PONTIFICIA UNIVERSIDAD CATOLICA DEL PERU

ESCUELA DE POSGRADO

PONTIFICIA
UNIVERSIDAD

CATOLICA
DEL PERU

A study on the response of the LR-115 detector exposed
inside a diffusion chamber and in unconventional bare

mode

TESIS PARA OPTAR EL GRADO ACADEMICO DE DOCTOR EN
FISICA

AUTOR

Bertin Andrés Pérez Ancaya

ASESORA

Dra. Maria Elena Lopez Herrera

Noviembre, 2021



Declaration

I hereby declare that this dissertation is original and has not been submitted to any
institution for assessment purposes. This dissertation is my own work and contains a
compendium of publications as a corresponding author or collaborates with others. These

publications have been accepteds.

A study on the response of the LR-115 detector exposed inside a diffusion chamber and in
unconventional bare mode

Noviembre, 2021



Acknowledgements

This research was supported by the Pontificia Universidad Catélica del Perd (PUCP); and
founds from CONCYTEC number 236-2015.

I want to acknowledge the supervisor, Dr Maria Elena Lopez Herrera and the co-advisor,
Dr Daniel Palacios Fernandez, for their guidance and constant support on the academic
aspects. Special thanks go to Dr Antonio Parravicini, Stefano Coria and Francesco Cortesi,

who provided laboratory facilities at the Mi.am s.r.1.



Abstract

Several methodologies for radon concentration measurements have been used for mon-
itoring radon in homes and workplaces to minimize health hazards due to indoor radon
exposure. One of them is the Nuclear Track Methodology (NTM), commonly used for pas-
sive long-term measurements. The LR-115 type II (cellulose nitrate), as an NTM’s detector,
is often located inside a diffusion chamber. The set formed by the detector and the chamber
hereinafter will be called a monitor. Commercial monitors, e.g., RadOUT , Radosys, NRPB,
are routinely used for radon measurements; they are calibrated in Certified and/or Accredited
Laboratories. However, many laboratories have developed their own monitors, varying some
characteristics as geometric shapes, dimensions, and material properties. They also do not
have access to calibrate them in Certified and/or Accredited Laboratories. In the present
thesis, we studied the detector response given the characteristics of the diffusion chamber that
we use, and to know how these characteristics influence radon measurements. The results of
this study can provide a fast-calibration of the detector that can be compared to calibrations
in Certified and/or Accredited Laboratories. This study is based on Monte Carlo methods
that imitate the experimental procedure commonly-used in estimating the calibration factor.
This calibration method is more accesible than calibrations performed in Certified and/or
Accredited Laboratories due to its low cost, feasibility and applicability. For these purposes,
a monitor (LR-115 + a non-commercial diffusion chamber made of polypropylene -usually
used as cosmetic pot-) was used in this research. LR-115 detector response in this set-up is
reported by taking into account the geometric shape, dimensions and material (conductive
or non-conductive) of the chamber, the transmission factor (the ratio of final steady state
concentration of radon or thoron at the entrance of the chamber to the concentration of radon
or thoron just inside this entrance), radon exposure level, and etching and reading process.
Regarding the level of radon exposure, it was possible to correct the track overlap effect
for high exposure levels, as can occur in radon measurements in soil pores, by applying a
mathematical model. Mainly, these researches show that a non-commercial monitor can
work as well as commercial ones. Besides, using an LR-115 in bare mode exposed by
unconventional exposition results in concentric ring-shaped tracks, caused by UV natural

radiation. The repeatability and reproducibility of the observed phenomenon were experi-



mentally demonstrated. We also studied the ability of the LR-115 detector to register alpha
particles from nuclear (n, ¢¢) reactions, or radon/thoron progeny. This study is also based
on Monte Carlo methods and can provide an estimation of the efficiency of the detector to
neutron or radon/thoron progeny.
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Chapter 1

General introduction

1.1 Background information

In the first decade of the twentieth century, particularly in 1911, Ernest Rutherford carried
out the gold foil experiment. The experiment consisted of bombarding a sheet of thin gold foil
with positively charged alpha particles. He observed that a small number of alpha particles
were deflected, which means that Thomson’s model could not be accurate. The deflection
effect could be explained if the positively charged alpha particle collided with a positive
charge. That is the reason why he introduced the idea of a nuclear atom, which contains in
its centre a microscopical positively charged nucleus surrounded by planetary electrons [1].

The nucleus is far smaller than the atom and consists of a dense region of protons
and neutrons. The proton is positively charged with a mass equal to 1.007276466621u.
Simultaneously, the neutron is electrically neutral with a mass equal to 1.00866491595u
(https://www.nist.gov/pml/fundamental-physical-constants). Both particles have nearly the
same mass and are collectively referred to as nucleons.

If Rutherford’s model is accurate, a neutral atom’s mass must be equal to its total
mass of protons and neutrons. However, the mass of a neutral helium atom is 4.002603u
(https://www.nist.gov/pml/fundamental-physical-constants), while the mass of its protons
and neutrons as nucleus components is 4.032980u. In other words, the nucleus of the helium
atom has approximately 0.030377u less than its components parts. According to Einstein’s

2. mass and energy are equivalent. Thus, the difference is mass from the

equation, £ = mc
helium atom is equal to a certain amount of energy, called the binding energy. The binding
energy is the amount of energy required to separate a nucleus into its components. Fig. 1.1
depicts that iron (°®Fe) has the highest binding energy, and nuclides larger than iron show a

slight decrease.


https://www.nist.gov/pml/fundamental-physical-constants
https://www.nist.gov/pml/fundamental-physical-constants

1.1 Background information 2

- S8 8
3 e Kr 119
6o, o % * -—
i PE 2057 sas
ZQ. e \\ Region of very . E.
1*4He stable nuclides 238

Fusion Fiszion
& TLi — -
L ]

Negative of binding energy per nucleon (MeV)
- Ay L Ak o O = O O
1
e

I 1 I 1 I I L] I I

| I | L}
20 40 60 80 100 120 140 160 180 200 220 240 260
Mass numbser (A}

Qo

Fig. 1.1 The nuclear binding energy of an isotope and its atomic mass [2].

It is well known that there are four fundamental forces such as the gravitational force,
electromagnetic force, weak nuclear force and strong nuclear force. The strong nuclear force
is responsible for binding proton and neutrons, described earlier, in a nucleus, while the weak
nuclear force is responsible for radioactivity [3].

In radioactivity, there is a conflict between the attractive strong nuclear force and the re-
pulsive electromagnetic force (the electrostatic part), which has implications for the nucleus’s
stability. Thus, the atomic nucleus would be stable or unstable. For instance, Fig. 1.2 shows
that the stable nucleus requires additional neutrons when the number of protons increases
to maintain stability. Similarly, Fig. 1.2 also indicates the unstable nuclides categorised by
colours (type of decay), such as alpha decay when an unstable nuclide loses two protons and
two neutrons. A beta decay when an unstable nuclide emits a beta particle and gamma decay
emits high-powered photons (known as gamma rays). As essential extra information, it is
easy to see that alpha decay occurs in nuclides with high atomic number.

Alpha decay is a radioactive decay in which an unstable nucleus disintegrates into a more
stable nucleus. In the process, the parent nucleus becomes the daughter nucleus by emitting
an alpha particle (). The alpha particle is a heavy, positively charged particle consisting of
two protons and two neutrons, commonly referred to as helium nuclei @H e). It has a charge
of +2, mass equal to 4.001506179127 u (https://physics.nist.gov/cgi-bin/cuu/Value?malul
search_for=alpha+particle) and a velocity equal to the twentieth speed of light. Using the


https://physics.nist.gov/cgi-bin/cuu/Value?malu|search_for=alpha+particle
https://physics.nist.gov/cgi-bin/cuu/Value?malu|search_for=alpha+particle
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Fig. 1.2 Chart of nuclides represented by their neutrons and protons, the abscissa axis and the
ordinate axis, respectively. Black squares represent the stable nuclides, while the coloured
squares are unstable nuclides with their respective decay. The continuous line represents,
mostly hypothetical, nuclides for which proton number would the same as neutron number.
(https://www.geigercounter.org/radioactivity/decay.htm)

alpha particle definition, the general form of alpha decay is
2X =42 X! £2 He™? (1.1)

where X is a less stable nucleus called parent, X’ is a more stable nucleus, but not completely
stable nucleus, called daughter, and iH e*? is identical to an alpha particle. Notice that the
process of transforming one element (X) to a different one (X') is called transmutation. In
alpha decay, the part of the energy involved in alpha disintegration energy (denoted by Q)
is the sum of the kinetic energies of the alpha particle (KE) and the daughter nuclide that
recoils (KEdaugh,e,). The principle of conservation of momentum (product of the mass of

alpha particle m and its velocity vy equals to that of the product for daughter nuclide) gives:

— Mg —
My Vo = Mdaughter : Vdaughter — Vdaughter = “Va (12)
Mdaughter

This further implies that

1 N 1 ey
Qa =KEq +KEdaughter = z(moc | Vo |2) + E(Mdaughter | Vdaughter |2) (1-3)


https://www.geigercounter.org/radioactivity/decay.htm
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Combining these two equations, the alpha particle’s kinetic energy is to be multiplied by

a factor equal to 1 + . According to this, there are two energies in alpha decay. One is

Mguohter
the energy of the disin(i(gghrf;tion process. The other is the kinetic energy of the emitted alpha
particle, which is slightly less than the energy of disintegration [4].

Transmutations due to alpha decay originate in natural radioactive matter. There are
natural occurring nuclides on Earth since the solar system’s formation, such as uranium
(?38U) and thorium (?*2Th), alpha emitters, and they are called primordial nuclides. Both
primordial nuclides are the parents in their decay chains, and it refers to a series of radioactive
decays of different radioactive decay product as sequential transmutations. The 233U-chain
starts from the unstable parent 233U to the stable daughter lead 206 and the 2?7 h-chain,
from the unstable parent 22T/ to the stable daughter lead 208. Both decay chains are shown
in Fig. 1.3.

