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Abstract

In this research and development, we present the design and manufacture of a radon chamber
(PUCP radon chamber), a necessary tool for the calibration of passive detectors, verification
of the operation of active radon monitors as well as diffusion chamber calibration used in
radon measurements in air, and soils. The first chapter is an introduction to describe radon
gas and national levels of radon concentration given by many organizations. Parameters that
influence the calibration factor of the LR 115 type 2 film detector are studied, such as the
energy window, critical angle, and effective volumes. Those are strongly related to the etching
processes and counting of tracks all seen from a semi-empirical approach studied in the second
chapter. The third chapter presents a review of some radon chambers that have been reported
in the literature, based on their size and mode of operation as well as the radon source they use.
The design and construction of the radon chamber are presented, use of uranium ore (autunite)
as a chamber source is also discussed. In chapter fourth, radon chamber characterization
is presented through leakage lambda, homogeneity of radon concentration, regimes-operation
modes, and the saturation concentrations that can be reached. Procedures and methodology
used in this work are contained in the fifth chapter and also some uses and applications of the
PUCP radon chamber are presented; the calibration of cylindrical metallic diffusion chamber
based on CR-39 chips detectors taking into account overlapping effect; transmission factors of
gaps and pinhole for the same diffusion chambers are determined; permeability of glass fiber
filter for 222Rn is obtained after reach equilibrium through Ramachandran model and taking
into account a partition function as the rate of track density. The results of this research have
been published in indexed journals. Finally, the conclusion and recommendations that reflect
the fulfillment aims of this thesis are presented.
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Chapter 1

1.1 Introduction

The solar system was formed 4.5 billion years ago through nuclear reactions between protons,
alpha particles, and high energy interactions following the rule of binding energy per nucleon
and mass number[9]. This process allowed the creation of light and heavy elements, many of
which were radioactive. Of the latter, only a few radioactive elements survive today due to very
long half-lives[10]. These are reflected in the radioactive chains that can be found nowadays.
One of these radioactive elements that are a consequence of the decay of the elements that make
up the radioactive chains is a radon isotope which, as will be mentioned later, is a radioactive
gas that contributes an environmental dose to human beings [11], 12].

The discovery of radon is attributed to Rutherford [13, [14] in current texts and also to
Ernest Friedric Dorn [I5]. It is now known that the authors discovered each radon isotope,
22Rn and ?*°Rn, separately. Then through a high voltage experiment in air, around 1901
Elster and Geitael noted the presence of radioactive substances and then radon in free air [16].

Three natural isotopes of radon namely, radon 2?2Rn, thoron ?*’Rn, and actinon *'°Rn
resulting from the radioactive decay of the uranium, thorium and the actinium series. ?*2Rn
consists of the decay of ??° Ra, the direct parent of the 238U series, while ??° Rn decomposes from
24 Ra, a member of the 232Th series. The isotopes of radon are colorless, odorless, and tasteless
noble gases, and they are naturally present in the atmosphere and in the soil. Actinon produces
223 Ra decay from the 235U series, and is usually neglected because its presence is negligible in the
atmosphere. Radon is spread as a gas element in the natural radioactive chain of the earth’s
crust. Radon emanates and exhales from rocks and soil and tends to concentrate in indoor
places such as mines or underground homes. Other sources, including building materials and
water extracted from wells, are less important in most circumstances [17].The main radiation
dose received by the population comes from radon progeny. Many studies in Europe and North
America suggest that radon progeny may cause lung cancers in the general population. The
risk of developing lung cancer increases proportionately to increased exposure to radon progeny.
Many people are exposed to low concentrations of radon, and most lung cancers with radon
are produced at low levels. It has been determined that radon is the second leading cause of
lung cancer in the population. The World Health Organization (WHO) gives indications on the
maximum permitted concentration of radon in a residential home, and determining the level of
radon concentration recommends it as an important component in a national health program
[18].

A reference level represents the maximum accepted average annual radon concentration in
a residential dwelling. It is an important component of a national radon program and should
be established by countries at the national level. Action level refers to the annual average
concentration in a home that is established by different organizations and if it is exceeded,
must be taken actions to reduce radon concentration to below the limit [19] 18] https://www.
epa.gov/radon.


https://www.epa.gov/radon
https://www.epa.gov/radon

1.2. Objectives and development aims

Different national factors must be taken into account to establish a radon reference level,
such as the distribution of measured radon concentration values reported on a map, the num-
ber of existing homes with high concentrations of radon, the average level of radon, and the
prevalence of smoking. In light of the latest scientific data, WHO proposes a reference level of
100 Bg/m? to reduce the health risks of exposure to indoor radon [20].

Here in Peru for homes reference levels of radon are recommended between 200 Bg/m? to
600 Bq/m? and take action in homes and workplaces if radon concentration exceeds 1000 Bg/m?,
then remediation measures should be taken to reduce radon concentration [21], [22].

A number of techniques have been used for measuring the concentrations of radon ( *?2Rn)
and its progeny in the environment [23] 24].

With the above, there is a great need to measure not only radon concentrations but also
its progeny properly, so the passive and active radon and progeny monitors must be calibrated
and every so often tested to ensure proper measurement, therefore it is proposed and imple-
ment a radon chamber for these purposes in addition to studies of environmental radioactivity
applications using radon the chamber.

1.2 Objectives and development aims

1.2.1 Main objectives

In this thesis, the objectives of research and development in radon measurements are:
e Design and construction of a radon chamber for detector calibration.
e Determination and verification of the parameters of the built radon chamber.

e Use of the radon chamber in specific application research.

1.2.2 Specific objectives

e Achieve different radon saturation concentrations inside the radon chamber.

e Passive detectors calibration as radon diffusion chamber based on CR-39 and LR 115 type
2 nuclear track detectors.

e Determine the permeability of glass microfiber filter without binder.

e Measure the experimental radon transmission factor by the pinhole method.



Chapter 2

A semi-empirical approach to estimate
the LR-115 type 2 sensitivity in radon
measurements

Basic concepts about the behavior of radon and its progeny in the air as the volume of the
diffusion chamber must be taken into account as the secular and transient equilibrium of radon
and its progeny. In addition, it is necessary to know a fundamental issue that has to do with
the stability of nuclei in order to explain what type of nuclei are more likely to undergo nuclear
disintegration by emitting alpha particles, particularly in the decay of radon and its progeny.
Understand why under certain conditions, such as the presence of aerosols, and the exchange of
air volume between a room and the outside is important to measure radon. For that, a balance
factor between radon and its progeny can be measured. This factor is known as the equilibrium
factor (FE), it is a very important parameter that allows us to know the proportion of the
radon progeny present [25], 26], 27].

For such a measurement a passive monitor can be used such as diffusion chambers based
on solid-state nuclear track detectors (SSNTD) like LR 115 type 2 or CR-39 among others.
It is then possible to relate the number of tracks found in an SSNTD detector with those of
radon and its progeny. It is well-known that LR-115 type 2 is a cellulose nitrate with an active
part of 12 ym and a polyester base of 100 pm, which s used to detect radon and its progeny.
Therefore, the sensitivity of such detectors must be determined experimentally or simulated.

Due to the need to know the calibration factor (CF) of the LR~ 115 type 2 detectors in bare
mode and in diffusion chambers of different geometries, Monte Carlo simulation is performed
in a semi-empirical way. For this purpose, it is required to use input parameters, such as
the energy window, the critical angle in dependence on its energy or its mean, the developing
conditions, and the track counting criteria.

It randomly generates positions in space from which radon and progeny can decay by emit-
ting alpha particles with a solid angle of 47. These can be detected by the LR-115 type 2
film. The minimum distance for radon is about 5 mm and 30 mm for its most energetic de-
cay product 2'*Po. The maximum distance for detection is approximately 35 mm for Radon
(a-energy: 5.59 MeV) and about 60 mm for its most energetic decay product 24 Po (a-energy:
7.83 MeV) http://www.gt-analytic.at/downloads_en/Kod_tech_det.pdf. Depending on
certain energetic and angular conditions. It is necessary to show first the dependence of alpha
particle range in the air on the energy under certain atmospheric considerations of a specific
experiment.


http://www.gt-analytic.at/downloads_en/Kod_tech_det.pdf

2.1. Range of alpha particle in air and Mylar film

2.1 Range of alpha particle in air and Mylar film

The interaction of alpha particles emitted by ??2Rn, 220 Rn and their respective progeny with
air and Mylar is studied to determine how far the effective volumes of radon and its progeny
are from the detector, which can be detected.

Through a TRIM and SRIM [28] program, the ranges are determined for different energies,
a data treatment is performed obtaining final energies and distances traveled by the alpha
particles in air.

A quadratic fit with R? = 0.999 of energy vs range is made. Then the energy is determined
as a function of the distance traveled by the alpha particles under environmental conditions
that are reflected in the air density.

The calculation of the energy of the alpha particles for different distances traveled as well
as the final energies shown in Figure

Figure 2.1: After moving a distance d the final energy of the alpha particle is £’

R(E)=aE? +bE +¢ (2.1)

o =b+ Vb —dac
B 2a
The range (R) traveled in air by radon 222 alpha particles and its progeny is shown in

Figure 2.2

E (2.2)




2.1. Range of alpha particle in air and Mylar film
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Figure 2.2: R maximum and minimum in air with density of 0.00120 g/cm? within the energy

window of the LR 115 type 2

The atmospheric conditions for the simulation were such that they are all reflected in the
density of air which was 0.00120 g/cm3. The graph is in correspondence to that obtained by
Nikezic [29] and agrees with those reported by Glenn Knoll [30].

This same procedure can be applied considering other media such as Mylar for the detection
of radon progeny, which can be deposited on the surface of Mylar and LR 115 type 2 film as

show in Figure



2.1. Range of alpha particle in air and Mylar film
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Figure 2.3: Interaction of alpha particles with the 23um thick Mylar

Taking into account the air and the Mylar medium, we can determine the maximum distance
at which the alpha particle must be found, so that on its way to the Mylar or film detector, it
can arrive with a minimum of energy so that it can be registered as shown in Figure

10 . . .
Rn-222 Range at 5mnj from detector
Po-218 Range at 11mm from detector
) Po-214 Ran?e at 34.3 mm from detector
Minimum energy at which the particle exits Mylar film 1.4 MeV
B i
6

Alpha energy particle E(MeV)

O 1 1 1 1
0 10 20 30 40 50

Distance in air and Mylar (mm)

Figure 2.4: Range of alpha particles in air with density of 0.00120 g/cm? and Mylar



2.2. Critical angle dependent on energy

2.2 Critical angle dependent on energy

Once the maximum and minimum distances have been determined in dependence of the window
energy, another important parameter that needs to be known is the critical angle whose value
depends on the incident alpha particles energy on the detector, which is intrinsically related
to the chemical treatment methodology and track visibility criteria. Software called TRACK-
TEST [31] is used to generate a track profile based on the geometrical parameters, then alpha
tracks major and minor axis are analyzed to establish whether alpha tracks particle is taking
in account as visible. This consists of finding an intersection between the projected diameters,
which must be greater than or equal to 1um. The track profiling program uses different models
as Durrani and Bull [32], Durrani and Green [33]. Track formation depends strong of V-
functions, witch is based on the residual range, whose value varies as the thickness of the
LR-115 type 2 detector while changes the etching time. Then it is possible to determine critical
angles and an energy window for which tracks are formed in the detector for a given etching
time.

