
Equation , it is assumed that secular equilibrium
between 2'*Bi and 2'*Po (i.e., AY,,5;, = AY14p,) is in-
stantaneously reached, a condition which always holds
because of the short 2'*Po half-life. 2!°Pb activities pre-
dicted by Equation are also reported in Table |§| as
RA (Reconstructed Activity). Unfortunately, as evident
from the MA and RA values, a conclusive statement
about 2'Po recoiling nuclei implantation on the acrylic
samples is not possible. The role of the dust, to which
electrically charged radon daughters stick, as well as
the cleaning procedure performed to remove it from
the samples surfaces (cf. Sec. and Table [8]) avoid
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Table 6: 219Pb measured activities (MA) and reconstructed
activities (RA). MAs have been obtained after cleaning the
sample surface (see Sec. 3.4)).

Sample 210pp MA 210pp RA
[Bq] [Bq]

Smooth 0.40 £+ 0.03  0.59 4+ 0.04

Opaque 1  0.49 +0.04 0.34 + 0.02

Opaque 2 0.56 +£ 0.03 0.58 + 0.04

Opaque 3  0.25 & 0.03 0.23 + 0.02

Long Measurement - Opaque Acrylic 2

5000 6000 7000 8000
Energy [keV]

Fig. 6: Acquired spectrum of a 21 days long o measurement.
At 5.3MeV the 219Po peak is well visible, with a long tail
at lower energies. At about 7.7 MeV the 2'4Po peak is still
recognizable.

the disentangling of the independent 2'*Po implantation
mechanism and the quantification of its effect.

3.2 Study of *'°Po Contamination

The several days long o measurements (see Table [3)) al-
lowed a study of the evolution in time of *'°Po activity.
This isotope decays via a channel with characteristic en-
ergy of 5.3MeV. In Figure [f] an example of an acquired
spectrum in the 3.0-9.0 MeV region is shown.

The measurable activity of 2'°Po is composed of two
different contributions: The first one comes from the
210pg originated inside the chamber which contaminated
the acrylic directly, and follows the exponential law
characterized by its own 71 /5; the second one is generated
by the decay of *'°Pb inside the sample, and increases
in time towards the condition Asiopo = Asiopp. In
fact, once a sample is extracted from the Rn-Box, the
219ph present in the plate starts to decay following
its half-life, generating its own chain (accordingly with
Eq. ) In order to verify this behavior, one day long
subsequent o measurements have been exploited to track
the growth of >'%Po activity towards the 2'°Pb one. The
daily mean activity values have been interpolated leaving
as free parameters *'°Po and *'°Pb activity values at
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Fig. 7: Fit of the ?19Po activity plot for Opaque Acrylic 2
(before cleaning). The goodness of fit is acceptable, and the
AY 0P, and A9, p, activity values at the time ¢ = 0 have
been extrapolated.

the extraction time (Fig. @ For each sample, the Angb
values obtained from the interpolation are consistent
with the corresponding 2!°Pb activity values extracted

from the v measurements (see Sec. and [3.5)).

3.3 Study of Polonium Isotopes Implantation

As evident by the comparison of Figures |3| and EI, 210p,
signal centered at 5.3 MeV shows a more enhanced tail
with respect to 2*Po and ?'*Po. Since alpha decays are
the only responsible of the nuclear implantation inside
the acrylic and 2'°Po is the last radioactive contaminant
in the ?*Rn chain, it is plausible to expect a deeper
implantation of this isotope inside the samples. To quan-
tify the penetration of polonium isotopes inside acrylic,
the ratio of the tail component to the peak one has been
calculated. For *°Po the Tuail-to-Peak Ratio (TPR) is
defined as the percentage ratio of the spectrum integral
in the 5.0-5.2 MeV and 5.2-5.4 MeV energy regions,
respectively:

No. of Counts (5.0-5.2 MeV)

TPR =
2100 ™ No. of Counts (5.2-5.4 MeV)

100 (4)

Similarly, for ?*®*Po and ?'*Po TPR has been defined as
follows:

No. of Counts (5.7-5.9 MeV)
TPR o = -100 5
21880 ™ No. of Counts (5.9-6.1 MeV) )

and

No. of Counts (7.4-7.6 MeV)

TPRo1apo =
21470 No. of Counts (7.6-7.8 MeV)

100 (6)

For each isotope, the TPR has been calculated for each
acquired spectrum (from M1 to M11 for 218pg and 2'Ppo,
and each daily saving for 210Po) and its trend in time
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Table 7: TPP{Q;LQPO7 TPRQ]gPO and TPR214PO estimations
for each acrylic sample.