238-Uranium Decay Series 232-Thorium Decay Series

U 238U 234U
(4.47E9 y) ’(2.45E5 y)

Pa e
d6.69 h)

Th *Th “Th ““Th “Th
(24.1 d) (7.5E4 y) (1.4E10 y) (1.91y)
Ac * ¢ 228Ac ’ ¢
(6.1 m)
R zzsRa 228Ra ’ 224Ra
a (1.6E3 y) (5.75y) (3.66 d)
222Rn 220Rn
Rn (3.823 d) (55.6 5)
213P° 214P° 210Po 216!) 212PO
Po (3.04 m) (1.6E-4s)  (138.4d) (0.145s) (3E-7 s)
) 214Bi 21OBi 212BI
Bi (19.7 m) (5.01 d) * 61 m)
Pb 214Pb 21°Pb 206Pb 212Pb d * ZDSPb
5 (26.9 m) (22.6y) (stable)  (10.6 h) oy (stable)
(3. 1 m)

Fig. 1.3 The 238-uranium and 232-thorium decay chains, where blue arrows represent alpha
decays and red arrows, beta decays. The images are modified from the decay chains at [5].
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Each decay chain has an alpha emitter that has been the subject of this research. The
radon (**?Rn) comes from uranium decay chain and the thoron (>?°Rn) from the thorium
decay chain. Both are colourless, odourless and tasteless noble gases, and they are naturally
present in the soil due to the decay of parents in the earth’s crust. The main difference
between radon and thoron is that the radon is the most abundant isotope on Earth. Its half-life,
defined as the time required for one-half of the atomic nuclei to decay, is relatively less than
its isotope thoron.

There is an importance of radon and thoron studies from health-related issues. To be more
specific, the radon/thoron progeny is the main contributor to the general population’s dose
[6]. The inhalation of short-lived progeny are responsible for problems of the respiratory
system, lung cancer, and damage to sensitive cells in the skin, as well as causes skin cancer
[7-9]

Due to this importance, it makes one wonder how to measure the radon and thoron con-
centration, because more concentration implies more potential effects or impact. Nowadays,
several techniques and instruments are available for radon and thoron measurements and
their progeny. A wide range of techniques and apparatus for measuring radon, thoron and
their progeny are classified into active and passive, taking into account the duration of the
measurement (i.e. seconds or minutes, hours, days and weeks or months) and depending on
their physical bases [10].

In active methods, with real-time response, radon samples are obtained by forcing with a
pump of a known volume of air or using power supplies. Two measuring instruments are
commonly used in various laboratories, these are scintillation cells and ionisation chambers
as shown in Fig. 1.4.

Fig. 1.4 Scintillation cell (Radon Mapper -https://www.miam.it/allegati_catalogo/
Radon-Mapper-brochure.pdf-) and ionisation chamber (AlphaGuard -https://www.
bertin-instruments.com/product/radon-professional-monitoring/radon-alphaguard/-) as a con-
tinuous active device in a) and b), respectively.

Scintillation cells are widely used for grab sample measurements of radon, which usually

have a measuring duration of seconds to minutes. A hermetically closed cylinder of stainless


https://www.miam.it/allegati_catalogo/Radon-Mapper-brochure.pdf
https://www.miam.it/allegati_catalogo/Radon-Mapper-brochure.pdf
https://www.bertin-instruments.com/product/radon-professional-monitoring/radon-alphaguard/
https://www.bertin-instruments.com/product/radon-professional-monitoring/radon-alphaguard/
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steel, typically called a cell with one end closed by a transparent window and the other end
with a single connector is filled with the air of interest by filling through a single vacuum
connector. The internal surfaces of the cell are covered with ZnS:Ag (as a scintillator). Alpha
particles from radon, thoron or their progeny interact with a scintillator, generating light
pulses recorded by a photomultiplier tube and then the generated voltage is recorded by the
associated electronics. Several authors have worked with scintillation cells to measure soil
gas radon [11], indoor radon [12, 13], radon concentration in drinking water [14, 15] as well
as measurements of thoron concentration [16—19]

Ionisation chambers are extensively used as integrator of these gases concentration in
air over minutes or hours, repeated indefinitely as continuous active devices. An electrical
field is established between an anode and a cathode inside the ionisation chamber. The radon
and thoron gases enter, by diffusion mechanism, into the active chamber volume through
a glass fibre filter. In the active chamber volume, the current caused by the gas ionisation
is generated by the decay of radon, thoron or their progeny. Then alpha particles could be
detected or counted separately as pulses by the ionisation chamber, which has a fast response
time depending on associated electronics and air replacement rate [20]. Recently, commercial
devices based on ionisation chambers have been marketed and adopted as secondary standards
in radon calibration laboratories [21]. Several works use devices based on ionisation chamber
for soil gas radon concentrations [22, 23], indoor radon [24-26], radon measurements in
drinking water [27, 28], thoron measurements [29, 30].

In passive methods, radon samples are obtained by gas’s diffusion with no power supplies
and no real-time response. Charcoal detectors, electret ion chambers and solid-state nuclear
track detectors (SSNTD’s) are used as passive detectors as shown in Fig. 1.5. Some of them

works as integrator devices.

Fig. 1.5 Charcoal canister (https://www.rtca.com/product.asp?prodID=10&catID=1),
electron-ion chambers E-perm (https://radelec.com/store/index.php?-), and solid-state nu-
clear track detectors (LR-115 on the left side and CR-39 in the right side) in a), b) and c)
respectively.


https://www.rtca.com/product.asp?prodID=10&catID=1
https://radelec.com/store/index.php?

1.1 Background information 7

The charcoal canister has activated charcoal, which has an affinity for many gases,
including radon/thoron. The granulated activated charcoal is inside the canister with a
removable meshed lid. Radon or thoron is retained into the activated charcoal, where
radon/thoron progeny will be retained to be measured by gamma spectrometry as well as
liquid scintillation counting. In general, charcoal detectors are not true integrators, as the gas
absorbed at the beginning of exposure will decay and partially desorb during the exposure.
Related to this detectors, several works show how to measure radon/thoron concentrations
[31, 32], soil gas radon exhalation [33], indoor radon measurements [34].

Electrets have a permanent surface charge resulting in a surface potential that may be
some kV [35]. A set of a conductive plastic chamber and a Teflon electret, which is placed at
the bottom of the chamber, is an electret ion chamber (EIC). Radon/thoron gases diffuse into
the chamber volume, and the Teflon electret loses charge due to ionisation produced by alpha
particles from radon/thoron and their progeny. The EIC is also sensitive to gamma rays, and
a correction must be applied. Several works related to this issue have been presented in the
literature [36—41].

Some polymers as solid state nuclear track detectors (SSNTDs) can record the alpha
particle in form of latent track. In the polymer, its chain breaks due to the interactions of
the alpha particle, primary and secondary ionisations occur along its path, forming a latent
tracks. Thus, the polymer detectors experience damage due to the breaking chemical bonds
[42]. This damage can be visible later by etching the polymer in a NaOH or KOH solution
(depending on the type of polymer). LR-115 (cellulose nitrate is the active layer + polyester
base is the non-active layer) and CR-39 (poly allyl diglycol carbonate) are used as SSNTDs.
These detectors can be used in two modes, such as chamber mode [43] and bare mode [44].

In chamber mode, the detector is placed inside a diffusion chamber where the diffusion is
the main transport mechanism for radon/thoron to reach the internal volume of the diffusion
chamber. In such a case, the entry of radon/thoron into the detection volume of a diffusion
chamber is attenuated by a diffusive or permeation barrier. In this mode, a set formed by the
diffusion chamber and a detector is called monitor. There are commercial monitors that are
widely used by many laboratories, however other laboratories have developed and use their
own non-commercial monitors. These monitors should be calibrated using some primary
or secondary standard system [45]. Nevertheless, these systems are not fully accesible to
some laboratories. That is why the calibration can also be stablished by using methods
that are based on Monte Carlo simulations [46—49]. This simulations take into account
several characteristics of the diffusion chamber, the detector and the level of radon/thoron

exposures, and can be comparable when using a primary or secondary standard system.
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When detectors are exposed to high levels of radon concentration, there is an effect called
overlapping [50-52], which will be also taking into account in this work.

In bare mode, the detectors are also used to indirectly register radon/thoron progeny
or neutrons [53-56]. In these references, the authors use a specific film covered detector,
depending on which alpha particle they want, either nuclear (n, &) reactions or radon/thoron
progeny. For instance, an absorber film covered detector -such as mylar aluminized- are able
to rearrange the energy detection range in order to register alpha particles from radon/thoron
progeny in the detector. Also, a converter film covered detector -such as boron converters-
are able to create alpha particles due to the nuclear (n, o) reaction. Both cases were studied

by using Monte Carlo methods to estimate the efficiency of the detector.

1.2 Research aims and objectives

1.2.1 Main objectives

This thesis aimed to study the response of an LR-115 detector exposed inside a diffusion

chamber and in unconventional bare mode.

* To study LR-115 detectors exposed inside a diffusion chamber is based on simula-
tions and comparisons between experimental and simulated results. The developed
simulation method could be a more accessible way to estimate the detector response

compared to conventional calibration using primary or secondary standards.

* To apply all possible parameters-such as the geometric shape, dimensions and material
of the chamber, the transmission factor, radon exposure level, and etching and reading
process-in simulations that may influence the LR-115 response to get simulation results

in good agreement with the experimental outcomes.

* Detectors will be exposed in bare mode to understand how an unconventional mode of
exposure leads to registration of concentric rings in etched detectors due to ambient
UV radiation.

1.2.2 Specific objectives

The specific objectives of this thesis are:

* Determine the radon/thoron transmission factor in a cylindrical diffusion chamber in

order to estimated the real concentration inside the diffusion chamber.
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¢ Estimate the calibration factor of an LR-115 detector inside a non-commercial-conductive

cylindrical diffusion chamber using Monte Carlo methods.

* Evaluate the likely influence of the type of the chamber’s material in the calibration

factor or detector response.

* Examine the impact of the track overlapping effect on detectors exposed to high levels
of radon concentration, and develop a model that could fix the influence of the track
overlapping effect on a non-commercial monitor (cylindrical diffusion chamber +

LR-115) that can be used with other chambers and different experimental parameters.

* Investigate how a concentric ring track is formed in a detector by exposing the bare
detector to unconventional exposition.

* Examine the influence of the UV natural radiation when irradiating a bare LR-115 to

unconventional exposition.

» Show a brief discussion of how the used methodology to study the detector response
can be applied to detectors covered by converters or absorbers, normally used to register
alpha particles from nuclear (n, @) reactions or radon/thoron progeny, respectively.