Figure 2.5: Critical angle 6.(F) is the smallest angle at which the alpha particle must impact
the detector to form the track.

According to the above, a curve of critical angles vs energies is obtained trough interactive
software Sikuli [34]. Sikuli controls the Track Test program by a sequence of images in order
to run it as many times as necessary (see Appendix A.3 ). The output data generated by the
Track Test is immediately analyzed by an algorithm written in Python to determine whether
or not a track is formed according to the energy and angle conditions, which must be greater
than the critical angle. This is demonstrated in Figure [2.6
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Figure 2.6: Different critical angle vs. energy curves is obtained for different etching times
by increasing the steps for energy and angle using Sikuli and Python taking into account the
track’s visibility of 1um.

2.3 Effective volume

Once the critical angle vs energy is determined, a space is simulated where both 2?2 Rn and its
short-lived progeny can be found.

A concept called effective volume is introduced which contains all the possible 2?2 Rn nuclei
and progeny that have a non-zero probability of being detected by the LR-115 or CR-39, whose
shape will depend on the type of detector, as well as whether it is used in bare mode or with
diffusion chambers (taking into consideration the effective surfaces).

To do this, N random numbers are generated in a given space:

T = (Tget + dimaz) V€L (2.3)

a = 27y (2.4)

Where, r4.; radio of the detector, d,,,, maximum distance at witch radon can be detected under
critical angle vs energy condition, €1, €5 are random numbers, « is the angle at which the alpha
particle hits the detector.
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Figure 2.7: Scheme for determining which particles form tracks such that they meet the ener-

getic and angular conditions.

Considering the critical angle and energy window conditions, it is possible to determine
22Rn, 2Po and 24 Po effective volume required to LR 115 type 2 film. A simulation of
the points distributed in 3D space is performed to know the shape of the effective volumes.
However, the figures presented are cross-sections. In addition, the code developed in Fortran is

presented in Appendix B.
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2.3. Effective volume

28Po can be deposited on the surfaces of the diffusion chamber [35], s;, measures the
sensitivity of the detector to alpha particles emitted by this progeny, s;, quantifies the sensitivity
to alpha particles emitted in air by radon and fraction of polonium in air.

Then, the partial sensitivities of detector to the alpha particles emitted from air s;, and
walls s;, can be calculated as follows.

nyiVer i
ia — 2.5
NVZ'T('T?[ ( )
_ nsiSeppi V. (2.6)

Siw = Ngmr2 A

The calibration coefficient can be determined as the partial sum of the sensitivities multiplied
by f factors representing the radon progeny in air and on surfaces. Where A and V are internal
surface and internal Volume of the diffusion chamber, respectively. ny; and ng are number of
alpha particles detected by the detector with r, radius[A.1] All the details can be found in the
published article [36].

Some similar work has been done considering different energies and angles such that the
response of detector and its geometry can be known [37]. However, the angles considered are
iterated by 10 degrees, which means that the region of space found where an alpha emission
can be detected is not defined with good accuracy. The contribution at this point is that the
angular iterations are more accurate and the concept of critical angle is used such that it is the
minimum possible whose function contains the etching condition in dependence on energy also
defining the size and geometry of diffusion chambers. Then in this work, we also determine
the optimal parameters for the shape of the tracks considering a simulated and experimental
sensitivity.

Considering cone-shaped diffusion chambers whose dimensions are shown in Table , the
sensitivities of the LR115 type 2 detector are simulated considering the fraction of polonium-218
in air, the average and energy-dependent critical angle. These parameters are iterated in such
a way that the sensitivity is found as a function of them. The values of simulated sensitivities
are compared with experimental values such that a minimum difference is obtained through
the deviation, in such a way that the best parameters of critical angle, energy window, fraction
of polonium in air are obtained such that they explain the experimental sensitivity found.

Table 2.1: Values of minimum energy FE,,;, (MeV), maximum energy F,,,, (MeV), mean critical
angle < 0 > (degrees), 28 Po air fraction f; that minimized the deviations between experimental
sensitivity Se,p (cm) and simulated sensitivity Sy, (cm) in different radon diffussion chmaber
based in LR 115 type 2 detectors.

ry (em) 75 (cm) H (cm) fy Erin MeV)  Epor (MeV) < 0> (degrees)  Seqp (cm) > \/[Sexp — Ssim? (cm)

2.75 4.5 13 0.1 1.8 4.1 53 0.34 +£0.06 9.98210°6
2.1 3.55 6 0.1 1.2 3.9 50.5 0.35+£0.05 1.092107%
2.55 3.45 7.7 0.1 1.2 3.7 55.5 0.28 £0.08 1.15z107*
1.5 1.5 4.8 0 1.8 4.1 65.5 0.12+0.05 6.672107°

Mean 0.08 1.5 4.0 56.1

o 0.05 0.3 0.2 6.6

Err. (%) 66 23 5 12

The conversion factor (K) from track density to radon exposition (E;,)is in the column

Sezp in (cm) of Table

(2.7)
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Units of K can be reduced and expressed in c¢cm, then experimental sensitivity S.., and conver-
sion factor are equivalent.
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Chapter 3

Radon chamber design

Radon and its progeny is considered by many organizations as the Environmental Protection
Agency (EPA), the International Agency for Research on Cancer (IARC) , world wide organi-
zation (WHO) as second carcinogen that can caused lung cancer. In United States researchers
have estimated about 5000 to 20000 deaths every year due to radon [38], also epidemiological
studies have carried out showing considerable correlation between radon and its daughters with
the probability of Lung cancer [39, [40} 41] . Following this results many surveys about radon
concentrations have reported [42, 43} [44]. We now know more accurately that the dose received
is due to radon progeny [45][46]. That’s why the importance of measuring radon and its progeny
properly by calibrating radon passive and active monitors.

The PUCP Nuclear Tracks Group (GITHUNU) https://investigacion.pucp.edu.pe/
grupos/githunu/| proposes implementing a radon laboratory where calibrations of the active
and passive monitors can be carried out to diversify the methods of radioactivity measurement.
Within the framework of the above, the construction of a radon chamber is proposed. This will
allow us to perform studies such as the calibration of nuclear track detectors inside diffusion
chambers, ”cross check” of several active monitors, radon exhalation, as well as the determi-
nation of the radon diffusion coefficient, permeability in filters, under controlled conditions,
etc.

Radon chambers allow the traceability of calibration instruments as well as for experimental
research in different fields such as radio-protection, environmental monitoring, radon prospect-
ing, etc.

This work began with the review and use of some radon chambers, with the support of the
PUCP doctoral program and GITHUNU.

3.1 Overview of some radon calibration chamber

All radon chambers have been built to test and calibrate devises that measure radon and
its progeny under controlled environmental conditions and are also intended to study radon
decay products behavior. The measurements obtained must be traceable to a radium source
or reference monitor. For that, there is a radon measuring system that has been maintained to
measure radon properly called a primary national radon standard 2?2 Rn against international
and national radium standards ??° Ra. Radon measurements performed at the National Institute
of Standards and Technology (NIST) and radon transfer calibration standards are directly
related to this national radon standard [47]. In this way, it is possible to build a one cubic
meter NIST-traceable chamber using a standard glove box with four gloves and a transfer port
[48].

Similarly, the Environmental Protection Agency (EPA) works with NIST-traceable radon
chambers housed at the National Air and Radiation Environmental Laboratory (NAREL) in
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3.1. Overview of some radon calibration chamber

Montgomery. They operate more than five radon chambers where the dimensions of the radon
chambers are in the range of 3.6 m? to 40 m3, where the source used is a radium-226 solution
from NIST [49].

Some of these radon calibrations chambers like KRISS developed by Lee Jong-Man et al., can
reach considerable sizes with a volume of 39.1m?3, called room chambers, radon concentrations
that can reach up to 250%, where the source used is a 3.7M Bq Pylon ?*°Ra used in flow
mode, equipped with an aerosol generator [50]. Another large size chamber considered as a
walking chamber is japanesse radon toron reference chamber; it is 25 m3 volume, radon source
is outside the chamber and active monitor AlphaGUARD is used no measured radon toron
inside the chamber in mode flow-trough, also it has an aresol generator [51].

Many multipurpose radon chambers are built with solid glass as reported by Abdul R.H.
Subber [52].

Figure 3.1: General view of the radon chamber [I]

In the Figure The chamber is built of pixy glass and has volume of around 0.65 m3.
It has a double locking system, that allows for samples removal without changing of radon
concentration. A solid source of 2?° Ra with a 122 kBgq is used as radon source which is place
at the top of the chamber and it is possible to reach different radon exposures [I].
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3.1. Overview of some radon calibration chamber

Figure 3.2: General view of the flow through radon chamber[2].

In the Figure : The chamber has a total volume of 0.498 m?, is cubic, parameters as
temperature, humidity and flow are each regulated between 20°C' and 45°C', 10 and 70%, and
0.2 and 10 m?3/min, respectively. Desired homogenous can be reached due to controllable speed
fan. All the system is controlled by PLC (Programmable Logic Control) and the activity is
measured by AlphaGuard monitor [2].

Figure 3.3: Ezeiza radon calibration chamber: 1m? acrylic glove-box [3].
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3.1. Overview of some radon calibration chamber

Figure 3.4: Purpose-built radon chamber of Laboratory of Environmental Radioactivity, Uni-
versity of Cantabria [4].

It is a chamber with a volume of 1 m?® made of stainless steel, has a lid on the upper part
through which different detectors can be placed or removed. It can reach radon concentrations
of the order of kBgm 3. This chamber does not use a traceable radon source but rather uses
a traceable reference monitor for the international reference. In this chamber it is possible to
evaluate the performance of active radon monitors [4].

Figure 3.5: IPEN radon chamber: ”The radon chamber (aluminum tank) and the antechambers
(glass beakers) are observed, were Radium 226 source was used” [5].

This review of radon chambers allowed us to study and understand how these types of radon
flux chambers work.