Sample ~ TPR21i0po TPR214po TPR21spo
[%] (7] (7]

Smooth 3.9 +£0.1 3.4 4+0.1 2.0£0.5

Opaque 1l 13.7+ 04 7.9 £ 0.2 6.6 £ 1.1

Opaque 2 11.4 £+ 0.2 6.7 £ 0.1 7.0+ 1.0

Opaque 3 14.3 £ 0.5 84 £ 0.2 7.0+ 1.0

has been verified to be constant; thus, both the tail and
the peak component of polonium signals grow with the
same rate. As a consequence, during the measurement
period no mechanism interfered with the contamination
features, changing the reciprocal radioactivity amounts
on the sample. In Table m TPR219P0, TPR214p, and
TPRo18p, mean values of all the samples are reported.

The TPR calculation confirms the deeper implanta-
tion of ?'°Po inside the acrylic, due to three subsequent
« decays. TPRo1gp, values are in fact clearly higher than
TPR214po and TPRo18p,. Moreover, there is a substan-
tial difference between the results of the smooth plate
and the opaque ones, that denotes an important depen-
dence of the implantation on the surface texture. In fact,
on an opaque surface even a superficial contamination
is located at different depths, because of the peak-valley
structure of its irregular texture. On the other hand, a
smooth surface does not provide this augmented depth,
resulting in a more superficial contamination.

3.4 Study of *'°Pb Contamination

Lead-210, being the longest living isotope of **Rn chain
(112 = 22.3y), will stay within the sample for a very
long time. A deep contamination cannot be generally
removed from the sample and the only way to get rid
of this component is waiting for the complete decay
of the implanted radiocontaminants. For this reason, a
determination of the 2'°Pb fraction deeply implanted
in acrylic is fundamental. This was achieved by com-
paring the experimental '°Pb activity — inferred from
the 46.5keV ~4-line rate — of each sample as extracted
from the Rn-Box and after the surface cleaning. For the
surface cleaning, each acrylic plate has been rinsed with
distilled water for about two minutes, thus removing
the 2!°Pb component deposited on the plates together
with dust. After that, a spectroscopic gamma measure-
ment has been performed on each sample. In Table [§]
210ph activities are presented before and after the dust
removal, together with the estimated percentage of the
deep component with respect to the total one. Since the
Deep Fraction (D.F.) is about 67%, the majority of the

Table 8: 210Pb activities estimated before (BC) and after (AC)
the cleaning of each sample surface, with the Deep Fraction
(D.F.) component.

Sample BC Activity AC Activity D.F.
[Bd] [Bd] (%]
Smooth 0.61 £ 0.03 0.40 & 0.02 65 £ 5
Opaque 1 0.68 £+ 0.04 0.49 £ 0.03 73+ 5
Opaque 2 0.89 £+ 0.05 0.56 = 0.03 63 £ 5
Opaque 3 0.38 £+ 0.02 0.25 £ 0.02 66 £ 6
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Fig. 8: 219Pb measured activities vs. the exposure period for
all the samples. The activities before and after cleaning grow
with time. The couple of points at 86 days of exposure is
related to the smooth sample which shows lower activity, most
likely due to the smaller effective area.

210ph contamination comes from a deep implantation
of this isotope inside the acrylic that cannot be removed
by a simple cleaning.