Chapter 2

LR-115 detector exposed inside a
diffusion chamber

2.1 LR-115 detector response for short and long term ex-

posures

When an LR-115 detector is exposed to radon inside a diffusion chamber, it registers
alpha particles emitted in radon’s decay and its progeny [43]. In this work, the arrangement
used in the calculations was a cylindrical diffusion chamber (CDC) made of a non-conductive
material in which the entry of radioactive gas occurs through the thread between cylinder

and cover. Several features for calculating the detector response are presented below.

2.1.1 Radon/Thoron transmission factor

A diffusion chamber for radon measurements is commonly used to reduce the entry of
dust, the entry of radon/thoron progeny and to reduce the presence of thoron in the detection
volume. The latter is because the half-life of thoron is too short to travel trough the entire
thread before decaying. During radon measurements, radon gas reaches the internal volume
by diffusion, which is the primary transport mechanism. The radon gas typically enters
the chamber through a membrane [57], pin-holes [58], gaps [59] or threads [60]. These
types of entries do also not allow 100% of radon gas to enter the internal volume. The radon
transmission factor allows estimating the percentage of entry in the internal volume, assuming
that the effect of turbulence is minimized by taking into account reasonably small entries.
This factor is the ratio of the final steady-state concentration to the initial concentration (just

outside the entries).
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According to [58], the non-steady state equation for the radon concentration C(¢) inside
the diffusion chamber at a time equal ¢ can be written as the following equation:
dC (l ) A;

o = e AC(1) 2.1)

where J is the flux through the type of entry, Vepc(cm?) is the volume of the diffusion
chamber, A;(cm?) is the area of the entry type and 4 is the decay constant of radon or thoron
gas. Applying Fick’s diffusion law, the flux J is proportional to the difference between
outside and inside gas concentration. In this context, the membrane flux (J,,), the pin-hole
flux (J,4), the gap flux (J,) and the thread flux (J;) can be expressed as follows:

K(Co—C(1))
Jm :T
J _D(CO_C(I))
ph — dph
L _DIC,—C() 22
8 dg
J[:D(Cogc(t))

where C, is the initial concentration just outside the entry, K is the membrane permeability
coefficient, D is the diffusion coefficient, d,, is the thickness of the membrane, d), is the
thickness of the pin-hole, d, is the thickness of the gap, and d; is the total distance that the
gas travels through threads. The flux expression depends on the types of entry and can be
replaced in Eq. (2.1). Using the thread flux, we arrive at

8C(t) D A; D A;
= &5 € TN — Ai ) C(t 2.3
ot (dz Vene) ° \di Vene A ) S
In general, Eq. (2.3) depends on an initial condition, such as C(t = 0) = 0. So the solution
is given by
AD A;D
C(t)=0G, (VCD—CX"ID> (l —exp <l"+ VCDCdt)t) (2.4)
Ai+ VCDlCdt

At large times, a steady-state concentration (Cy) is reached in the internal volume. Rewrit-
ing the Eq. (2.4) with lim,_,. (1 —exp~ %) = 1, the C; concentration is found to be:

A;D
C=C, (VCD—CAdD> 2.5)

Ai+ Vepcd,
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As defined above, the transmission factor (F) is equal to C;/C,, as well as [58] reported:

A;D

Vepedy
F=—— (2.6)
A’l. + _AD

Vepedy

In this particular case, A; corresponds to the lateral area formed between the screw cap
and the chamber.

Using the Eq. (2.4), the transmission of radon (A,, = 1.259 x 10~*min~") and thoron
(A = 7.453 x 10~ 'min~") into a CDC (rcpe = 3cm and hepe = 4em) with D = 0.1cm? /s,
A, =0.13cm?, d; = 2.77cm and Vepe = 113.097cm? is shown in Fig. 2.1.
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Fig. 2.1 Temporal response of radon and thoron transmission into a CDC.

Fig. 2.1 depicts that this chamber prevents 99.67% of thoron gas ingress. As mentioned
above, the thread entry allows 95.19% of radon gas into the internal volume.

2.1.2 Travelling distance of alpha particles

When radon gas enters the chamber, it decays into its progeny. Radon and its progeny

emit alpha particles with different kinetic energies, as shown in Table. 2.1.
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Table 2.1 Kinetic energy of an alpha particle emitted by radon or its progeny.

Nuclides  Alpha particle kinetic energy[keV]

Radon 5489.48
218 p, 6002.35
214 p, 7686.82

These alpha particles travel in the internal air of the chamber. In this context, air density
(pa) plays an essential role in the alpha particle range in air and can be calculated as follows

[61].
_0.34848- p—0.009024 - H, - exp® 01T

Pa 27315+ T

where p is the barometric pressure (hPa), H, is the air humidity (%) and 7 is the air temper-

2.7)

ature (°C). To estimate an alpha particle’s travelling distance, we first calculate its stopping
power with energies from 0.01 to 10.00MeV and a specific air density (1.20484kg/m>). The
stopping power (dE /dx) can be calculated using the SRIM-2013 program [62], as shown in
Table. 2.2.
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Table 2.2 Stopping power of alpha particles in air obtained from SRIM-2013.

Ton Energy [MeV] Total dE /dx [4¢Y]

mm

dE /dx Electronic  dE /dx Nuclear

0.0100 3.82E-02 7.36E-03
0.0550 8.96E-02 2.46E-03
0.0700 1.01E-01 2.06E-03
0.0900 1.14E-01 1.71E-03
0.1700 1.55E-01 1.05E-03
0.3250 2.04E-01 6.26E-04
0.5000 2.31E-01 4.40E-04
0.7000 2.39E-01 3.33E-04
1.0000 2.28E-01 247E-04
1.2000 2.15E-01 2.11E-04
1.6000 1.88E-01 1.65E-04
1.8000 1.77E-01 1.50E-04
2.0000 1.66E-01 1.37E-04
5.0000 9.26E-02 6.16E-05
8.0000 6.59E-02 4.07E-05
10.0000 5.62E-02 3.34E-05

By integrating the stopping power, the travelling distance of an alpha particle is calculated

Ei 1
agr = 2.8
/EodE/dx (2.8)

where E, is the initial energy of an alpha particle, and E; is the energy of an alpha particle

as follows:

after travelling a distance d,;. Eq. (2.8) can be calculated by numerical methods, as shown
in Appendix A. Then, the travelling distance curve for an alpha particle emitted by radon
(E, = 5.48948MeV) is graphically illustrated in Fig. 2.2.

Fig. 2.2 also depicts that an alpha particle emitted by radon travels cm in the air when it
loses half its energy, and it travels cm in the air when it loses all its energy. Similarly, the
travelling distance curve for alpha particles emitted by radon progeny is also calculated and
showed in Fig. 2.3.

At this point, the dependence of the air density in this curve is still needed. We applied the

same calculations for different air densities to estimate a family travelling distance curve for
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Fig. 2.2 Radon alpha particle energy as a function of distance traveled in air.
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Fig. 2.3 Radon progeny alpha particle energy as a function of distance traveled in air.

radon and its progeny products. The family curves for these nuclides are shown in Fig. 2.4,
Fig. 2.5 and Fig. 2.6.

These family curves come in handy to define the detection distance limits into the
chamber’s internal volume combined with the given energy window. We can compute the
minimum and the maximum detection distances by replacing in Eq. (2.8) the maximum and

the minimum limits of the energy window, respectively.
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Fig. 2.4 Radon alpha particle energy as a function of distance traveled in different air
densities.
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Fig. 2.5 18 Po alpha particle energy as a function of distance traveled in different air densities.

2.1.3 Energy window of the LR-115 detector

LR-115 detectors register alpha particles with energies within the energy window, generating
visible tracks on the active layer of the detector. The energy window of the LR-115 is
[0.8 —4.5]MeV when detectors are chemically etched in in 2.5N NaOH solution at 60°C
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Fig. 2.6 2'%Po alpha particle energy as a function of distance traveled in different air densities.

for 90 minutes considering vg = 3.27um/h, according to the manufacture specifications
(http://www.gt-analytic.at/downloads_en/Kod_tech_det.pdf).

The energy window strongly depends on the parameters such as the etching condition,
adopted visibility and the V function. During etching process, etched tracks in the LR-115
detector are modelled by the V function. This function is of the form V =V, /V},, where V;
is the track etch rate where the etching goes along the particle path, and V}, is the bulk etch
rate where the etching progresses in all directions on the active layer of the detector. Four
different V functions, where their constants were experimentally obtained by some authors,
are shown in Table. 2.3.

Table 2.3 Four V functions obtained by different authors.

Reference V function
A [63] V=1+ (1()()e 0.446R | 4,—0. 044R) ( )
B [64] V=1+ (IOOe 0.446R +5e‘0 107R) ( )
D [66] V=1+ (14.23e—0~48R + 5.96—0 077R ) ( )

It is essential to mention that any V function can not be the best description of the

experimental processes, because this function is an empirical function. Each V function was
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derived using different experimental parameters that calculate the V function’s constants.
Function A[63] and B[64] were derived using the concentration of the NaOH solution from
the etching process as an experimental parameter. Function C[65] was derived using two
different approaches, V; was correlated with the alpha particle energy or with the ionization
velocity, while the function D[65] was derived using the track density. The visibility criterion
was set as a completely perforated track, with major and minor axes of the visible bottom
track openings not less than 1um.

Considering these three parameters, we can compute the energy window using the
TRACK_TEST code [67]. A Python subroutine was written to estimate the energy win-
dow, and this subroutine iterates several incident angles for each incident energy using the
TRACK_TEST code. The subroutine reads the input parameters, such as the V function,
etching time, V}, value and the visibility criterion. Generally, the TRACK_TEST code returns
the Out put_3D.dat file, which gives the coordinates of points on the track wall in three
dimensions. The subroutine uses this file to identify the major and minor axes of the top and

bottom perforations (Fig. 2.7) formed in the active layer of the LR-115 detector.

Top perforation

B
i & | |
Q
B .
- Visible track
()
T e | |
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N —2

Bottom perforation

—10 ) 0 5 10

Fig. 2.7 Track formation during etching treatment.