15



3.2. Design of radon calibration chamber

3.2 Design of radon calibration chamber

The use of a radon chamber turns out to be an economical and reliable method of measuring
known radon concentration in a constant climate. The method is intended to perform complex
measurements, where the operation is safe without human intervention for a long period, which
is supplied by a radon source that can be a reference and monitored by a traceable device.

According to the literature, there are three types of radon chambers which are flow-through,
walk-in, and accumulation. Walk-in chambers have large volumes in the order of 25 m? so
that even personnel can enter the chamber and accommodate the detectors and are quite
good at simulating the environmental conditions of a room. Flow-through types are used by
professionals to test monitors, with considerable dimensions. Accumulation-type chambers are
small-volume, lower-cost chambers where the monitors and source are enclosed in such a way
that the radon growth is contained [53].

Then the chambers can behave as dynamic or static. Dynamic chambers are those with
no constant concentration, but they are controlled by air pumps and flow meters to reach
the required concentration. They can work in an open dynamic circuit and recirculated form.
In dynamic open mode, radon leave the camber and is reintroduced into the chamber by air
transfer. In the recirculated (closed) mode radon that is in the different parts of the chamber is
reintroduced into the chamber in such a way that the ambient conditions are maintained [54].

To build a radon chamber for device calibration or research purposes it is important to
consider the size, type, and working modes.

Table 3.1: Features of radon chambers

Type Size Modes Cost

Accumulation-type Small Static Chip
Flow-through Considerable dimensions Dynamic Expensive
Walk-in Large volumes Static  Expensive

The PUCP radon chamber designed is a New-Multipurpose (flow-through and accumula-
tion) type and can work in static and dynamic modes. It will allow us to perform a variety of
detector exposure regimes as well as different applications such as correlations between envi-
ronmental variables, filter characterization, detector sensitivity studies, etc.

Table 3.2: Features of PUCP radon chamber

Type Size Modes Cost
New-multipurpose Small Static and Dynamic Chip

It is an inexpensive and completely practical and safty to operate chamber under ambient
conditions monitored by a wireless system based on a raspberry card [55], with an independent
source of uranium ore, so that radon can be injected at different flow rates, depending on the
saturation concentration and exposure, where the reference equipment is the AlphaGuard, with
update calibration certified (https://www.bertin-instruments.com/.)

The chamber is built of methacrylate [56, 57] where the leakage Ajeqxis practically negligible
as several studies report, where the leakage orders are about 10~7s~! Figure and lower than
222 Rn decay constant term with order of 1076571 .
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3.2. Design of radon calibration chamber

3.2.1 Radon chamber features

The PUCP radon chamber built is a rectangular and multipurpose chamber where it is possible
to work in accumulation and flow mode.

The radon chamber is made of 10 mm thick methacrylate, divided into two parts; the camera
(A) with dimensions of 650 mm x 850 mm x 850 mm and the antechamber (B) where the shape
is cylindrical with height and radius dimensions of 300 mm and 100 mm, respectively.

In chamber A, detectors are exposed at different concentrations, inside B the samples are
placed before and after some planned experiments.

In chamber A, there is an environmental monitoring system composed of temperature,
relative humidity and pressure sensors (BMP280). It also has two computer fans that can
be controlled wireless by the computer. In addition, there are 13 gas metallic valves of 1/2
inch, which are used to operate the chamber, these permit to take air samples and connect
different equipment, as well as to inject air with low radon concentrations in order to reduce
the concentration inside the chamber A. Two Silica gel containers are connected to the chamber
thought hoses system to reduce humidity.

It also has two flow meters (0.0-15.0) Lpm (Gentec Stargas), one of them is connected to
an adapted alternating pressure air pump (OTTO) at the source container, and the another is
connected to a second similar pump to reduce concentrations if required or simply purge the
chamber. In addition, it has two Jugitec-B rubber gloves to manipulated internal contents of
the chamber from the outside.

Below is a 2D drawing of the radon chamber design with all its components and a 3D
drawing of the chamber and antechamber Figures [3.6]

Figure 3.6: Complete schematic of the radon chamber A, with antechamber B, radon source,
air bubbles, working volume and valves for different tests.
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3.3. Simulation of radon chamber

Figure 3.7: 3D representation of the radon chamber with dimensions of 650 mm x 850 mm x
850 mm.

3.3 Simulation of radon chamber

Computational fluid dynamics (CFD) software ANSYS — Fluent (R19.2) https://www.ansys.
com/academic , where materials, boundary conditions like type of fluid, flow rate, grid number,
and Navier Stoke equations considering non compressible fluid were taken account. As a first
approximation, the radon chamber was simulated with the above-mentioned dimensions with
a flow rate air inlet of 1L /min, to observe the behavior of the velocity gradients such that the
net experimental radon chamber volume for the detector exposures can be determined.

This result can be observed in the Figure|3.8/ where it is clearly noticed that for the simulated
dimensions there is a uniformity in the central part of the chamber.

Figure 3.8: First simulation gas air behavior at 1.0 L/min with radon chamber dimension using
ANSYS software.
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3.4. Building chamber

3.4 Building chamber

The following shows construction of the chamber in the physics factory in a first stage and then
the installation of the same in the radon room, where the radon concentration is low and the
temperature and humidity are controlled, as is showed in Figures [3.9]

Figure 3.9: Build of radon chamber process.

Figure 3.10: Installation of radon chamber in the laboratory.
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3.5. Radon chamber source

Figure 3.11: PUCP radon chamber working during an experiment.

Figure 3.12: Radon chamber tested.

3.5 Radon chamber source

A sample of soil or autunite (Ca[(UO2)(POy)]2(H20)10-12) [58, 9] is used as a source of the
radon chamber, which predominantly contains radium.This samples are then analyzed for radon

supply potential by different monitors.
The radon source used can be affected by moisture, permeability to the exhalation of radon
and therefore will affect the concentration of radon as literature reported [60], 61].
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3.5. Radon chamber source

At first test, soil or autonite sample were used as radon sources in a cylindrical pilot chamber
to find the saturation radon concentrations from samples, in order to estimate the concentra-
tions that could be reached in the PUCP radon chamber, taking into account its volume.
As shown in Figure [3.13] autonite sample in the cylindrical pilot chamber was called Radon-
chamber-1 and with sample of soil it was called Radon-chamber-2. The working regime in this
cylindrical pilot chamber was in accumulation mode and was tested by the AlphaGuard.

In this way the appropriate source for the PUCP radon chamber was established. The
autonite sample was chosen as the radon source because the saturation concentration is higher
than the soil sample and thus it is possible to obtain high, medium and low radon concentrations
without changing the sample and the volume of the PUCP radon chamber. Therefore, it is
possible, depending on the study to be performed, to have high, medium and low exposures in
a very short time, as well as those same exposures in very long periods of time, as it commonly
happens in field measurements.

Figure 3.13: 222Rn concentration time variation for two different environmental sample intro-
duced in the purpose made chamber measured by AlphaGuard reference instrument.

3.5.1 Radon emanation factor in soil grains

The radon sources used in this study are granular samples, so it is necessary to analyze the
properties of the grains in relation to radon supply. The most common radon radioisotopes
are 22 Rn and *?°Rn generated by radium radioisotopes. It is known that by conservation of
momentum in the radium alpha decay process, radon isotopes have a recoil energy of 86 keV
22Rn and 103 keV 22 Rn energy by which they escape from the soil grains, transferring their
kinetic energy to the medium. Another parameter in relation to radon production is the radium
concentration in the soil grains.

Since radon is a very mobile gas, it can be released from the soil and rocks into the fis-
sures or interstices (pores) of the soil grains, this phenomenon makes it very easy for radon to
accumulate. Therefore, radon can travel long distances before decaying and it is quite likely
to find considerable concentrations in dwellings posing a risk to the inhabitants. The mobility
of radon through soil is controlled by the amount of water that is predominantly dissolution
from the surrounding geological area [62, [63]. The water present in the soil pores (porosity)
(by Monte Carlo simulation using neutrons is possible to measure the water content of soil see
the approach in appendix B), grain size distribution, radium content, the way these are inter-
connected (permeability), and the transport processes through the soil define radon emanation.
In other words, radon is transported from a grain of soil to a gaseous or liquid medium after
the decay of radium alpha, due to the radon kinetic energy, and the transport in the pores is
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facilitated by diffusion and convection [64]. The order of the diffusion length constant in these
media is relatively low showing that transport by diffusion is relatively slow and this fact does
not significantly affect the movement of radon [65] [66] [67]. Once released into the soil porosity,
the efficiency of its release to the atmosphere depends on the porosity, the radon concentration
in the pore spaces of soil and meteorological factors such as precipitation, pressure and tem-
perature.

An important parameter to study is the emanation coefficient of the source. It define as
the fraction of radon that escapes from the soil grains with respect to the total produced by
radium decay and that is deposited in the pores of medium, it is a dimensionless parameter
which is represented as a fraction or percentage.

There are many techniques to determine the emanation coefficient [68], for example to
measure this factor in a porous material, which contains radium, a completely sealed chamber
is used in which there is a soil sample which is kept for some days until equilibrium is reached
after which it is pumped into another chamber which is connected to a Lucas cell [69, [70].

3.5.2 Radon emanation factor from soil applying Monte Carlo sim-
ulation

In the Monte Carlo procedure, a sphere of of radius R is assumed that emulates a soil grain of a
certain diameter which contains a uniform radius distribution, those radon atoms generated at
a depth equal to the radon path length have a non-zero probability of escaping to the surface,
porosity or embedding in a neighboring grain. We assume a sphere circumscribed in the first
sphere of smaller diameter with a difference between its radii equal to the radon path length.
In this volume, random points are generated which represent the positions where atom radium
decays and which will have an angle of 47 if radon is emitted. However, what is relevant is
the calculation of the probability of escape of this radon atom from the grain, as the ratio that
exists between the portion of the sphere of radius radius of the radon path length that protrudes
from the sphere of radius R, on the surface of the sphere of radius. The points are generated
by Monte Carlo method based on Stajic’s work [6]. The process of radon emanation from soil
grains is studied by quantifying the radon atoms escaping from the grain. Kinetic energy of
222Rn and the range can reach in the soil are considered. The radon source is a dry sample
which implies that the pores are filled with air, as a first approximation, ruling out moisture.
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Figure 3.14: 226 Ra distribution in a grain of soil, considering non-uniform distribution in the
same way as Stajic consider [0]. For this topic, review Appendix A.4 and B, where three equa-
tions are used to generate the radium distribution as shown and the subsequent determination
of radon escape from the soil grain.

3.5.3 Autunite as radon source

Autunite, torbernite, and other autunite bunch minerals are uranium metals. Autunite was
founded in France in 1852 [71]. It is a radioactive orthorhombic mineral, coming about from
the aqueous modification of minerals [72), 68, [73] .