As previously inferred, 2!°Pb can be considered as a
stable element that accumulates on the samples. There-
fore, it can be assumed that the measured 2!°Pb activity
increases with the time the samples spend inside the
chamber, where they are exposed to ***Rn. In Figure
a plot of 2'°Pb activities before (blue dots) and after
(green dots) the cleaning of each sample as a function
of the exposure time is shown. The third pair of green
and blue dots are 2'°Pb activity values before and after
the cleaning of the smooth sample and does not follow
the trend of the other points. The points related to the
opaque samples have been interpolated with a linear
function, with the hypothesis that at time of Rn-Box
closing there would have been a 2!°Pb activity equal
to 0Bq. In Figures |§| and fits of 2'°Pb activities be-
fore and after the cleaning of opaque samples are shown,
respectively.

The experimental condition related to this analy-
sis is of a high ?*?Rn concentration environment that
surrounds the acrylic plates. This condition brings to
a 21°%Pb concentration higher than the one that may
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Fig. 9: Interpolation of 219Pb activities measured on opaque
samples before cleaning (BC) their surfaces.
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Fig. 10: Interpolation of 219Pb activities measured on opaque
samples after cleaning (AC) their surfaces.

be found exposing the samples to atmospheric **Rn
levels. The linearity of 2!°Pb accumulation at high ac-
tivities implies the same behavior at lower levels. As
a result of the measurements exposed in this Section,
it becomes possible making previsions about the 2!°Pb
quantity that would contaminate acrylic at different
222Rn concentrations.

3.5 Study of *'°Po Contamination after Cleaning

As a further validation of the obtained results, an ad-
ditional @ measurement after surface cleaning of the
smooth sample has been performed. Evolution in time of
210pg activity has been studied, as before, by exploiting
subsequent daily measurements. The daily mean activity
points have been interpolated with the same function
described in Section for 21°Po analysis before the
cleaning. From the fit (red line in Fig. two free pa-
rameters (A9, p, and AY;,p,) have been extrapolated,
representing *'"Po and 2'°Pb levels, respectively, imme-
diately after the HoO cleaning procedure. The prediction
of 21%Po activity evolution without cleaning process has
been represented with the blue line in Figure The
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Fig. 11: Fit of the 219Po activity after the surface cleaning
for the Smooth Acrylic sample (red line), together with the
prediction of the 219Po activity based on fit function of the not
cleaned sample. The goodness of the fit is acceptable, and the
210pg and 219Pb activity values at the time of the cleaning
have been extrapolated (A3;,p, and AS;,p,, respectively).

estimated 2'°Pb activity value right after the cleaning of
the sample (A9, ,p,) is equal to (0.4340.05) Bq and it is
compatible with the measured activity of (0.40+£0.02) Bq
(see Table. 20pg activity estimation (A9, p, ) right af-
ter the sample cleaning turns out to be extremely small,
as expected. These results support the consistency of

the analysis.

In Figure 219Ph activities before and after the
cleaning extrapolated by 2!°Po fits (yellow and red dots,
respectively) and measured (blue and green dots, respec-
tively) are reported for each sample. All the measured
activity values agree with the previsions obtained by
the interpolation methods. The 2'°Po activity loss due
to the rinse in water is equal to (31 £ 3)%, calculated
as the mean difference between the measured activity
points and the corresponding values of the predicted
function. This estimation is consistent with the *°Pb
loss effectively measured, equal to (35 +4)%. This result
proves that the system has not been modified between
the two measurements, and the surface cleaning has
been the only cause of activity loss.

In addition, the TPR value of the 2'°Po signal after
the acrylic surface cleaning (TPR’QL‘SPO) has been calcu-
lated following Equation . An increase of this value
is expected because of the removal of the 2!°Po super-
ficial component belonging to the dust that deposited
on the acrylic. In fact, the dust removal should cause
a reduction of the 2!°Po peak component with respect
to the tail. Like TPRs before the cleaning, TPRQASPO
values calculated for each day of measurement keep con-
stant in time. The mean value turns out to be equal to
TPRSG p, = (4.6 £ 0.1)%, showing a (18 & 4)% greater
fraction with respect to the corresponding value before
the cleaning TPRa19p, = (3.9 £ 0.1)% (see Table (7).
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Fig. 12: Summarizing plot of the measured and valued 2'°Pb
activities by 219Po fits before and after the cleaning, for each
sample. The measurement of the 2'9Po activity after cleaning
was performed only for the smooth sample.