By applying a geometric Python algorithm, it is possible to estimate the axes of the
visible bottom track openings (referred as visible track in Fig. 2.7). If these axes are greater
than 1um, the incident energy (Ey) and incident angle (6y) are stored. In this case, E, and 6,
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values can generate a visible track. The minimum incident angle of an alpha particle that
produces a visible track (meets the visible criterion condition) was stored and called the
critical angle. According to mentioned above, we can say that the critical angle is related to
the incident energy, as shown in Fig. 2.8.
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Fig. 2.8 Critical angle-energy curves for LR-115 using the V functions indicated with A, B,
C and D in Table. 2.3.

Fig. 2.8 depicts the relation between critical angle and incident energy for the four
different functions. The (E,, )0y values within the area between the critical angle-energy
curve and the critical angle value equal to 90 meet the conditions that allow generating visible
tracks, while with outer values do not generate visible track after an etching process.

2.1.4 Partial sensitivity to radon

In this section, the partial sensitivity to radon of the LR-115 detector inside a CDC is
calculated. The partial sensitivity is defined as the product of the geometric efficiency (&)
and the intrinsic efficiency (&;). The geometric efficiency is related to the fraction of alpha
particles that are directed towards the detector (N, 4;) over the total of alpha particles, that

hit the detector with a non-zero probability, emitted from a certain volume V}, 4, [cm3] of
Vh,air

air in front of the detector, so it is mathematically expressed as po
d

where rg[cm] is the
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radius of the detector. On the other hand, the intrinsic efficiency is related to estimating

how many alpha particles directed towards the detector are registered by the detector, or

v,air

considered visible tracks, so it is mathematically expressed as xh where N, ;- 1s the

.9
Jair

number of registered alpha particles. Using both variables, the partial sensitivity (S; 4ir[cm])

can be defined as follows:
Nv,air . Vh,air

Siair =
Nh,air 77:’”(21

(2.9)

In Eq. (2.9) , V}, 4 term can be expressed in terms of Vepc and the total number of alpha

particles from the entire Vepe volume (N 4ir)

Veoce - Nuair

(2.10)
Nt,air

Vh,air =3

Replacing Eq. (2.10) into Eq. (2.9), we obtain a simplified expression for the partial

sensitivity to radon
Nyair Vi
Siair = 2 . 5 @.11)
Nt,air ry

Monte Carlo simulation was used to estimate this partial sensitivity. This simulation is
a fictitious representation of reality that uses many random numbers to obtain numerical
results. Random numbers use unpredictable physical means to generate numbers, while
pseudo-random numbers use mathematical algorithms. Several research types have been
done on radon numbers, insomuch that the modern algorithm used for pseudo-random
number generators produce sequences that reliably imitate truly random sequence [68—70].
For these reasons, we use pseudo-random numbers from Python modules, where there is a
basic function called random(). This function generates pseudo-radon numbers of 53 — bit
precision floats and a period of 219%37 — 1.

The partial sensitivity can be computed by two simulations (A and B) concerning the
Monte Carlo simulation. Simulation A mimics how detectors inside a CDC are exposed to
different radon exposures, just like radon calibration laboratories do [71], in order to get
more realistic uncertainties. Simulation B is the typical Monte Carlo simulation that depends
on the amount of sampled random numbers to improve the uncertainty’s statistic [46—49].

Both simulations start sampling the total positions of alpha particles emitted by radon in
the air state into the CDC. On the one hand, simulation A samples an N; 4ira = Vepe - Ery - 3.6
positions, where E,,, is the radon exposure in kBgh/m?>. On the other hand, simulation B
samples N; 4irp = 10° positions. These positions are randomly sampled using cylindrical
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coordinates (ry, 0;,z1):

" :"CDC\/E

0, =21&, (2.12)
z1 =hcpe - &3

where &;, & and &3 are random uniform numbers between 0 and 1. Then, N, 4, is estimated
via rejection technique. In this process, the number of alpha particles from N; 4ir4 Or N; 4ir.B
that generates visible tracks is selected with the above conditions. Finally, we can replace
parameters obtained from simulations into Eq. (2.11) to estimate the partial sensitivity to
radon. For instance, Appendix A shows how to do that using some Python recipes.

2.1.5 Partial sensitivities to radon progeny

In this section, we can calculate the partial sensitivity to radon progeny of the LR-115
detector inside a CDC. Unlike radon behaviour, the radon progeny decay in two states into
the CDC. '8 Po atoms decay in both air and deposited state, while !4 Po atoms almost fully
decay in the deposited state [72]. In other words, f; fraction of 2'8Po atoms emit alpha
particles from the air, 1 — f; fraction emits from walls of CDC, and all 214 py atoms emit
alpha particles from walls of CDC. This behaviour of 2'*Po is because its parent >'Pb has a
high probability to be in the deposited state due to its long half-life (¢ 2 = 26.8min). The
partial sensitivity to 2!3Po in air state is estimated in the same ways as assessed for radon,
however the partial sensitivity in deposited state (S; ,q7)[cm] changes considering the internal
walls of the chamber. In such a case, Eq. (2.11) change to Eq. (2.13).

Nswat Scoc Vepce

Niwat  7r3  Acpc

Si7wall i~ (213)

where Scpc [cmz] is the total internal surface area of the CDC, N 4 is the number of alpha
particles that generates visible tracks from Scpc, N; a1 18 the total number of alpha particles
from Scpe, and Acpe/Vepe was added to normalize the units to cm. In this case, positions
are randomly sampled into two sections, lateral walls and upper walls. For lateral walls, the
positions are

2 =rcpe

0, =2mé&, (2.14)

22 =hcpe - Es
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where &4 and &5 are random uniform numbers between 0 and 1. Similarly, for upper walls,

r3 :rCDC\/g

93 =27L'§7 (2.15)

the positions are

23 =hcpc

where &g and &7 are random uniform numbers between 0 and 1. Finally, the partial sensitivity
to radon progeny is the sum of the partial sensitivity to radon progeny for deposited progeny
on lateral and upper walls (S; va1 = Si wail tateral + Si,wall,upper)- So each partial sensitivity is
estimated as similar as Section (2.1.4), but using equation Eq. (2.13) and taking into account
the lateral

2.1.6 The airborne fraction of 2! Po atoms

It is well known that the 218 Po atoms decay into two states [72, 73]. So it is essential
to know the f| fraction value and differentiate how many 2!8Po atoms decay into air state
and deposited state. It is a necessary parameter that we will use later to calculate the total
sensitivity, or similarly, the detector response, because the total sensitivity also depends on
the f| fraction. This fraction has been evaluated in various studies. For instance, fj is less
than 0.5 [74-76]. According to [77], f1 can vary from 0.04 to 0.4. A similar finding of f;
values ~ 0.5 was obtained by [66] using the LR- 115 detectors inside a diffusion chamber.
They usually use conductive diffusion chambers.

Besides, the atoms -such as 2!8 Po and 24 Po- deposited on the inner walls of the diffusion
chamber must follow a certain distribution. The type of distribution can influence the value
of f1. Some authors assume a uniform deposition when estimating the detector response
[78, 48]. However, in [72], the distribution of the deposited atoms is assumed not uniform
and f; will exceed up to 0.23. The non uniform distribution is also shown by [79].

According to information from previous reference, we must determine the radon progeny
distribution onto the chamber walls because this can influence the value of the f; fraction.
218 py and 214 Po are positively charged atoms immediately after formation. These atoms in
the presence of an electric field behave differently compared to an electric field equal to zero,
and this difference can be an important factor when estimating the type of distribution of the
deposited atoms. Given this difference, the CDC’s material can also affect this distribution
because, in general, this material can be conductive or non-conductive.

A conductive CDC works as a Faraday cage. This cage operates because an external
electric field can cause some electric charges within CDC material to be distributed to cancel

the field’s effect in the interior CDC. In other words, the electric field inside a conductive
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CDC is equal to zero. On the other hand, the electric charges in a non-conductive CDC do
not have a chance to rearrange as they are fixed, so the electric field inside a non-conductive
CDC is not equal to zero.

We can explore the relationship between the radon progeny distribution and the CDC’s
material using the stochastic Langevin’s equation [80—82]. This equation is a stochastic
differential equation describing the time evolution of the spatial distribution of radon progeny,
particularly 2!3Po deposited atoms, in the CDC’s internal surface. As noted above, for a
conductive CDC, F,y; is equal to zero, while a non-conductive CDC, an additional F,,; force,
caused by Coulomb force, is needed.

d2

d
mﬁx(t) =—mn Ex(t) + For (x) +mC (1) (2.16)

where x(t) is the time-dependence of the position, m mass of the particle, 7 is the friction
coefficient, and { is the stochastic term.

A significant quantity of radon progeny atoms will continuously collide with one another
or/and air molecules in the CDC’s internal volume. So the friction term, therefore, is expected
to contribute rather than the inertial term. It means that the inertial concept can be ignored,
neglecting the inertial terms of Eq. (2.16). We obtain

d Feu(x) | C(1)

Ex(t): mn +T (2.17)

We solve Eq. (2.17) using the following expression reported by [83]:

X = X(4—0) + kZ—;Fm ++v(2Dt)-g (2.18)
where ¢ is the numerical time-step, x(¢ = 0) is the initial position of a radon progeny product
atom, x; is the final position at 7 equal to —7 - In(1 — &g) (7 is the mean lifetime, and &g is a
uniform random number between 0 to 1, [72]), D = 0.054cm? /s is the diffusion coefficient
as well as [84] and [73] used in their calculations, kg is the Boltzman constant, 7 is the
temperature, and g symbolizes a Gaussian distribution of zero mean and unit variance. At
this point, Gaussian random numbers can be sampled by the Box-Muller transform [85] as

shown as follows:
g=+v(—2-Iné&)-cos(2m-&)p) (2.19)

where & and &;( are uniform random number between O to 1. This transformation is a
sampling method for generating pairs of uniform random numbers and transform them into

Gaussian random numbers.
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We studied a conductive and non-conductive chamber. In conductive chamber we replaced
the external force equal to zero in Eq. (2.18), while an external force, that is generated by
the electric field between a charged ion and the charge induced in the chamber (according to
[72]) was applied in Eq. (2.18). Then, Gaussian random numbers were sampled by writing
a Python algorithm using the Eq. (2.19) and the function random.uniform(0,1). For our
study, we used a cylindrical chamber with radius rcpc = 3c¢m and hight hcpc = 4cm for both
conductive and non-conductive chamber. Finally, the Eq. (2.18) was computed in Python
using all the above parameters and we obtain results for conductive and non-conductive

chamber as shown in Fig. 2.9 and Fig. 2.10, respectively.
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Fig. 2.9 Distribution of deposited >'®Po along the internal wall of a conductive chamber.
The green zone is the detection region for alpha particles from deposited >'8Po that generate
visible tracks.