The radon source employed in this work are autunite sample of [3.8072 £ 0.0001] g and
samples of this mineral of 0.659 g and 0.400 g were analyzed through gamma spectrometry,
226 Ra and *2°U content were determined, which have activities of 9586; 1943(Bq.kg™!) and
9053; 1364(Bq.kg~') respectively. The radium content of the autunite sample was determined a
second time by gamma spectroscopy, obtaining a value of ?2° Ra (2096+25) kBq/kg, which differs
from that measured in the IPEN, this last value is consistent with the radon concentrations
found in the sample in the secular equilibrium, then the emanation factor of the sample is
calculated, which is around 0.3 - 0.5. This value will be further tested. Then, According to
Barrenechea et al., [74] alpha spectra can be obtained from different uranium ore samples,
which can be prepared as coarse and fine sources. There is also the option of having bulk
sources.

Figure 3.15: Radon source container of autunite sample.
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Below is the alpha spectrum autunite sample and it is possible to notice some vertical ladder
lines with pronounced widths due to statistical fluctuations and low resolution, remembering
that it is a granular source.

The horizontal axis of the channels can be transformed into energy by means of the linear
equation obtained by energy calibration using a triple source of Uranium-233, plutonium-239,

and Americium-241.
E = 1.84134Ch + 422.603 (3.1)

Where, E(KeV) and Ch are Energy and channels, respectively. PUCP alpha qualitative spec-
trometer scheme of autunite source is shown in the Figure |3.16
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Figure 3.16: Alpha spectrum of autunite.

The alpha spectroscopy system used in this measurement has been developed by the Peru-
vian Institute of Nuclear Energy (IPEN) integrated Alpha AnalystTM of the Canberra brand
with silicon detectors (PIPS) of 400 mm? diameters and a resolution of 18 KeV placed in double
spectroscopy modules in their respective vacuum chambers), with a range up to 26.7 kPa. The
energy range is from 0 to 10 MeV and with a resolution of 12 bits (granularity of 2.5 keV). The
spectrometer is computer controlled by Ampteck Dpp MCA software [75].
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Chapter 4

Radon chamber test

Once the PUCP radon chamber was built, it was subjected to tests to guarantee the absence
of leaks and ensure its homogeneity, with the aim of achieving its perfect functioning.

4.1 Leakage test

One of the main objectives is to ensure that the radon chamber does not leak or leaks as
little as possible. One way to measure leakage is through the exponential growth or the decay
of radon inside the chamber which should only be affected by the decay lambda. So if that
factor is different only from the decay, it implies that there is a leakage lambda A\, and reverse
diffusion. The latter is considered negligible since the uranium ore sample is very small [64] [77].

C(t) = Coexp™" (4.1)

Where; X* = Aosorn + Aeak, A222Rrn, ANeak are 222Rn decay and leakage constant, respectively
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Figure 4.1: the leakage lambda is determined from the exponential fit where the effective lambda
is in A, then using Equation [4.1]is in the order of 10=7s~ 1.
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4.2 Homogeneity test

Radon chamber homogeneity is an important parameter that can directly influence the accuracy
of radon detector calibration as well as experimental work in the measurement of radon and
its progeny. The recommended values of this parameter is 1.5% to 10% according to different
laboratories around the world [8]. This fact can be observed in the Table [4.1]

Table 4.1: Radon chamber homogeneity values [§].

Institutions Homogeneity value (h)
International Radon Metrology Program (IRPM) 2.5%
Atomic Energy Commission of Syria (AECS) 10%
East China Institute of Technology (AECS) < 3%
University of South of China 1.5% — 5%
Amirkabir University of Technology from Iran 10%

The homogeneity values test of Table [4.1] are determined by the following expression:

S
h= Z100% (4.2)

Where S and C' are the standard deviation and the average radon concentration, respec-
tively.

Therefore, it is necessary to guarantee an atmosphere such that the radon concentration
is homogeneous in the experimental working volume. This is certain because PUCP radon
chamber is built of methacrylate at the leakage is practically negligible as was showed in Figure
41l

Two radon test homogeneity were carried out. First with fans off and second with fans on.
At first test, in working volume of the radon chamber, the homogeneity of radon concentrations
is tested by using 10 Electrets detectors, distributed symmetrically and exposed in accumula-
tion mode with fans off. The Electrets detectors difference voltage are evaluated to find the
homogeneity of radon chamber as it is showed in the Figure

Figure 4.2: Distribution of Electrets inside of radon chamber.
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Figure 4.3: Distribution of radon in the volume space with fans turned off.

The homogeneity obtained in the PUCP radon chamber was 4.4%. This result is within
the values reported as discussed in Table [4.1] This allows to perform detector exposures with
good accuracy. SPER-1 Reader Of Electrets has been calibrated using a reference instrument
traceable to the National Institute of Standards and Technology, reference instrument Fluke
23, Serial No. 52460870.

In a second test, two fans are used to distribute the radon homogeneously in the cham-
ber, radon source is outside volume chamber and entering through system hoses and a flow
meter measure flow rate of (1.0 &+ 0.5)ml7jn. The working regime used was in closed flow
mode. The detector used to test the radon concentration in addition to Electrets https:
//www.radelec.com/radon_monitoring.html was AlphaGuard (ionization chamber), as a ref-
erence. Parameter of the environmental conditions were kept practically constant during the

experiment.

Figure 4.4: AlphaGuard monitor measured the radon concentration during the homogeneity
test with fans working.
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4.2. Homogeneity test

In this case, 5 Electrets detectors were distributed symmetrically to passively integrate the
concentration inside volume chamber. Electrects difference voltage were measured at different
positions, following the same procedure at the beginning, Electrects voltage were measured by

SPER-1 reader and the results were as shown in Figure 4.5

' Fanion

1) S — —an
| | [] Elcc-trct {fﬂltagc

3]

0 i i
2 3 1

Monitor numbers

Figure 4.5: Homogeneity test with fans working.

The homogeneity obtained in the PUCP radon chamber was 1.8%. This result is within
the values reported as discussed in Table 4.1 This allows to perform detector exposures with
good accuracy. AlphaGuard response during this test showed a constant radon concentration

12 kBq/m?.
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4.3. Radon concentration regimes in the radon chamber

4.3 Radon concentration regimes in the radon chamber

Different radon concentration regimes were established in the PUCP chamber like regime or
cumulative mode, in closed flow mode and open flow mode.

It is possible to study the behaviour of radon concentration inside the radon chamber by
the following equation:

C(t) = Cie™ + %(1 — M) (4.3)
Where C(t),C; are the radon concentration at any given time and initial radon concentration.
phi is the exhalation on the source, V is internal volume, \ represents the effective lambda of
radon chamber [4].
The chamber in dynamic open mode allows to establish different saturation of radon con-
centration, for 1.0 L/min the ?*? Rn concentration is greater than 2.0 L/min, 3.0 L/min and 4.0
L/min. For two last flow rates 22 Rn concentrations are similar. [4.6]

Figure 4.6: 22 Rn concentration saturation at different flow rates.

222 Rn concentrations found is quite similar to those measured indoors allowing carried out
contrast study for long-term (months as measurements in homes).
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Figure 4.7: The times required to reach equilibrium radon concentration can be observed as a
function of flow rate.

Radon concentrations comparable to those found in workplaces and homes can be achieved,
for a flow rate of 4.0 L/min. It is therefore ideal for calibrating passive monitors exposed to
these concentrations.
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Figure 4.8: Equilibrium 2?2 Rn concentration for different flow-rates.

In dynamic close mode, higher concentrations can be achieved, however, it takes longer to
reach an equilibrium concentration, growing observed is only due to the radon source pump
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4.3. Radon concentration regimes in the radon chamber

which always works at 1.0 L/min and these concentration values can be used to expose detectors
to high exposures in short times. On the right side of the graph, there is also an exponential
drop in concentration, this is because in this experiment the purge system was used to reduce
the radon concentration. The purging process takes on average about 24 h to reach levels
comparable to background radon concentrations.

It can also be observed that the temperature is practically constant throughout the entire
experimental procedure.

Figure 4.9: Dynamic close mode. Growth of radon concentrations and the reduction of radon
by the purge system operating at 5.0 L/min is observed.

Figure 4.10: Closed dynamic mode, where radon is accumulated in the source container for two
weeks and then pumped into the radon chamber. In this way, a high concentration value is
obtained instantaneously inside the radon chamber to expose detectors to high concentrations.
In this mode, the performance of different active monitors can be evaluated since the concen-
tration is maintained.
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4.3. Radon concentration regimes in the radon chamber

Figure 4.11: The radon is accumulated for 4 days in the container and then released into the
radon chamber, such that it operates in open dynamic mode with a flow rate of 1.5 L/min. It
can be observed how the radon concentration decreases until it finally reaches its equilibrium
concentration.

Figure 4.12: This graph shows the operation of the chamber in hybrid mode, using both
closed and open dynamic modes. With this it is possible to return to a previously set radon
concentration value, as shown after a certain time the desired value is obtained, then the purge
system of the chamber reduces the radon concentration with a flow rate of 5.0 L/min. In
addition, a small peak is shown at the end of a controlled interruption of the purge system.
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Chapter 5

Use and applications of the radon
chamber

Once the camera has been built and tested, we use it to carry out the following applications:

5.1 Comparison of radon active monitors response

The objectives that were sought to perform a comparison of active radon detectors were:

e Get the performance of measurements of radon monitors (AG-1, AG-2, RTM, RAD?7,
RPM ) in equilibrium concentration of radon (close dynamic mode ) and radon decay
(static mode) where:

— AG-1: AlphaGUARD Radon monitor (AG1), Bertin Instruments. PUCP code:B129766
— AG-2: AlphaGUARD Radon monitor (AG2), Bertin Instruments. PUCP code:B289839
— RTM 2200: Measurement System for radon/thoron, SARAD. PUCP code: B303833

— RADT: Real-time Continuous Radon Monitor with Spectral Analysis, DURRIDGE.
PUCP code:B327057

— RPM 2200: Radon and thoron progeny monitor (Working Level monitor), SARAD.
PUCP code: B306625

Comparisons will be made taking into account: Initial radon concentration (C0) and time
of exposure.

e Determination of the equilibrium factor (FE).

The experimental set-up is shown in Figure [5.1
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5.1. Comparison of radon active monitors response

Figure 5.1: Experimental set-up for the comparison exercise.

While the detectors are exposed, the radon chamber monitoring system tests the conditions
for radon concentration; and a silicon barrier detector provides information on the progeny of
radon.