This TPR increase is smaller than expected, since a
compatibility with 2!°Po and 2'°Pb activity losses per-
centage previously calculated was expected. However,
the peak and tail components defined in Equation
are discriminated with a simple energy cut in the spec-
trum, and a contribution due to degraded as emitted
is otherwise present also below the peak. These as are
emitted by contaminants that are near enough to the
edge of the acrylic plate to produce a signal belonging
to the peak component, but that are not definitively on
the surface. In this way, when the surface is rinsed these
210pg isotopes are not removed, and the TPR value after
the cleaning does not increase as much as the activity
decreases.

3.6 Diffusion Length for 2'°Po Implantation

In order to evaluate the 2!°Po implantation depth, a
Monte Carlo simulation has been run with the hypoth-
esis of an exponential diffusion of this isotope inside
the acrylic. More precisely, the implantation has been
modeled with a function e=*/P, where z is the depth
and D is the Diffusion Length. The TPR values of the
simulations at different D values have been compared
with the TPR value of the Smooth Acrylic sample af-
ter the cleaning, so as to exclude the dust contribution
which would have wrongly affected the peak component.
The best estimation for the Diffusion Length results to
be D = 11 pm, with a TPR for the simulated spectrum
equal to (4.7 + 0.1)%, compatible with the TPR5p,
value of (4.6 +0.1)%. In Figure a superimposition
of the simulated 2'°Po spectrum with D = 11 pm and
the measured '°Po one is shown.

Monte Carlo and Data Comparison fo*'®Po Diffusion
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Fig. 13: Overlap of the simulated 21°Po events (blue line) with
D = 11 pm and the 2'%Po data (green line). Both the spectra
have been normalized to obtain comparable activity values.
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Fig. 14: Long o measurement spectra in days 4, 8, 12 and 16 for
Opaque Acrylic 2. At 5.3 MeV the 21°Po peak is recognizable,
and in the energy region on its right a clear decrease of counts
is visible.

3.7 Study of ***Rn Diffusion

Observing the subsequent daily *'°Po spectra, it has
been noticed an evident excess of counts in the energy
region from 5.4 MeV to 7.8 MeV, which decreases over
time (Fig. . This energy range includes the peaks
of #?Rn faster daughters *'*Po and ?'*Po. A presence
of these isotopes several days after the extraction of
the samples from the Rn-Box is very unlikely because
of their lifetime, unless some radon diffused inside the
acrylic during the exposure. In this condition, **’Rn
faster daughters can reach secular equilibrium with their
parent inside the plate, and would be still visible after
a time frame much greater than their lifetime. More
precisely, their decay would follow *?Rn decay constant
(A = 2.1 x 107% s71), due to the established secular
equilibrium condition.

In order to verify this hypothesis, each daily spec-
trum of the *'°Po measurement has been cut in different
energy regions, and the counts as a function of time have
been fitted with a decreasing exponential law plus a con-
stant. In Figure this interpolation is shown for the



10

Mean Rate 5.7-6.1 MeV - Opaque Actrylic 2

x10°°
0.4F %2/ ndf 7.259/10 |
E Prob 0.7008
0.351 c ~6.465 + 0.4336
% oaf A 7.292e-06 + 1.485¢-06
g F \ bkg  2.005¢-05 + 6.404e-06
‘o 0.25F
s E
5 02F
§ =
3 0.15F
o =
NG
= il '
0.05F ! } |
- 1. |
G—HH‘“‘%$“““+r‘x“““‘x
200 400 600  800_ 1000 1200 1400 1600 1800
Time [s]
. Mean Rate 7.4-7.8 MeV - Opaque Acrylic 2
10°
o4E w2/ ndf 2.683/8 |.
E Prob 0.9527
0.35F ¢ -6.178 +0.5648
- = A 8.753e-06 + 2.095¢-06
g o3f \ bkg 2.082e-05 + 7.231e-06
o 0.25F
© =
o oy \
» 0.2F
S E
3 0.15F
(&] c \W
0.1F
0.05F T\i 1 |
200 400 600  800_ 1000 1200 1400 1600 1800