Fig. 2.9 and Fig. 2.10 depict that the deposited 2!3Po atoms distributions are slightly
similar, principally at the detection region. Similar results are obtained in [72] with different
values due to the stochastic nature of the equation but similar in curved-shape. Being
thorough in numerical results, the non-conductive CDC registers 0.39% more alpha particles
emitted by deposited >'8Po atoms than the conductive one. In terms of the f; fraction, this
value for a non-conductive CDC is slightly smaller than a conductive one because more
deposited 2!8 Po atoms mean more non-deposited 2!8Po (air state). Due to the small variation

we can say that the importance of the material is not significant.
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Fig. 2.10 Distribution of deposited >'®Po along the internal wall of a non-conductive chamber.
The green zone is the detection region for alpha particles from deposited 2!8 Po that generate
visible tracks.

2.1.7 Total sensitivity

The total sensitivity of the LR-115 is equivalent to the sum of the partial sensitivities taking

into account the features above:

Stotal = Sradon,air N (fl )SZlSPa,air e (klateral) (1 - fl )5218P0,wall,lateral

+ (kupper)(l - h )SZ]SP(),wall,upper + (klateml)S2]4Pa,wall,lateral + (kMPPW)Sz“‘Po.,wall,upper
(2.20)

where the K414 and k;pper 1 proportional to the total area of the lateral and upper internal
walls of the chamber, respectively, the subscript i from Eq. (2.11) and Eq. (2.13) can be
radon, *'8Po and 2'*Po. As an example, the total sensitivity of the LR-115 inside the CDC is
estimated using both simulations A and B. Each simulation uses five different V functions to
find that best describe a real experiment.

First of all, the experimental procedure was carried out in a stainless steel radon chamber
for 172.52 hours, with a volume of 50L. A commercial radon source (RN — 1025, Pylon
Electronics, Canada) was used as a radon source in this chamber, as shown in Fig. 2.11. This
radon chamber was connected to a radon Mapper monitor to measure the radon concentration,

as shown in Fig. 2.12.
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Fig. 2.12 The build up of radon concentration inside the chamber measured with radon
Mapper monitor.

Fig. 2.12 depicts that the monitors were exposed to (9483.1 + 118.5)kBgh/m> during
175 hours inside the radon chamber. Ten non-strippable LR-115 (Dosirad, 112um thick)
detectors inside ten CDC and five CR-39 (TASTRACK®, 1mm thick) detectors in five
commercial RadOUT® monitors (designed by MI.LAM s.r.l.) were placed in the radon
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chamber. After irradiation, LR-115 detectors were chemically etched in 2.5N NaOH solution
at (60£0.05)°C for 90 minutes, and CR-39 detectors were etched in a 6.25N NaOH solution
at (97.340.05)°C for 60 minutes. Detectors were rinsed with distilled water for 1 hour and
were dried in an absorbent paper for 24 hours. Finally, we counted tracks of these detectors
using the Polytrack®system (https://miam.it/en/politrack/). This reading system uses a 4x
objective. The bulk etch rate (V) was calculated by a variant of the gravimetric approach

suggested by [86], according to the equation:

96.875 ( _ ’”—f)
V, = n 2.21)
tetching

where my is the mass after etching the detector, m; is the mass before etching the detector,
and Z4ching 18 the etching time (90 minutes).

The masses were measured using an analytical balance with a precision of 0.001g. The
Vp is (3.203 +0.037)um/h, and it has been used for calculations.

As described above, simulation A is computed using different radon exposures. Each
exposure gives some track densities. To include the f; fraction dependences, we calculate the
total sensitivity using f; =0, f; = 0.5 and f; = 1. Results are shown in Fig. 2.13, Fig. 2.14,
Fig. 2.15 and Fig. 2.16.

Fig. 2.13, Fig. 2.14, Fig. 2.15 and Fig. 2.16 show a linear fit with an intercept equal to

zero for the simulated data because the slope-intercept equation form
pp—CE-E; (2.22)

where p, is the track density and CF is the total sensitivity or calibration factor, does not
have an independent term. In other words, there are no tracks at null radon exposure. In
this case, the slope represents the total sensitivity. For each V function, three sensitivities
represent the maximum value (f] = 1), the intermediate value (f; = 0.5) and the minimum
value (f; = 0). These three results are expressed in the uncertainty limits, where the lower

limit represents f; = 0 and the high limit f; = 1, as shown in Table. 2.4.


https://miam.it/en/politrack/
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Fig. 2.13 Calibration curves generated by simulation A with function A. Each slope of the
linear curves represent the calibration factor. The standard deviation is represented by the
error bars.
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Fig. 2.14 Calibration curves generated by simulation A with function B.Each slope of the
linear curves represent the calibration factor. The standard deviation is represented by the
error bars.
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Fig. 2.15 Calibration curves generated by simulation A with function C.Each slope of the
linear curves represent the calibration factor. The standard deviation is represented by the
error bars.

3000

— Fit:iy = 0.34612 + 0.0; R? = 0.9884
= Fit:y = 0.51392 + 0.0;R? = 0.9988
mm Fit:y = 0.6818z + 0.0; R = 0.9991
® /=0
200 £ A=05
1 h=1

[\

T

o

f=
1

1500

1000

500 A

Track density (tracks/cm?)

0 -
0 250 500 750 1000 1250 1500 1750 2000
Radon exposures (kBgh/m?)

Fig. 2.16 Calibration curves generated by simulation A with function D.Each slope of the
linear curves represent the calibration factor. The standard deviation is represented by the
error bars.



2.1 LR-115 detector response for short and long term exposures 30

Table 2.4 Calibration factors using the simulation A with V functions from Table. 2.3.The
error limits are represented by f| = 0 and f; = 1, respectively.

tracks/cm?
kBq/m3

Simulation A

V function Total sensitivity [

A[63] 1.1282+£0.2597
B[64] 0.5377+£0.1374
C[65] 0.2422+£0.0801
D[66] 0.5140£0.1679

Similarly, simulation B is computed by sampling 10° stories, and the total sensitivities
are expressed based on the f; fraction. In other words, upper value was calculated using
/1 =1 and lower value with f; = 0. Table. 2.5 shows the total sensitivity for each V function.

Table 2.5 Calibration factors using the simulation B with V functions from Table. 2.3.The
error limits are represented by f; = 0 and f; = 1, respectively.

tracks /cm?
kBq/m3

Simulation B

V function Total sensitivity [

A[63] 1.1298 £0.2941
B[64] 0.5184 £0.1658
C[65] 0.2433 £0.0781
D[66] 0.5559£0.1766

At this point, experimental results are used to select the best V function. These results
give each CDC total track density per unit area, multiplying track densities by each sensitivity,
and obtaining the radon exposure that the detectors were exposed to. The radon exposure is
shown in Fig. 2.17 and Fig. 2.18 using simulation A and B, respectively.
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Fig. 2.17 Radon exposures calculated with experimental results and total sensitivities from
simulation A, using V functions from Table. 2.3. Error bars for RadOUT® monitor represent
the standard deviation.
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Fig. 2.18 Radon exposures calculated with experimental results and total sensitivities from
simulation B, using V functions from Table. 2.3. Error bars for RadOU T ® monitor represent
the standard deviation.
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Fig. 2.17 and Fig. 2.18 show that the RadOU T ® monitors, as a secondary reference, are
within the experimental results when applying the function A. We also include the principal
reference system (measures using radon Mapper) in Fig. 2.19 and Fig. 2.20 using only the
function A for both simulations.
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Fig. 2.19 Radon exposures calculated with experimental results and total sensitivities from
simulation A, using function A. Error bars for RadOUT® monitor represent the standard
deviation.
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Fig. 2.20 Radon exposures calculated with experimental results and total sensitivities from
simulation B, using function A. Error bars for RadOUT® monitor represent the standard
deviation.
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These figures show that the best V function is the function A. We also observe that
the reference value is at the top of a function results, meaning the f| value is lower than
0.5. Matching the principal reference (measures using radon Mapper) in Fig. 2.19 and
Fig. 2.20, we obtain that simulation A gives f; = 0.2407 £ 0.0460 and simulation B gives
Jf1 = 0.3579 £ 0.0449, slightly similar, including their uncertainties. According to these
simulation results, there is no considerable difference for deposited 2'® Po atoms distribution
onto the internal wall when using a conductive or non-conductive chamber. Besides, there is
a concordance between both values and those reported by some authors that use conductive
chambers, such as [76]. According to [72], it was concluded that the influence of the
electric field was not changed significantly the total sensitivity. In other words, there is not
considerable difference when comparing a conductive or non-conductive chamber as same as
obtained in our simulations.

A mean value equal to 0.9908 + 0.0290 was obtained concerning the CDC'’s total sensi-
tivity, considering a mean value f; = 0.2993 £0.0321.

2.2 LR-115 detector response for very long term exposures

Results from Section (2.1) can be applied when a detector is exposed at short and long term
radon exposures inside a CDC. However, when detectors are exposed to very long term
radon exposures, results may vary. These different radon exposure levels can be found when
measuring radon in sub-soil, indoor and water [87-92]. The radon concentration can vary
from 0.1 to 253kBgq/ m3s, especially in sub-soil radon measurements [93-98]. Since radon
gas exhalation from soils can increase indoor radon concentrations, these too high levels can
impact the radiological risk associated with inhaling indoor radon [99, 100]. Concerning
neutron physics, very high radon concentrations can increase the thermal neutron background
since these high levels produce neutrons by (n, o) reactions [101].

In such a case where radon concentrations are at very high levels, a problem so-called
overlapping effect can strongly affect the response of the LR-115 [102-104] when measuring
radon concentrations during an extended period. This effect can affect the detector’s response
because very high radon concentration levels mean a large number of registered alpha
particles. These alpha particles are registered as latent tracks formed in the active layer of the
detector. After the etching process, a large number of visible tracks are formed, and a visible
track has a high probability of being registered in a position where other tracks was placed.