On the PC screen with the software that commands the operation of the chamber, you can
see the information in real time: as shown in Figures and [5.3] the information provided are;
temperature, humidity, pressure and the peaks correspond progeny of 222 Rn, '8 Po and ?'* Po.

Figure 5.2: Information provided by the radon chamber monitoring system based on e PIN
diode S3204-09 (Hamamatsu) as an alpha particles detector developed by Baltuano et al [7].
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5.1. Comparison of radon active monitors response

Figure 5.3: Information provided by the radon chamber monitoring system.

For the active monitors comparison experiment, the AlphaGuard (AG-2) was taken as the
reference, whose measurements of radon chamber concentrations during the experiment are
shown in Figure

Figure 5.4: ?*?Rn concentration is measured by AlphaGuard monitor (AG-2) considered as
reference devise.

The environmental conditions were also measured by the AG-2, which was set as a reference.
Figures below shows the behavior of relative humidity and temperature. It was observed
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5.1. Comparison of radon active monitors response

that due to a large number of active monitors the temperature increases because the equipment
to be measured in flow mode should be connected to their power supplies due to the high-power
consumption causing a slight increase.
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Figure 5.5: Environmental conditions during comparative monitors experiment given by AG-2
monitor as reference.
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Figure 5.6: Pressure during comparative monitors experiment given by AG-2 monitor as refer-
ence.

At the beginning of the experiment, very low radon concentrations were reached, using the
pump system with silica gel and charcoal active. The radon previously reached the secular
equilibrium in the source container, then proceeded to inject radon for approximately 150
minutes to the radon chamber with the detectors distributed, all in closed flow mode. The
concentration at first moments, A: < 200min y B : 200 < 350min, are shown in Figure [5.7]
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5.1. Comparison of radon active monitors response

Figure 5.7: A: Radon chamber background; B: Initial radon concentration in equilibrium sec-
ular.

The obtained results are showed next. In Figure [5.8] it can be seen that the responses of
Alpha Guard 1 and Alpha Guard 2 (AG-2 used as reference), they are optimal as expected,
with a difference of 1.7% in measurement radon concentration levels.

Figure 5.8: AG monitors in flow mode.

In the case of the result obtained with the RAD 7, Figure there are inherent differences
in the measurement system that is predictable, therefore presents a systematic error. It can be
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5.1. Comparison of radon active monitors response

observed as constant in the first minutes in the presence of the source, then, in the absence of
the source, only the decay is appreciated.

Figure 5.9: RAD 7 behavior in flow mode. its measurements strongly dependent on humidity.

After reaching low radon concentrations in the PUCP chamber and medium humidity condi-
tions (30%H R to 70%H R), the results of the Sarad RTM and RPM monitors can be observed.
Firstly, its responses are evaluated for low values, medium and high values of radon concentra-
tions. The experiment was carried out in decay mode to observe the response of the monitors.
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Figure 5.10: RTM measuments of radon 222.

As showed in Figure Sarad RTM, behaves like the Alpha Guard reference monitors
during the three stages of radon concentration evolution. We can note after 24h, a pronounced
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5.1. Comparison of radon active monitors response

pick due to a slight increase humidity, showing the high dependence on this parameter.
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Figure 5.11: RPM measuments of radon 222.

The RPM monitor measures radon progeny, this graph Figure [5.11] shows the equivalent
radon concentration, measurements have similar trend as the reference monitor. It is known that
radon and its progeny are related through the equilibrium factor (FE). This can be determined
by the relationship between the equilibrium equivalent concentration (EEC) of radon with its
progeny and the radon concentration (Ceezg,) [78].

EEC

FE =
Co22p,

(5.1)

Due to the negligible presence of aerosols inside the radon chamber for this experiment and
considering the dimensions of the chamber, a very small equilibrium factor is expected. Then
with the data obtained from the RPM monitor and the AplhaGuard (AG-2) reference, a value
of 0.004 is obtained, a very small value given the absence of aerosols.
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5.1. Comparison of radon active monitors response

Figure 5.12: Comparative of active monitors response.

Comparison active monitors in decay mode shows good agreement between AG1, AG2,
RTM. However, RADT response compared to the reference monitor AG2, it shows a percentage
error of about 23 %. Reducing the difference for lower concentrations. An analogous result was
also obtained by Chi-Feng Lin et al [79].

Table 5.1: Radon concentrations for different active monitors.

Monitors ~ C(i) initial radon concentration Bq/m?

AG1 23904.3 £ 2006.8

AG2 24007.3 £+ 1798.2
RTM2100 21096.5 £ 2109.6

RAD7 18500 £ 1834
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5.1. Comparison of radon active monitors response
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Figure 5.13: Response comparison of active monitors.

Similar graphs of *Rn were obtained with RAD7 monitor (Figure , RTM (Figure
5.15), RPM (Figure [5.16)), the values found have the same order that the background which
led us to conclude that its presence was not significant, 22 Rn comes from the same sample of
autunite.

Figure 5.14: *?Y Rn, measurement by RAD7.
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5.1. Comparison of radon active monitors response

Figure 5.17: Path length of 2 Rn in air by Monte Carlo simulation (GITHUNU).
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips

5.2 Calibration of metallic diffusion chambers based on
CR — 39™ chips

Experimental calibration factor of metal radon chamber diffusion using CR — 39™™ https:
//www.tasl.co.uk/about.php is carried out in the radon chamber at 5 radon exposures.

5.2.1 Experimental procedure

Figure 5.18: Experimental set up for calibration of cylindrical metallic diffusion chambers
(radius of 3.05 c¢m, height of 0.792 cm) based on CR-39.

Experimental initial conditions:

Temperature: 22.1°C, humidity: 70.2% HR, pressure: 1004.7 mBar.

Monitors used in the experiment were:

20 CR-39 chips each inside metallic cylindrical diffusion chamber; 6 CR-39 chips each inside
pinholes; 7 CR-39 chips each inside open metallic cylindrical diffusion chamber; 7 CR-39 chips
each inside open metallic cylindrical diffusion chamber with filter; 2 CR-39 chips each inside
metallic cylindrical diffusion chamber, closed and sealed with Teflon; 3 CR-39 chips each inside
twin-chamber with filter; 7 CR-39 chips each inside classic twin chamber; 5 Electrets to evaluate
the homogeneity.

The monitors (CR-39 chips in all configurations) were extracted in four sequences, in each
sequence all parameter changes were measured, due to the dissolution effect of antechamber.

The monitors first extraction were used to measure the homogeneity of radon concentrations
and to obtain first point of calibration metal cylindrical diffusion chamber.

The monitors second extraction were performed to obtain a second calibration point, also
to measure filter permeability and transmission factor using pinholes.

The monitors third and fourth extractions were performed to obtain two more calibration
points CR-39 chips inside the metallic cylindrical diffusion chambers.
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips

(a) Open and close cilindrical ~ (b) Pinholes and filter in cilin- (¢) Twin diffusion chambers.
diffusion chamber drical diffusion chamber.

Figure 5.19: Passive monitors based on CR-39 chips.
The etching conditions of CR-39 detectors were NaOH 6.25 mol/L of an aqueous solution

at (97.3+ 0.1) °C for 60 min, this procedure was carried out at GITHUNU-PUCP laboratory
in the same way as reported by Caresana et al., 2020 [80].

5.2.2 Different exposures

All monitors based on CR-39 chips were exposed at decay process Tabld5.2] and constant radon
concentration Tabld5.3] Then exposures were measure by AlphaGuard monitor.

Table 5.2: First radon monitors exposures.

Exposures Radon exposition kBgh/m?

1 361.1
2 GO
3 942.2
4 1072.6
5 2716.5

Table 5.3: Second radon monitors exposures.

Exposures Radon exposition kBgh/m3

1 1000.4
2 2080.4
3 3978.9
4 6397.7

To get a linear response of CR-39 detectors, levels of low radon exposures were selected,
where the efficiency of the detector was guaranteed. After that, CR-39 detectors exposed at
high levels experience a reduction of their sensitivity because of the overlapping effect, then it
is necessary to correct the values of density of tracks considering a polynomial way [81].
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Figure 5.20: Extractions and exposures of monitors to 2?2 Rn concentrations at second experi-
ment.

5.2.3 Counting tracks

ImageJ macro software was used to count tracks on CR-39 chip (see Appendix A.2), following
similar procedure reported by [82]. One the must import thing is to find a factor convert
between the pixel of image and micron unit it means calibrate, in order to get track area an
the identify overlapping effect on the detector and make an appropriate track counting.

Using track by test software with input parameters it is possible to determine the minimum
and maximum radius tracks and then area of tracks [31], it was around of 1200um?. This
data can be used to differentiate a overlapping and any kind of damage on detector. In the
same way, CR39.m Matlab program by [83] was used compared that parameters finding some
differences between them. Experimental results of geometric parameter by ImagelJ https:
//imagej.nih.gov/ij/download.html macro is near the Tracks test program, it is showed in
Figure [5.23 it is a profile track by Track Test and CR39.m and ImageJ diameter radio o track
using calibration according microscopic vision in pm.

Then, after processing all the things discussed above, taking a random frame picture of CR-
39 exposed, a histogram of area distribution is elaborated which shows the mixed contribution
of radon and its progeny.
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips

Figure 5.21: Range track area histogram whit total tracks, avoiding damage and overlapping
mix tracks in a given frame of CR~39 chip.

Figure 5.22: Range track area histogram whit total tracks of background in a given frame of
CR-39 chip.
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips

Figure 5.23: Range track area histogram whit total tracks in certain frame of CR-39 chip
exposed.

The next step consist to determine track density of each frame detector and identify if there
are any outlier data even considering track aperture area. For that purposed, box plot based
on quartiles concept and Z score test is taking into account for improve data analysis. There
is kind of difference when detecting outliers due to upper and lower limit on the box plot are
equivalent to 2.750 from average. It means some data could be out of the of the box plot limit
but inside 30. Box plot generally is used for data that doesn’t follow normal distribution and
can be a little bit aggressive whit treatment of the data, in contrast, z scored is work very well
for normal distribution. The last way is used to identified and eliminated outlier.

Figure 5.24: Removing outliers to determine tracks density.
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tracks/mm?
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Figure 5.25: Considering tracks formed up to 30, then they will be outliers.

Figure 5.26: Tracks in diffusion metallic chambers with CR-39.
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips

Figure 5.27: CR-39 background. Where circles represent outlier track density.

Figure 5.28: Track density of CR-39 inside metallic diffusion chamber exposed.
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips

Once the count of tracks is done by means of macro called ”"MACRO39” based on software
ImagelJ, the results are compared with the readings made by the Politrack https://miam.it/
en/politrack/, resulting in a strong linear correlation with r=0.998 indicating that there is

an equivalence factor product of the differences in the reading methodology.
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Figure 5.29: Correlation of track density readings by ImageJ MACRO39 and Politrack system.