Time [s]

Fig. 15: Interpolation of counts rate with an exponential law
in the 5.7-6.1 MeV and 7.4-7.8 MeV energy ranges. The first
two days of measurement are not included.

energy ranges of 5.7-6.1 MeV and 7.4-7.8 MeV, respec-
tively. In order to be sensitive to a signal due to the
radon diffusion inside the sample, the first two days
of measurement have been excluded from the analysis.
In this way, the contribution of the isotopes that have
contaminated the sample separately from radon, which
would cover the diffusion signal, is not considered. From
the analysis, the extrapolated decay constant for the 5.7-
6.1 MeV range is A = (7.3 £ 1.5) x 107¢ s~!, while for
the 7.4-7.8 MeV range is A = (8.7 4+ 2.1) x 1076 s71.
These values are compatible to each other, but do not
match with 2*?Rn A = 2.1 x 1076 s~ 1. This result might
be explained by the fact that the samples were inside a
pumped vacuum chamber during the o measurement;
thus, part of **?Rn (reasonably the most superficial
component) diffused out of them, following the inverted
concentration gradient due to the void in the vacuum
chamber. This assertion would also explain why there is
not an evident excess of counts at 5.5 MeV (see Sec. [3)),
where **?Rn alpha peak should be present. This result
is anyway not sufficient to come to a conclusion about
222Rn diffusion inside acrylic.

As a further study, a new smooth sample (Smooth
Acrylic 2), with an exposure time of 277 days, has been
extracted from the Rn-Box and new 7 measurements
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Fig. 16: Overlap of 214Bi signal (green solid line) and the
background of the y-ray detector (brown dashed line). An
excess of counts at 609 keV is clearly distinguishable.
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Fig. 17: Interpolation of 2'4Bi activity from 609 keV gamma
line over time. The decay constant X is in accord with 222Rn
one.

of 2Bi 609keV line have been carried out using the
HPGe detector, where no vacuum is needed. These mea-
surements have been performed one day after the ex-
traction of the sample, so as to establish secular equi-
librium between 2*Bi and ?*Rn. Also in this case, an
excess of 2MBi counts and their exponential decrease
over time are evident, as it is shown in Figures
and For these measurements, the decay constant
A= (2.14£0.4) x 1079 s71 from the interpolation is
compatible with #*?Rn one, as expected.

Thanks to this result, the diffusion of **?Rn inside
the acrylic samples due to a concentration gradient is
not to be totally excluded. However, it is necessary to
perform further investigation to verify this phenomenon.
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4 Conclusion

This study made possible to understand the mechanisms
of acrylic exposure to radon-222.

Thanks to a complete model of the time evolution of
218pg and 2*Po activity, it has been possible to state
that alpha decay is the only responsible of a deep implan-
tation of a nuclide inside acrylic. This assertion has been
ulteriorly confirmed by the study of 2!°Po Tail-to-Peak
Ratio. TPRy19p, resulted to be significantly greater
than the TPR values estimated for its alpha emitters
progenitors 2**Po and *'®Po, proving that the deeper im-
plantation of this isotope is caused by subsequent alpha
decays. A clear difference of the TPR values between
smooth and opaque samples highlighted the dependency
of the contamination depth by the acrylic texture. In
particular, the opaque texture is more subjected to a
deeper contamination than the smooth one. To quantify
the implantation depth of the radiocontaminants, the
data have been compared with a Monte Carlo simula-
tion of a 2'%Po source exponentially diffused inside the
acrylic. The best accord with the data has been obtained
for a Diffusion Length of 11 pm. With v measurements,
both 21°Pb superficial and deep contamination compo-
nents have been quantified. The linear growth of *'°Pb
activity over time has been also proven. Moreover, ***Rn
diffusion inside the samples has been observed thanks
to dedicated *'*Bi gamma measurements, although fur-
ther investigation is necessary to fully understand the
features of this contamination mechanism.

The positive results of this work proved the feasi-
bility of the proposed approach in a general study of
radioactive contamination of materials. The methods
here validated can be applied in further studies of ma-
terials contaminated by different isotopes.
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