Fig. 2.21 shows the overlapping effect in an LR-115 detector.
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Fig. 2.21 Example of overlapped tracks, as shown in circled colors.

To study and correct the overlapping effect, we use the methodology of simulation A
because this simulation samples the number of alpha particles emitted by radon inside the
CDC in terms of radon exposure. In the previous chapter, we were able to validate the
simulations with the experiment carried out. So we can change some input parameters when
applying the methodology in this chapter.

In this chapter, we use an LR-115 detector inside a CDC and the function B from
Table. 2.3, since it best describes when detectors are etched in a 2.5N NaOH solution at
(60+0.05)°C for 2 hours. An LR-115 detector inside a CDC is theoretically exposed to
23.15kBgq/m?® of radon concentration during three months, or similarly, to 50000kBgh/m>
radon exposure. According to the methodology, we sample Vepe - 50000 - 3.6 uniform random
positions where alpha particles are emitted by radon decay. For radon progeny, we take into
account the f; fraction calculated in the previous chapter. In other words, we sample Vepc -
50000 - 3.6 - f1 uniform random positions for 2!8Po in air state, Vepc - 50000-3.6- (1 — f;)
for 218 Po in deposited state and Vepe - 50000 - 3.6 for 214 Py in the full deposited state. These
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positions are sampled in cylindrical coordinates, as in Sub-section (2.1.4). Their directions

are sampled using spherical coordinates as follows:

Cos(04) =—2m& 1 +1

(2.23)
¢ =2n&1»

where &1 and &, are random uniform numbers between 0 and 1. As Appendix A, the
algorithm select alpha particles from radon and its progeny that reach the detector surface
and generate visible tracks. Using geometrical and graphical libraries in Python, visible
tracks can be graphically illustrated as shown in Fig. 2.22, Fig. 2.23 and Fig. 2.24.

1400

X (pm)

Fig. 2.22 Simulated visible tracks in a (0.08x0.08)cm? field of vision (0.10cm < x < 0.18cm
and 0.10cm < y < 0.18cm) for an exposure of E = 50000kBgh/m>.
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Fig. 2.23 Simulated visible tracks in a (0.08x0.08)cm? field of vision (0.28cm < x < 0.36¢m
and —0.28cm <y < —0.20cm) for an exposure of E = 50000kBgh/m?.

2800 2700 2600 2500 2400 2300 2200 2100 2000

x (pm)

Fig. 2.24 Simulated visible tracks in a (0.08x0.08)cm? field of vision (—0.28cm < x <
—0.20cm and —0.48cm < y < —0.40cm) for an exposure of E = 50000kBgh/m>.
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Fig. 2.22, Fig. 2.23 and Fig. 2.24 show different fields of vision of 0.08x0.08cm? for
a LR-115 detector inside the CDC exposed to 50000kBgh/m?>. It is easy to observe the
presence of the overlapping effect. More than three ones even overlap some visible tracks.
Fig. 2.22, Fig. 2.23 and Fig. 2.24 can be processed by an image processing, such as ImagelJ,
to count the non-overlapped tracks, since Fig. 2.22, Fig. 2.23 and Fig. 2.24 are digital images
where there is no external noise, as shades or mechanical defects that make it easy to read.
However, several process image algorithms need to remove the microscope’s real detector
images or reduce the noise.

According to [103], the number of non-overlapped tracks (N,_,,) and radon exposure

are related by the following equation:
Ny—o(E)=E;,-CF -Ay-exp(—F -A; -E,, - CF) (2.24)

where F is a conversion factor, A, is the area of the field of view and A; is the mean value of
the areas of the visible tracks. So we must compare this equation with simulations to obtain
the best F value. Fig. 2.25 and Fig. 2.26 shows simulation results fitted by Eq. (2.24).
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Fig. 2.25 The relation between non-overlapped and total number of tracks in a field of view
of (0.08x0.08)cm? per radon exposure. Error bars represent the standard deviation.
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Fig. 2.26 Log-scale plot of Fig. 2.25.

Simulation results are within the model with F' equal to 1.6491 4+ 5%. This obtained F
value is applicable for radon measurements with an LR-115 detector exposed inside a CDC
and using the etching conditions as mentioned earlier. Besides, as seen in Fig. 2.26, the
minimum exposure limit at which the overlapping correction can be applied is when the
total number of tracks equals the number of non-overlapped tracks. The minimum value is
approximately 7049kBgh/m>. Lower values than the minimum do not have the overlapping
effect. In Fig. 2.26, the liner curve represents no overlapping effect and the overlapping
correction must be only applied for values greater than 7049kBqh/ m.



Chapter 3

LR-115 detector exposed in

unconventional bare mode

3.1 Detectors exposed to natural radiation

3.1.1 General remarks

In radon measurements, the active layer (10um of cellulose nitrate) of the LR-115
usually registers alpha particles emitted by radon and its progeny decays. However, the
non-active layer (100um of polyester) of the LR-115 does not register alpha particles, it
only acts as a support for nitrocellulose (active-layer). In order to study the response of
the detector’s non-active layer, we explain the procedure of exposing LR-115 detectors
by their non-active layer in free contact with natural radiation. At this point, we collect
some information about electromagnetic radiations that can affect the LR-115 detector. For
instance, the manufacturer also remarks that LR-115 detectors are insensitive to electrons,
gamma rays, X-rays or infra-red radiation. These radiations, on the other hand, can alter the
molecular structures and properties of polymers (both layers) [105, 106, 44, 107-109]. In
exposures to natural environment, UV radiation is almost inevitable, and this radiation is
divided into three bands (UV-A, UV-B and UV-C). According to [110], a high percentage of
UV-A (320 — 400)nm reach the Earth’s surface, while for the UV-B (280 — 320)nm is a low
percentage. Besides, some authors [111-115] have been studied that the high UV radiation
can also alter the mechanical properties of the active and non-active layer by scission reaction.
This reaction breaks the boundaries and contributes to deformation and discolouration of
LR-115.
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3.1.2 Experimental methodology in situ

In this section, several LR-115 detectors were exposed with the non-active layer facing
the outdoor air. As mentioned above, there is a large amount of UV radiation in outdoor
environment, so that this type of radiation may irradiate the non-active layer. Several
experiments were carried out taking into account indispensable conditions (seasons, places,
altitudes, locations, arrangements, irradiation time and etching time) to study the possible
cause-effect relationship which may have some radiation and the non-active layer.

First, we chose three different seasons: summer (Ss), winter (Sw), and autumn (Sy).
For each season, we choose three municipal districts in the Metropolitan area of Lima
(Dsyr, Dy, De) with about 30 kilometres apart from each other. For each municipal district,
we chose three altitudes of 0 (Ay), 4.5 (A45) and 9.5 (A9 5) meters from ground level. For
each altitude, detectors were placed on outdoor (Pp) and indoor (P;) places. For each place,
detectors were placed on twelve configurations, as shown in Fig. 3.1.

The active layer is represented by the red rectangle in Fig. 3.1, while the blank rectangle
represents the non-active layer. There are two LR-115 detectors in configurations 8, 9, 10,
and 11, as LR-115-A, in close contact with the support and the LR-115-B with the air. In
the experiments, we used two thicknesses of PP2500 transparency film, 0.14 and 0.84mm,
in configurations 3,4,5 and 6. In configuration 7, the UV filter thickness is 0.8mm; and in
configuration 12, the lead sheet is 4.50mm thick. Detectors were exposed during 10 (1,0),
20 (1,0) and 30 (130) days. After the exposition, detectors were chemically etched in 2.5N
NaOH solution at 60°C for 30 (E3p), 60 (Egg) and 90 (Egp) minutes for each exposition
time. Finally, each detector was observer under an optical microscope (Leica - DM LM).
Fig. 3.2 shows a map of the entire experiment described above.



3.1 Detectors exposed to natural radiation

I LR-115 type Il E] Lead sheet ':': Support

Transparency film E UV - filter
| I | | I |
L1 1 L1 1
L1 L1
L1 1 L1 1
L1 | I | A B
11 1 L1 1
L1 L1
1T 1 1T 1 A B
1 1 | I I |
1 1 A B
| I | | I |
L 1T 1 C 1T 1] . 5
L1 1 L1 1
L1 | I |
L1 1 L1 1
| I | | I |
L1 1 L1 1
| I | | I |
1 1 L1 1

Fig. 3.1 Twelve LR-115 configurations used in the experimental procedure.



42

(Z'1°€) uondaS Woij sapod Jursn ‘yuawradxa payonpuod ay) jo dejy '€ ‘31

Omrﬁ

3.1 Detectors exposed to natural radiation



3.1 Detectors exposed to natural radiation 43

After experimenting, it is observed that some detectors do not register anything at all.
However, others record different tracks in the form of concentric rings tracks (CRTSs), similar

to interference patterns, as shown in Fig. 3.3, Fig. 3.4, Fig. 3.5 and Fig. 3.6.

Fig. 3.3 Optical microscopic images of CRTs formation (1).

Fig. 3.4 Optical microscopic images of CRTs formation (2).
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Fig. 3.5 Optical microscopic images of CRTs formation (3).

Fig. 3.6 Optical microscopic images of CRTs formation (4).
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Table. 3.1 shows the results for all possible combinations of the conditions aforemen-
tioned. In this table, the checkmark represents CRTs formation on the active layer while no

CRTs formation are marked using a cross mark.

Table 3.1 Results obtained in the twelve configurations for all possible combinations of
seasons of the year (Ss,Sw,S4), places in Metropolitan Lima (Dgys, Dy, Dc), and heights
above ground level (Ag,A4.5,A95).
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According to Table. 3.1, CRTs are not formed when detectors were placed in indoor
places. Detectors irradiated fo 20 or 30 minutes in outdoor places and etched for 30 minutes
in configuration 2, 4, 6, 8, or 9 formed CRTs. The checkmark in configurations 4 and 6
reflects CRTs formation in the LR-115 using a 0.14mm transparency film, while the cross
mark represents a 0.84mm transparency film. On the other hand, the checkmarks from
configuration 8 and 9 indicate that CRTs are formed on LR-115-B, while the cross marks
imply no CRTs formation. In configuration 6, CRTs are formed when using transparency
films less than 0.14mm.