5.2.4 Calibration factor determination

Table 5.4: Results from monitor exposition to radon concentration at PUCP radon chamber.

Exposures kBqh/m?

Track density [Tracks/mm?]

Uncertainty [Tracks/mm?|

361.1
712.2
1072.6
2080.4
2716.5
3978.9
6397.7

10.8
29.2
32.6
59.8
84.6
109.9
167.2

2.8
2.9
3.6
5.2
6.4
4.8
6.2
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5.2. Calibration of metallic diffusion chambers based on CR — 39" chips
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Figure 5.30: Experimental response fit curve for CR-39 inside cylindrical metallic diffusion
chamber.

The experimental results show that the linearity in the calibration curve is only presented at
low exposure points and for high exposition it is close to a cubic curve as reported by other
authors as Daniele and Tommaso [84]. This is caused by the loss of detector sensitivity due to
the effect of overlapping for high exposures, with the quadratic term taking precedence.

Table 5.5: Diffusion metallic chamber based on CR-39 chips calibration factor.

Calibration factor Zacks
mm

0.034 £ 0.004

(kBqh/m?)

Calibration factor CR-39 detector inside diffusion metallic chamber is getting from Figure
[5.30, where lineal fit slope is taken as best converter from track density to exposure for radon
concentration commonly found in homes and working places.

The following procedure is the same and analogous to the intercomparison performed in
collaboration with the Environmental Radioactivity Group of Cantabria University (LaRUC)
(Appendix B). In this measurement exercise, PUCP laboratory found exposures that were 1.13
times the reference exposures, with a coverage factor of 95%.
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5.3. An approach to the measurement of radon permeability and transmission factor using
CR-39 detectors inside a diffusion chambers exposed in PUCP radon chamber

5.3 An approach to the measurement of radon perme-
ability and transmission factor using CR-39 detec-
tors inside a diffusion chambers exposed in PUCP
radon chamber

In this section are determined the transmission factor through the pinhole method, permeability
of a filter based on Ramachandran study [85].
Transmission factor is define as the ratio of inside and outside 2?2 Rn concentration.

C,
F=_ 2
Co 5-2)

Where, Cs and Cj are radon concentration inside the pinhole chamber and outside air at the
face of entry of the pinhole chamber, respectively.

5.3.1 Transmission factor determination

In this experiment, radon concentration fraction is detected by CR-39 chips, using pinhole,

membrane filter and normal metallic diffusion chamber. The experiment was repeated twice.
The transition factor is determined from the equation of non-steady state diffusion model.
oC;(t) A,

2y
ot Veur

— \Ci(t) (5.3)

Where: C; average radon concentration, J; radon flux through membrane (i = m), by gap
(i = g), pinhole (i = p), A; (m?) area of entrance holes, Vs (m?) is the internal volume of the
metallic diffusion chamber and A is decay constant of radon.
Using the Fick’s first law of diffusion:
aCi(t)
Ji=—-D——= 5.4
oz, (5.4)
Where: D(m?s™!) is the radon diffusion coefficient in air and the partial derive shows the
change of radon concentration because of the position.
It is possible to rewrite the flux values according to the entrances. If membrane is used to
cover the entrance of CM, flux can be express as:

(5.5)

Replacing in the same way to the other cases in equation and taking in to account
equation [5.3] the concentration corresponding to the types of entrances is determined as:

An K

Co AmK
Vonvdm — (A t
Cm(t) =3 Aui <1 ~ exp” (o) )

VCMdm
AgD D
g

Co (v, AgD
Cy(t) :)\;/—CAJ”;C[DQ <1 — exp <)‘+V0Mdg)t) (5.6)

Vemdg
A,D

CO ApD
Cp@) —)\_i_V—CAAﬁDP <1 —exp ()"L VC]ZC{dp>t)

Vemdp
Where: Cy (kBgm™3) is the radon concentration outside of C'M and d; (m) is the total distance
that radon travel trough a membrane, gap or pinhole. At the beginning in Figure the
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secular equilibrium is reached, it means the radon concentration inside CM keeps stable Cg,.
For that the equations [5.7] are independent of time:

An K
Csm _ VCPdm
An K
CO )\ —I— Vepdm
AgD
Csg _ Verdy (5.7)
CO AgD .
A+ Vepdg
ApD
C’sp . chdp
Co
)\ + chdp

[86]. Values for parameters like D = 0.1 (em?s™1),

C’
A =2.09210"%71 A, = 0.014em?, A, = 7.562cm?, d, = 0.029cm,d, = 0.922cm and Vey =
23.146¢cm3.

Table 5.6: First results of transmission factor experiment.

Setup experiment Radon exposition —h Track density == tmc’“
Diffusion chamber (gaps) 10.9+ 2.5
Pinhole 361.1 10.2+£1.7
Membrane filters 20.1£3.3
Table 5.7: Second results of transmission factor experiment.

Setup experiment Radon exposition —h Track density = ”"CkS
Diffusion chamber (gaps) 59.8+ 5.2
Pinhole 2080.4 53.945.8
Membrane filters 127.846.7

The transmission factor obtained according data from Tables [5.6] [5.7] for pinholes and gaps
are 99.994% and 99.902%, respectively. However, for membranes the transmission factor is
1.904% it means this method should not be applied.

5.3.2 Permeability of filter

Permeability is an important physical feature of materials which is related with the apparent
velocity of fluid flow through materials pores [64].

Authors as Pressyanov et al. [87], Ramachandran et al. [85], Wéjcik and Zuzel [88] have
measured and reported the permeability for some materials.

Open and metallic diffusion chamber cover by glass microfiber filter without binder https:
//fanoia.com/en/filtros-microfibra-de-vidrio-y-cuarzo/, exposed to radon in decay
mode, are used to determine it’s permeability. This filter is used in GITHUNU research and
applications in order to retain moisture and aerosol preserving CR-39 and LR 115 type 2
nuclear track detectors. For that, the capability of radon flow through the filter (permeability)
is measured.

Based on Ramachandran equation [85], it is possible to describe the behavior of radon
concentration primary chamber (Cg), and radon concentration in membrane chamber (Cgyy)
showed in Figure |5.19p, expressed as equations
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dCr KA
T —_)\CR‘i‘a_m(CR_CGM)
dCem KA (5.8)
T ACen + Vo (Cr— Con)
a :ACR

Where: Cgr, Caar (Bg/m?) are primary chamber and membrane chamber radon concentration,
respectively. A(s™!) is the decay constant, K (cm?s™!) is the permeability constant, A (cm?)
surface area of membrane. Vg, Vs are chamber and primary chamber volumes, respectively. §
cm is thickness of of membrane, a (cm™3s—1) is the gas production rate of the autunite sample.

When secular equilibrium is reached inside PUCP radon chamber, equations can be
considered:

dCr  dCgum

At dt
Then, K can be calculated in term of knowing measured parameters like C'r and Cgy; which
is proportional to rate of pgr and pcojps track densities. In this way is possible to determine
permeability.

=0 (5.9)

K= Ad (5.10)

1 1
Al 1) (H+ )

Table 5.8: Permeability experiment

Setup experiment Radon exposition %h Track density %
Open diffusion chamber 712.2 79.5+ 3.9
Membrane filters 40.9+2.8

We calculated the permeability using Equation [5.10] and data from Table [5.8 The value
found is [4.5782107®4+0.019210~%]em?/s. It is in concordance with reported by Ramachandran
et al. [85]; Arafa [89] where the order of 1078 to 1077 (cm?/s).

We now proceed to determine the calibration factors or sensitivities of gap, pinhole, and
membrane filter diffusion chambers, using the track density and exposure data Table[5.6], [5.7][5.8

In the case of the gap diffusion chambers, the sensitivities have already been determined in
Table B3

Table 5.9: Calibration factor(sensitivity of diffusion chambers based in CR-39 detectors).

Diffusion chambers Sensitivity Sezp (m)
Diffusion chamber (gaps) 0.009+ 0.001
Pinhole 0.007£0.001
Membrane filters 0.020 4+0.001

These values are expressed in meter (m) units in order to compare them with the calibration
factors determined and simulated by Nikezic using the program ”computer program for the
sensitivity calculation of CR-39 detector in diffusion chamber” [90]. Considering the geometric
dimensions of the diffusion chamber and the detector, etching time, visibility, and V functions,
the simulated sensitivity value for cylindrical metallic diffusion chamber gaps obtained was
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higher than the experimental, (Ss;,, = 0.015 + 0.002)m. The same result is observed in the
Radout diffusion chamber where the simulated sensitivity value is twice the one reported by
Caresana et al., [80].

This difference may be due to the etching conditions causing a V function different from
those that Nikezic program use. For that, Hermosdorf said ” these codes should be used
carefully in respect on the choice of the sensitivity function” [91]. In this section as have been
explained diffusion chambers (gap, pinhole and base en membrane) were etched under the same
conditions as Caresana, it is inferred that the value simulated by the software is also high.
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Chapter 6

Conclusions and recommendations

The thesis developed corresponds and contained design and construction of the radon chamber
to expose passive and active detectors.

6.1 Conclusions

e In accordance with first main objective, design and construction of radon chamber (PUCP
radon chamber) was completed successfully.

e The second main objective, the parameter that characterize the behavior of radon cham-
ber were determine. These are within the expected range and in agreement with other
research as shown discussed in section 3.

e One of the contributions of this thesis is the use of uranium ore (autunite) as a source for
the radon chamber where 2?2 Rn concentrations show an acceptable behavior in repeated
experiments, allowing to carry out three stable working regimes that will serve for the
realization of various research studies.

e Uses and applications have been performed.

— It has been possible to reach different levels of concentrations in close and open
dynamic modes for different flow rates. It has also been possible to perform experi-
ments such as comparing the response of active monitors in static mode and it has
been found that by this method it is possible to identify which monitor needs to be
calibrated considering a calibrated reference monitor. In addition, it was possible to
determine the purging time of the chamber, establishing the necessary time to start
new experiments.

— We calibrated passive monitors (metallic diffusion chamber + CR-39), taking into
account the tracks count with a macro developed in ImageJ, showing results, where
the calibration points were low, medium, high and very high, such that the linear
behavior was observed for exposures that would be found at home, then for higher
exposures experimentally reflected the effect of saturation of the tracks (overlapping
effect) decreasing the sensitivity of the monitor,taking preponderance the quadratic
term.