3.1.3 Experimental methodology in laboratory

In this section, an experimental validation of CRTSs results was carried out using two
certified lasers. A 30mW cw He-Ne laser (632.8nm) and a beta barium borate (BBO) crystal
pumped by a 3.7mW cw diode laser (400nm) were used to irradiate some detectors in a dark
room with ambient temperature. Detectors were irradiated for 1, 2, 5, 10 and 20 minutes
for each laser. Then they were chemically etched in 2.5N NaOH solution at 60°C for 30
minutes. Finally, we also observed them under the same optical microscope. Results show
that the CRTs are only formed by using the BBO laser for 10 minutes, as shown in Fig. 3.7.
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0.‘]__rpm

Fig. 3.7 LR-115 detector irradiated during 10 minutes with the BBO laser.

3.1.4 CRTs formation on an LR-115 detector

At time = Os, LR-115 detectors placed in configuration 2,4,6,8 or 9 begin to irradiate
with the outdoor agent, as shown in Fig. 3.8.

Cellulose nitrate Polvester

aka

outdoor agent
< ge

ata

Fig. 3.8 LR-115 irradiated at time = 0
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A localised point of the non-active layer will then absorb some of the outdoor agent
radiation, heating this point [111]. This heating process can alter the molecular structure
of the non-active layer producing refractive index changes in this point [116—-118]. These
changes work as a circular aperture where the remaining radiation can drift through this

aperture, producing interference rings in both layers interface [119, 120], as shown in Fig. 3.9.

Latent damage as
a circular pattern

h

Refractive index changes
working as a circular

‘/ aperture

<

Fig. 3.9 Circular pattern damage formation in layers interface.

During 20 or 30 days of irradiation, it happens that this latent damage in the form of
interference rings penetrates the active layer, proportional to the outdoor agent radiation’s
intensity according to the Airy disk phenomenon. The BBO laser (Azpp) wavelength is
400nm, and the angular resolution (6,.) is the arctan of the non-active layer thickness
divided by the distance between the centre of the CRTs and the CRTs first constructive
ring. So the diameter D, of the "aperture’ (Airy disk radius) can be calculated by using the
Rayleigh criterion [121]:

_122-
“ sin(Byes)
If the calculation is made in Eq. (3.1), the diameter of the "aperture’ is equal to (1467.68 +

183.17)nm. Due to this "aperture’, a cylindrical profile is formed in the active layer, as shown
in Fig. 3.10.

(3.1)
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A cylindrical profile
of a latent damage

Cellulose nitrate

Fig. 3.10 Cylindrical profile formation in the active-layer after 20 days of irradiation.

After etching detectors for 30 minutes, the chemical solution penetrates the latent damage
in the cylinder profile’s geometrical form. In this process, the etching progresses along the
detector’s undamaged region with the rate Vt (track etch rate), and then it goes along the
cylinder profile with the rate Vj, = 3.28um/h (bulk etch rate). Finally, the CRT is formed, as
shown in Fig. 3.11.

Removed thickness equal to
1.64 pm

Fig. 3.11 CRTs formation after etching process.
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3.1.5 The outdoor agent radiation

At this point, we can use results from Section (3.1.2) to estimate the wavelength of
the outdoor agent radiation by using Eq. (3.1), the approximately "aperture’ value and the
different angular resolutions from Fig. 3.3, Fig. 3.4, Fig. 3.5 and Fig. 3.6. In Fig. 3.12, we
obtain the wavelength distribution of the outdoor agent radiation.

0.0175 1 = normal fit: 4 = 317.83, 0 = 24.46
Il Wavelength results

0.0150 +

0.0125 A

0.0050 A

0.0025 A

260 280 300 320 340 360 380
Wavelength (nm)

Fig. 3.12 The wavelength distribution of outdoor agent that produce CRTs

Fig. 3.12 shows that the most probable value is 317.83 4-24.46nm. It may mean that the
outdoor agent is the UV radiation, either UV-A or UV-B.

3.2 Detectors exposed at the neutron source

As we said previously, some solid-state nuclear track detectors are insensitive to beta
particles, x-rays and gammas. However, neutrons are neutral particles and do not directly
produce ionisations and excitations in the detector. Their registration is given by recoil nuclei
(C, H, 0, Li) and particles generated in nuclear reaction during their interaction process, such
as '°B(n, )" Li, Li(n, o) H [122]. In this case, we use detectors coupled with converters to
generate a high rate of (n, &) reactions. These converters could be °Li or '°B, which mainly

interacts with thermal neutrons (E < 0.5¢V). For instance, the converter °Li has an effective
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cross-section of 940barns and creates alpha particles with kinetic energies of 2.5MeV in
a (n,a) reaction. On the other hand, '°B has an effective cross-section of 3840barns and
alpha particles with two different energies of 1.47MeV (94%) and 1.78MeV (6%). Here, we
want to estimate a detector’s efficiency coupled with a converter because this arrangement is
usually used in neutron dosimetry. An isotopic neutron source must irradiate the arrangement

to simulate this process and estimate the efficiency, as shown in Fig. 3.13.

z=5.0152cm

s emitted in all directions
z=0.0152cm

z=0.0112em

Fig. 3.13 Converter-detector arrangement irradiated by an >*! Am — Be neutron source.

Fig. 3.13 shows a 241 Ay — Be source with an activity of 20Ci, an LR-115 detector and a
natural boron converter of 0.004c¢m.

3.2.1 Alpha particle distribution in the converter film

We can assume that alpha particles in the converter film follow a uniform distribution.
However, we can determine a given distribution by using external codes such as MCNP6.1.0.

To estimate the distribution of the alpha particles in the converter film, we divided the
converter into 250 known sub-volumes (cells), as shown in Fig. 3.14.

In each cell, the number of Q reactions (reactions/cm’s) was calculated as follows:

0=C 12?9 0n(En) - 0(Ey) - dE, (3.2)
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J(5u)

Fig. 3.14 Converter divided into 250 cells.

i(5u)

where ¢, is the neutron flux, o is the cross-section, C is the normalisation constant, and E,, is

the neutron’s energy. This constant represents the number of atoms distributed in the volume

atoms
barns-cm*

In the MCNP6.1.0 code, we use the dimension, the material, and the converter’s density

of the converter in term of barns. For the converter, C constant is equal to 0.026

and the detector. The neutron source has an activity of 20Ci, which means 740x10° alpha
particles per second. According to [123], this source has a neutron production of 82 +
9.8%n/s per 10° emitted alpha particles. So the neutron emission rate is equal to 60.68 X
10%s~!. We also use the FM4 card to determine the number of the (1, &) reactions in each cell.
Fig. 3.15, Fig. 3.16, Fig. 3.17, Fig. 3.18, Fig. 3.19, Fig. 3.20, Fig. 3.21, Fig. 3.22, Fig. 3.23
and Fig. 3.24 show the spatial distribution of the number of (n, o) reactions produced in the

natural boron.
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Fig. 3.15 Spatial distribution of the number of (n, @) reactions in the region 0.0112cm < z <
0.0116.
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Fig. 3.16 Spatial distribution of the number of (n, @) reactions in the region 0.0116cm < z <
0.0120.
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Fig. 3.17 Spatial distribution of the number of (n, @) reactions in the region 0.0120cm < z <

0.0124.
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Fig. 3.18 Spatial distribution of the number of (n, @) reactions in the region 0.0124cm < z <

0.0128.
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Fig. 3.19 Spatial distribution of the number of (n, o) reactions in the region 0.0128cm < z <

0.0132.

—0.2

2

X

00 02 04 06
(cm)

23400

23200

23000

22800

22600

22400

22200

Fig. 3.20 Spatial distribution of the number of (n, @) reactions in the region 0.0132cm < z <

0.0136.
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Fig. 3.21 Spatial distribution of the number of (n, @) reactions in the region 0.0136cm < z <

0.0140.
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Fig. 3.22 Spatial distribution of the number of (n, @) reactions in the region 0.0140cm < z <
0.0144.
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Fig. 3.23 Spatial distribution of the number of (n, @) reactions in the region 0.0144cm < z <
0.0148.
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Fig. 3.24 Spatial distribution of the number of (n, @) reactions in the region 0.0148cm < z <
0.0152.
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The spatial distribution of the number of alpha particles from (n, @) reaction do not
follow a uniform distribution, but they are mainly concentrated in the centre. By adopting the
given distribution into Appendix B, we can estimate the number of alpha particles that reach
the detector surface generating visible tracks. We also use the four different V functions
aforementioned to select alpha particle from the detector surface that generates visible tracks,

as shown in Table. 3.2.

Table 3.2 The number of visible tracks in detector surface depending on the V function from
Table. 2.3.

V function The number of visible tracks

A[63]
B[64]
C[65]
D[66]

o o o =

It is observed that the efficiency is equal zero when using LR-115 detectors. Because an
alpha particle of 1.47MeV and 1.78MeV travels through the natural boron a total distance of
0.00034267c¢m and 0.00042956M eV, respectively. These small distances indicate that there
is a small probability that an alpha particle can reach the detector surface with a value of
1.61%. Besides, the LR-115 also has a narrow energy window, even when using different V
functions as shown in Fig. 2.8, this decreases the probability much more with values close to
0. So, only the first V function reach an efficiency equal to 9.80 x 10~3.

In this case, we can improve it by using the CR-39 because it has a wide energy window.
In other words, the CR-39 will detect more alpha particles from (n, ¢) reactions than the
LR-115. The CR-39 detector registers 160464193 visible tracks in an area of (1.5 x 1.5)cm?
at the same conditions. So, the efficiency is equal 1.57 x 10734 1.54 x 10710,

3.3 Detectors exposed to radon and thoron progenies

Radon or thoron progenies can be measured by placing an absorbent film, such as mylar,
over the detector. However, alpha particles are not emitted inside the film, as in the previous
section, because progenies are deposited onto the film’s surface and emit alpha particles
there. This detection method is well known as DRPS and DTPS for measuring radon and
thoron progeny, respectively [54, 56]. We can assume that the radon or thoron progenies

are deposited uniformly in the mylar surface for simplicity. Using the algorithm from
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Appendix B, we estimate the efficiency of LR-115 to radon/thoron progeny. For radon
progeny, we can use mylar with a thickness of 37um. Considering this thickness, we can see
that the 2!#Bi can not penetrate it and ?'3Po atoms penetrate the mylar film in a very small
percentage. Besides, the 2!*Po can also reach the detector surface. Table. 3.3 shows the total

range for each radon progeny in order to numerically verify this.