— The radon permeability in glass microfiber filter without binder was estimated, the
value was found to be in the order of (1078 - 107")cm? /s showing not only the validity
of the procedure used as developed in the section but also the good performance of
the radon chamber to carry out studies of this type.
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6.2. Recommendations

— The transmission factor of the metallic and pinhole diffusion chambers was estimated
using the model proposed by Sahoo. Acceptable values were found and they are in
great relation with the track densities found, indicating that there will be a higher
transmission factor in the presence of greater densities of traces. On the other hand,
it was found that this method does not work properly in the case of filters.

6.2 Recommendations

e Develop the study of the behavior of radon concentrations as a function of temperature,
since the radon chamber built has a temperature control system.

e Establish an automated system of the valves and air pumps of the radon chamber to
reach different saturation concentration.

e The PUCP radon chamber is designed to be able to work with standard source, having
the possibility of replacing the autunite as radon source.

e [t is advisable to calibrate and test both active and passive monitors for every used
diffusion chamber to guarantee accurate measurements.

e When operating the radon chamber, the air extraction system should be turned on when
the antechamber is opened, and radon levels should be expected to be comparable to
background levels when operating in the radon room. It is important to always test
radon concentration levels outside the chamber for safe radon management.
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Appendix A

All codes shown in this thesis were developed by the author.

A.1 Radon and progeny effective volume code in Fortran
90

Code developed by author of this tesis
subroutine energy2(xx,E1,Ei) ! !This subroutine computed the energy for distances less
than the range
real(4), intent(in):: xx,E1
real(4), intent(out):: Ei

real(4)::A,B,dd,RP1,R1,Fp,R1X,F1,F2,F3

A=0.7065
B=3.6201
dd=0.5088
Rl1= A*E1**2. + B*El+dd ! RANGE
RP1=-R1+(xx/0.1)
Fl=(xx/0.1)
F2=sqrt(B**2.-4.*A*(RP1+dd))
F3=-B-+sqrt(B**2.-4. *A*(RP1+dd))
if (F1.1t.R1 .and. F2.gt.0. .and. F3 .gt.0.)then
Ei=(-B+sqrt(B**2.-4. *A*(RP1+dd)))/(2.*A)
else
Ei=0.
end if
end subroutine energy?2

IXX XXX XXX XX XXX XXX XXX XXX XXX XXXXXX
subroutine ancritico2(Ei,acr)
real(4),intent(in)::Ei !E1 Energy of the incident alpha particles
real(4),intent(out)::acr !critic angle
real(4)::A,B,dd,D,E.F,G

integer::i
lAir density de 0.0012048 g/cm3

A=6.16157
B=-113.1883
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dd=845.76998
D=-3287.5898
E=7021.67000
F=-7847.9744
G=3658.788045

acr=A*(Ei**6)4B*(Ei**5)+dd* (Ei**4)+D*(Ei**3)+E*(Ei**2)+F*Ei+G
end subroutine ancritico2

IXXXX XXX XXX XXX XX XXX XXX XXX XXX XXX XXX XXXXXX
IXXXX XXX XXX X XXX XXX XXX XXX XXX XXX XXX XXXXXX
program voleff

real(4):: xx,yy,zz,theta,pi,h0,rd,dmax,dmin,phi,gam,beta,xs,R1,d1,d2 E1,te,dx,dd,Eii
real(4):: dp,tp
integer:: i,j,k,cont,nn,p,nt
real(4):: xi(1001),yi(1001),x(100000000),y(100000000),2(100000000)
real(4):: r(100000000) !'Random coordinates points
real(4):: xc(10000000),yc(10000000),zc(10000000) !possible coordinates of tracks on the detec-

(4):: r¢(100000000),En(2),anc(2)
real(4):: xe(10000000),ye(10000000),ze(10000000)
real(4):: re(10000000)! Points that belong to effective volume
real(4):: xp(10000000),zp(10000000),yp(10000000) ! Detected alpha particles coordinates points
real(4):: anginc(10000000),enrgia(10000000)
real(4):: b(1001,2),EF(2),tet(2),ang(2)

real(4):: ds(2),sens
pi=3.1415926536
h0=>5.0

rd=1.

write(*,*) 7 (IN) Initial alpha particle as soon as 222 Rn decay or its progeny”
read(*,*) E1
write(*,*)” Number of events”
read(*,*) nt ! Total number of points generated
I XX XXX XXX KK KKK KKK KK KXKKKXKXKXKXK [XKKKKKKK KX KX KX KXKXKXXXXRXKxxxxxxx | Distances and
energy data are read to calculate maximum d,,,, and minimum d,,;, distances.

open (unit=10,file="Rn222.txt’ ,status="old”) | Here is where initial data is stored.

do i=1,1001
read (10,* iostat=ierror) b(i,1),b(i,2) !
xi(i)=b(i,1) ! Traveled distances
yi(i)=b(i,2) ! Energy

if (yi(i) .gt. 4.675 .and. yi(i).1t. 4.695 ) then
dmin=xi(i)
lwrite(*,*) xi(i),yi(i)
end if
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if (yi(i) .gt. 1.44 .and. yi(i).1t. 1.46) then

dmax=xi(i)

lwrite(*,*) xi(i),yi(i)

end if

end do

write(*,*) dmin, dmax

L XXX XXX XXX XXX XXX XXX XXX XXX XXX KKKKXXX

$70/0.0.0.00010101010.0.0.0.0.0.0.0.0.0.006000000000000¢

'Random points are generated according to the dimensions of the detector d,,;, and d,,q.

do j=1,nt
open (unit=2 file="cilin.txt’,status="unknown’)
r(j)=(rd4+dmax)*sqrt(rand())
theta=2*pi*rand()
z(j)=dmax*rand()
x(j)=r(j)*cos(theta)
y(j)=(j)*sintheta)
Iprint*, x(j),y(j),z(j)
write(2,%)x(j),=(j)
end do

0'010/0:0.610.6'0:0.0.0.6.0.6.0.0.6.0.0.0:0.0.:0.0.0.0.0.0.6.0.6 0.0
XX XXXXXXXKXXXXXXXXXXXXXXXXXXXXxxxxX |Effective volume is generated
open (unit==8 file="vef222.txt’ status="unknown’)
open (unit=10,file="partdet222.txt’ status="unknown’)
open (unit=11 file="engvsag222.txt’status="unknown’)
open (unit=12 file="anginciden222.txt’,status="unknown’)
open (unit=13 file="energias222.txt’ status="unknown’)
open (unit=14,file="puntosespacio222.txt’ status="unknown’)

cont=0.

do j =1,nt
ds(1)= saqrt( () +rd) 2 + (2(3))2 )
ds(2)= sqrt( (r(j)-rd)**2 + (2(j))**2 )
tet(1)=asin(z(j)/ds(1))*(180/pi) ! Angle respect the detector surface and d1
tet(2)=asin(z(j)/ds(2))*(180/pi) ! Angle respect the detector surface and d1
lcall energy(ds,E1,En)
lcall ancritico(En,anc)

lcont=cont+1
ldx=1.0
do k=0,1000
dr=k*2%1d /1000
dd=sqrt( (r(j)-(-rd+dr))**2 + z(j)**2 )
te=asin(z(j)/dd)*(180/pi)
call energy2(dd,E1,Ei)
call ancritico2(Ei,acr)

if ((dminjdd .and. ddjdmax) .and. (tejacr)) then
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cont=cont+1
xe(cont)=x(j)
ye(cont)=y(j)
ze(cont)=z(j)
re(cont)=r(j)
write(8,*) re(cont),ze(cont)
exit
end if
end do
end do
nn=cont
write(*,*) nn | Number of points of effective volume
call CPU time(TIEMPO)
write(*,*) TIEMPO
510/0:6:0:016'0:0:0.0.6.0.0.0.0:0:0.0.0.0.0:0.0.6.0.0.0.0.0:0. 0.6
I X XXX XXX XXKXXKXXKXXXXXXXXXXxXxxxxX | Number of particles hit the detector
p=0.
do k=1,nn
phi=2*pi*rand()
gam=acos(2*rand()-1)
beta=pi-gam
if (beta.le.pi/2.) then
xc(k)=xe(k)+ ze(k)*(tan(beta))*cos(phi)
yc(k) ( )+ ze(k)*(tan(beta))*sin(phi)
zc(k)=0
(k)

IrcC

:sqrt( xc(k)**24ye(k)**2 )

IXXXXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXXXX
IXXXX XXX XXX XX XXX XXX XXX XXX XXX XXX XXXXXXX if (re(k)j=rd)then !
dp=sqrt( (xe(k)- xc(k))**2 +(ye(k)-yc(k))**2 + (ze(k)-zc(k))**2 )
tp=asin(ze() /dp)*(150/pi)
call energy2(dp,E1,FEii)
call ancritico2(Eii,acr)
p=1
if ((dminjdp .and. dpjdmax) .and. (tpjacr)) then

p=p+1
xp(p)=xc(k)
yp(p)=yc(k)
anginc(p)=tp
enrgia(p)=Eii
write(10,*) xp(p),yp(p) ! Alpha track are form on the detector under critical and energy win-
dow conditions.
write(11,*) enrgia(p),anginc(p)
write(12,*) p,anginc(p)
write(13,*) p,enrgia(p)
Write(14 *) xe(k),ye(k),ze(k) ! Points from effective volume that has a nos- zero !probability of
being detected by detector
end if
end if
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end if
end do

sens=2.*(p*dmax/nt)
write(*,*) sens,p

end program
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A.2 Macro CR-39 counting tracks base on ImagelJ

dirl=getDirectory(” Choose Sourse Directory”);
dir2=getDirectory(” Choose Destination Directory”);
list=getFileList(dirl);

setBatchMode(true);

for(i=0;ijlist.length;i++)

open(dirl+listli]);

name=File.nameWithout Extension;

saveAs(” Tiff” dir2+i+" Original” +name);
setThreshold(0, 239);

setOption(” BlackBackground”, false);

run(” Convert to Mask”);

run(” Dilate”);

run(” Dilate”);

run(”Fill Holes”);

run(” Watershed” );

run(”Set Scale...”, ”distance=2048

known=1190 pixel=1 unit=pm global”);

run(” Analyze Particles...”, 7size=30-1200 circularity=0.70-1.00 show=Outlines display exclude
clear summarize record”);

saveAs(” Tiff”  dir2+i+” CountMaskl ”+name); close();
saveAs(” Tiff” dir2+i+" Thresholdedl ”+name);
selectWindow (" Results”);

saveAs(” Results” dir2+i+name+" Results.csv”);

select Window (” Summary” );

saveAs(” Text” dir2+i+name+" Summary.txt” );
run(” Close” );
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A.3 Sikuli LR 115 type 2

def loopAngulo(i):