Table 3.3 Total travelling distance of an alpha particle emitted by 2'8Po, 214Bi or 214Po in the
my]lar.

Nuclides Total range in mylar [um]
218Pp[6.00235MeV | 37.2497
214Bi[5.516MeV] 32.7206
214po[7.68682MeV | 55.0340

For thoron progeny, we can use a mylar of 50um, where only 2!2Po reach the detector
surface. We can compare the total ranges of thoron progenies in Table. 3.4.

Table 3.4 Total travelling distance of an alpha particle emitted by 2'°Po, 212Bi or 212Po in the
mylar.

Nuclides Total range in mylar [um]
216py[6.7784MeV ] 45.0394
212Bi[6.05104MeV ] 37.7182
212py[8.78517MeV | 68.3048

Then, the efficiency of LR-115 to radon/thoron progeny in both DRPS and DTPS was
calculated as shown in Table. 3.5.

Table 3.5 Track registration efficiencies of radon and thoron progeny in DRPS and DTPS.

Efficiency

NDRPS,radon  0-0683 £0.0005 x 1072
nDRPS,[h()r()n 00122:‘:0.0001

NDTPS.radon close to 0
NDTPS thoron 0.0813 +£0.0047
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where Nprps. radon 18 the efficiency of radon progeny in DRPS, Nprps thoron 18 the effi-
ciency of thoron progeny in DRPS, Nprps radon 18 the efficiency of radon progeny in DTPS
and Nprps thoron 18 the efficiency of thoron progeny in DTPS. Results from Table. 3.5 are
comparable with other authors [124, 54, 125].



Chapter 4
Conclusions and future outlooks

The entire thesis corresponds to a compendium of research papers proposed and executed

during the doctorate.

4.1 Conclusions

* A methodology was developed to estimate the response, or calibration factor, of the
LR-115 detector exposed inside a non-commercial-conductive cylindrical diffusion
chamber, using unconventional Monte Carlo methods which show more realistic results
because they imitate the experimental procedure used in estimating the calibration
factor. This methodology was also compared and with the conventional Monte Carlo
methods used by several authors, being both in good agreement. However, when using
the methodology with very high radon exposure levels, the detector response was
affected.

* This methodology took into account the radon exposure, air density, type of entry,
diffusion chamber material and dimensions, an etching process, and a readout proce-
dure. These parameters were necessary to obtain more realistic results of the detector
response, since several authors estimate the detector response only taking into ac-
count the dimensions of the diffusion chamber and the V function. Results from this

methodology also was in good agreement with the experimental outcomes.

* According to [72], we also showed that the calibration factor between a conductive
and non-conductive diffusion chamber was not change significantly. So the diffusion
chamber material does not influence at all when calculating the calibration factor,
especially when estimating the fraction of 2!3Po atoms deposited on the internal walls

of the chamber.
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* It was noted that one of the limitations of the methodology for estimating detector

4.2

response was the dependence of the overlapping effect that affects the detector response
giving overestimated values, or simply wrong values. This effect can be seen when
detectors are exposed under very high exposures. Therefore, the overlapping effect
was studied by building a model that can correct the influence of the overlapped tracks

with an uncertainty of 5%.

Nuclear track detectors exposed in unconventional bare mode were studied by exposing
them to natural outdoor radiation. Results showed that UV radiation could not only
degrade the LR-115 detector when its active layer is exposed to natural outdoor
radiation, but that can also generate concentric tracks when the non-active layer is
exposed to this radiation. This very particular optical phenomenon was studied in other

polymers, but as far as we know, there are no studies applied to LR-115.

The methodology from Appendix B really comes in handy to estimate the efficiency of
detectors covered by converters or absorbers. The efficiency was calculated by using

simulation and results are in good agreement with other authors.

Future outlooks

The methodology used was only applied to LR-115 detectors in a diffusion chamber.
However, we are going to apply this to various nuclear track detectors, not only to
measure radon concentration but also to measure only thoron in a diffusion chamber.
Since several authors measure the thoron concentration by using twin chamber, where
it has two compartments that measure radon + thoron and only radon. According to
this, we are going to use our proposed methodology to built a device that measure only
thoron using a single compartment (diffusion chamber).

In the Section 3.3, we estimated the efficiency of the detector covered by converters
or absorbers. So, we propose to optimize the efficiency of the detector by making
a complete study with different absorbers or converters taking into account their

thickness and the form of deposition in the detector.
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Appendix A

Simulation of the detector’s partial
sensitivities to radon isotopes and their

progeny.

The alpha particles emitted in the decay of radon and its progeny into the internal volume of

the chamber can be registered by following the steps below (using some Python recipes)

Calculation of the travel distance in the air of alpha particles

The stopping power (—dE /dx) of alpha particle in the air (including air density) is given by
the SRIM 2013 program (http://www.srim.org). So the energy E; of an alpha particle after
travelling a distance d with initial energy E; can be computed by solving the equation,
E;
d= ———dE (A.1)

1
£ (%)

This equation can be solved in Python by interpolating ﬁ using

dx

interpolate.interpld(x,y, ’cubic?’)
then the integral is solved by
integrate.simps(y,x)

It is possible to calculate the minimum (Rmin) and maximum (Rmax) distances the alpha

particle travels from E; to E;.


http://www.srim.org
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Sampling uniform pseudorandom positions and directions of alpha par-

ticles

From now on, we will compute calculations according to this geometrical representation (the

red region represents the LR-115 detector u x u cm):

In a case of a cylinder chamber (7y,/y), uniform pseudorandom position in cartesian

coordinates (x,y,z) for each alpha particle is:

radio = r_cy * (random.uniform(0,1))**(1/2)

theta_1 = 2+*pi*random.uniform(0,1)

x = radio * cos(theta_1)
y = radio * sin(theta_1)
z = h_cy * random.uniform(0,1)

Due to the alpha particles are emitted in an isotropic state, we can express the uniform

pseudorandom direction of each alpha particle in spherical coordinates (6,,¢):

cos_theta_2 = -2*%random.uniform(0,1) + 1

phi = 2 * pi * random.uniform(0,1)



76

Does an alpha particle reach the detector surface?

It is possible to determine if an alpha particle hit the square detector surface, using the
pseudorandom direction of each alpha particle:

d_PH = tan(pi - arccos(cos_theta)) * z

x_f = x + cos(fi)*d_PH

y_f =y + sin(fi)*d_PH

d_OH = (x_f **x 2 + y_f *x 2) *x (1/2)

i_angle = degrees(arccos(cos_theta) - (pi/2)) # incident angle
if d_OH < = (((2*ux(2)**(1/2))/pi)*x(1/2)):

if (-u/2 <= x_f <= u/2) and (-u/2 <= x_f <= u/2):

Determine which alpha particles generate visible tracks

It is the final step, and the visible track determination is computed by using the rejection
technique. The distance limits for each radioactive element and an incident angle greater than
the one critical was adopted as conditions. However, these two conditions hardly depend on

the etching process, expressed by the semi-empirical V-function (as Section 2.1).

if Rmin <= d_OH <= Rmax:
if i_angle >= c_angle:

register += 1
So the partial sensitivity, when sampling N alpha particle positions, is:

sensitivity = (register/N) * (h_cy*r_cy**2) / (2%ux(2)*x(1/2))



Appendix B

Efficiency of a film covered SSNTD

An SSNTD can register alpha particles emitted by radon/thoron progeny or nuclear (n, o)
reactions, using some films such as absorbers or converters, respectively. In both cases,
the number of alpha particles, that travel through the film and reach the detector surface
generating visible tracks, will allow to estimate the efficiency of a specific film covered
detector (using some Python recipes). We can use standard SSNTDs such as the LR-115 or
CR-39 covered by a film such as mylar, SN1 and others.

Film

SSNTD

Calculation of the travel distance of alpha particles in a specific film

The stopping power (—dE /dx) of alpha particle in a specific film (including its density) is

given by SRIM 2013 program (http://www.srim.org). So the energy E; of an alpha particle

after travelling a distance d with initial energy E; can be computed by solving the equation,
E;

1
d= ——dE (B.1)
£ (45)

This equation can be solved in Python by interpolating (1—5) using

dx

interpolate.interpld(x,y, ’cubic’)

then the integral is solved by


http://www.srim.org
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integrate.simps(y,x)

So we can calculate the distance d by using E,, E; and (—dE /dx) for a specific film.

Alpha particles distribution on an absorber or in a converter

When using absorbers, alpha particles are distributed on the absorber surface and the distri-

bution can be computed as follows:

x_2 = (-1/2) + (1 * random.uniform(0,1))
y_2 = (-1/2) + (1 * random.uniform(0,1))
z_2 = (LR + H_ab) * random.uniform(0,1)

where [ is the length and the width of the absorber, LR is the thickness of the SSNTD, and
H,, is the absorber’s thickness.

When using converters, alpha particles are distributed in the converter because simulations
in MCNP6.1.0 code only estimates the number of the alpha particles in the converter. So, we

can compute the distribution of the alpha particles according to this simulation results.

x_3,y.2,z_3

How many alpha particles reach the detector surface

Herein, it is well known that the alpha particle is emitted isotropically. It can be computed by
sampling random uniform directions for each alpha particle in spherical coordinates (65, ¢,):

cos_theta_3 = -2 * random.uniform(0,1) + 1

phi_2 = 2 * pi * random.uniform(0,1)

Then, we can graphically simulate the process of reaching the detector surface by hitting
an alpha particle from (xy,y,z2) with a polar angle 83, and azimuthal angle ¢, along with
the distance d, as shown as follows:
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0;

If an alpha particle with (x¢,ys,z¢) final position is within the detector surface, we assume
that this alpha particle reaches the detector. We also know that this alpha particle reaches the
detector with an incident energy of E; and an incident angle of ¢, — /2.

Which alpha particles generate visible tracks?

Knowing the energy-angle curve (E;,vs.60,ic) for specific etching conditions, we easily select
alpha particles with incident energies and angles within the curve.

angle_int = interpolate.interpdl(E_in,theta_circ,’cubic’)
if (phi_3-pi/2) >= angle_int(E_d):

visible_track +=1
So the efficiency, when sampling N alpha particles positions in the film is:

efficiency = visible_track/N
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