=74

while j j= 90:
doubleClick(”1509640412186.png”)
wait (1)

type("K”)
type(Key.ENTER)
wait(1)

type("L”)
type(Key. ENTER)
wait (1)

type (str(i))
type(Key. ENTER)
wait(1)

type (str(2.25))
type(Key. ENTER)
wait(2)

type (str(3.2))
type(Key. ENTER)
wait(1)

type (str(j))
type(Key.ENTER)
wait (1)

type (str(1))
type(Key. ENTER)
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A.4 ?Rq distribution in a grain of silicon oxide SiO;

subroutine distance(x,y,theta,Rd,dist)
real, intent(in) :: x,y,theta,Rd

real, intent(out) :: dist

real:: A,B,T,d1,d2,discriminant,rt

rt=sqrt(x**24+y**2)
A=1.0
B=2*(x*cos(theta)+y*sin(theta))
T=rt**2 - Rd**2
discriminant=B**2-4*A*T

if( discriminant .gt. 0.0)then
d1=(-B+sqrt(discriminant))/(2*A)
d2=(-B-sqrt(discriminant))/(2*A)

if (d1.gt.d2) then
dist=d1l
lwrite(*,*) dist
else
dist=d2

end if

else
write (*,*) ”complex solution”

end if

if( discriminant .eq. 0.0)then
dist=dl1
dist=d2

end if

end subroutine distance
XXX XXX XXX XX XXX XX XX XX XX XXX XX XX XXX XXXXX
IXXXXX XXX XXX XXXXXX XX XXX XXX XX XXX XXX XXXX
program emanation
real:: r,radio,radiop,pi,phy,theta, dist,DD,density,EmFactor, TIME1, TIME2
real, allocatable:: x(:), y(:)
integer :: k.ks,int

open(unit=14 file="2radio-distribution-SiO2.txt’ status="unknown’)
pi=3.1415926

DD=0.0396 !ion range in Si02=0.0396um Rn-222
density=318309.886
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do j=1,1
radio=2%j
nt= int(density*(radio**2.)*pi)
radiop=radio-DD ! ring thickness

allocate(x(nt))
allocate(y(nt))
lallocate(z(nt))

k=0
ks=0
do i=1,nt

r=((radio™*2.-radiop**2.)*rand()+radiop**2.)**(1./2.)
phy=2.*pi*rand()

x(i)=r*cos(phy)
y(i)=r*sin(phy)
write(14,%) x(i),y(i)
'Radium decays and is emitted in random direction
theta=2.*pi*rand()
call distance(x(i),y(i),theta,radio,dist)
if (dist .gt. DD) THEN
k=k+1
x(1)=0.
y(i)=0.
end if

if (dist .1t. DD)THEN
ks=ks+1
X(i)=1.
y(i)=1.
lwrite(*,*)x(i),y(i)
end if
lwrite(*,*)theta,dist, ks k
end do
EmFactor=real(Ks)/(real(nt))
write(*,*)nt, ks, k,EmFactor
iF (ALLOCATED (x)) DEALLOCATE (x)
iF (ALLOCATED (y)) DEALLOCATE (y)
Call CPU TIME(TIMEL)
Nwrite(16,*) nt, TIME1
end do
iF (ALLOCATED (x(nt)) DEALLOCATE (x(nt))
iF (ALLOCATED (y(nt))) DEALLOCATE (y(nt))
Call CPU TIME(TIMEZ)
write(*,*) TIME2
end program
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Analysis of CR39 and LR 115 nuclear track detector response to neutron
flux of an 2*Am/Be source using natural boron as converter

J.J. Rojas?, D.F. Palacios?, M.E. L6pez?, Lenin E. Cevallos-Robalino?, H.R. Vega-Carrillo®
1 Pontificia Universidad Catélica del Perd, 2Universidad Politécnica de Madrid, *Universidad Auténoma de Zacatecas, México.
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INTRODUCCION

Las fuentes de neutrones como 2**AmBe, 252Cf, reactores nucleares y
neutrones césmicos, son usados para diversas aplicaciones, donde cada
una de las fuentes tienen como caracteristica principal el espectro de
neutrones, ademas del mecanismo de como los neutrones son
generados[1].

Existen diferentes métodos de deteccién de los neutrones, entre ellos
tenemos a los detectores de trazas nucleares como los LR 115 (nitrato de
celulosa) y el CR 39 (alil diglicol carbonato) los cuales son usados con
algun tipo de convertidor [2]. El objetivo del trabajo es poder medir la
presencia de neutrones debido a una fuente de 2**AmBe usando
detectores de trazas nucleares y poder discernir trazas debido a la
reaccion (n,a) y fondo por la presencia raddn y sus descendientes
principalmente.

MATERIALES Y METODOLOGIA

Se uso como convertidores boro-lucita y polietileno, para detectar
neutrones en forma indirecta, mediante las reacciones nucleares

198(n,a)’Li cuya seccién eficaz para neutrones es de (0=3840 b) y (n,p)
para neutrones rapidos produciendo particulas cargadas alfa y protones
respectivamente. Las particulas alfa de la reaccién antes mencionada son
de 1.47 MeV, estas particulas alfas interacttan con el CR 39 y LR 115
donde pueden causar dafios en la estructura polimérica y dejar trazas
latentes al igual que los protones, el cual a través de un proceso de
revelado quimico (CR 39, T=70°C, KOH a 6.1 N con un tiempo de
grabado de 8 horas y media), (LR 115, T=60°C, NaOH a 2.5 N con un
tiempo de grabado de 1 hora y 45 minutos) pueden ser observadas con
un microscopio 6ptico. Los detectores fueron irradiados con una fuente de
neutrones de 2**AmBe cuyas caracteristicas son, actividad inicial de 100

mCi, flujo de 6 (n/cm?s) a 50cm [3]. Sin embargo, el experimento se
realiz6 a 10 cm de la fuente durante 42 horas.

Figura 2: Exposicion de las diferentes
configuraciones de detectores trazas
nucleares una fuente de ?**AmBe a una
distancia de 10cm.

Figura 1: Diferentes configuraciones de
los detectores tanto con CR 39, LR 115
con boro y polietileno.

La lectura de los detectores fue a través del software ImageJ donde se
elaboro un macro el cual fue calibrado a las escalas del tamafio de las
trazas, tomando ciertos criterios de visibilidad para poder discriminar
trazas debido a las reacciones antes mencionadas y fondo.

Figura 3: Instrumentacién necesaria para el
procesamiento de datos luego de la
exposicion de los detectores a una fuente de
neutrones; un bafio Maria, un microscopio
6ptico, solucién quimica de KOH y NaOH.

Figura 4: El conteo de las trazas, se realiza
con el programa en ImageJ , a través de un
macro, como se puede observar en la
figura.
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Figura 6: Distribucion de huellas
generadas en el detector CR 39 con boro
natural y lucita, donde las trazas son los
circulos con contorno oscuro. Se nota
claramente que la morfologia de las trazas
son completamente diferentes a los
observados en el LR 115, por tener
diferentes parametros tanto de angulo
critico v ventana de eneraia ademas de su

Figura 5: Distribucion de huellas
generadas en el detector LR 115 con
boro natural y lucita, las huellas son los
puntos blancos, estas son generadas
por la interaccion de las particulas alfa y
el detector.

Figura 7: Distribucion del tamafio de
las trazas en el CR39 debido a la
reaccion (n,a) , cuyos valores estan en
el rango de (10000 -35000) pixeles?

Figura 8: Distribucién del tamafio de
trazas en el CR 39 debido al fondo del
del medio ambiente, cuyos valores
estan en el rango de (3000-10000)
pixeles?

CONCLUSIONES

Dado que la seccién eficaz del 1°B para la reaccién nuclear (n,a) de
neutrones térmicos es bastante mayor que los rapidos y de acuerdo al
espectro de neutrones de la fuente de 2**AmBe a 10 cm de la fuente

donde el flujo es de 150 (n/cm?s), la lucita debido a la presencia de
nucleos ligeros en su estructura ha moderado los neutrones los cuales se
reflejan en las trazas obtenidas en los CR 39, donde los didmetros son
considerablemente mayores que las trazas del fondo, esto debido a la
baja energia de las particulas alfa el cual se caracterizada por grandes
diametros como se muestra en las figuras 7,8.

La respuesta del detector LR 115 comparado la respuesta del CR 39
mostré tener mayor eficiencia, esto debido al tipo de configuraciéon y
posicion de la fuente respecto de la parte sensible del detector. Los
resultados frente a la reaccién (n,p) no fueron satisfactorios en el LR 115,
no se pudo observar las trazas, mientras que en el CR 39 debido al alto
fondo de los detectores existe una gran incertidumbre, en la
discriminacion de las mismas.
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INTRODUCTION

Neutron sources, such as 241Am/Be, 252Cf, nuclear reactors and
cosmic neutrons, are used for diverse applications, where each of
the sources has as main characteristic the neutron spectrum, in
addition to the mechanism of how neutrons are generated 1]. The
neutron-scattering method is widely used in agriculture, forestry,
hydrology, and civil engineering, for measuring the water content
of soil [2]. The neutron’s sensitivity to specific types of atoms can
be high, but it further depends on neutron energy which in turn
decreases with every interaction[3]. A the aim of this work was to
develop a simple model (soil and neutron source) to analize the
answer through neutron spectrum the water content in soil.

MATERIALS Y METHODS

A three-dimensional geometry is used, where the universe is a
1000 cm sphere, which is divided into two parts air and soil media.
In the soil, there is a 500 cm deep seamer where the neutron
source is placed at 125 cm 2Am/Be or 252Cf. The fluences in the
z-axis are measured along the hole, to determine how
backscattered neutrons affect the spectrum. The simulation was
done through MCNP5, since neutrons undergo many interactions
solve analytically does not become practiced.

Standard soil sample and soil sample of 5% and 50% water
content was used.

Figure 1: Geometry used in mcnp where 5 is air, 4 ground, 3
is the hole and the neutron source is the small white rectangle.

Table 1: Chemical elements present in the soil with their respective
molecular weights [4].

70

RESULTS

Figure 2: Contribution of the scattered
neutron fluence due to 2*Cf.

Figure 3: Fluence at different distances from 252Cf neutron source with respect to the
z-axis in standar soil.

Figure 4: Fluence at different distances from 2*!Am/Be neutron source with
respect to the z-axis in sol with 5% of water content.

Figure 5: Fluence at different distances from 2*:Am/Be neutron source with
respect to the z-axis in sol with 50% of water content.

CONCLUSIONS

As can be seen, there is a slight contribution of the neutrons dispersed to
the total fluence due to the elements present in the soil. It is quite
noticeable when the #2Cf source is used. For soil with 5% and 50% of
water content it is observed that the flow to distances greater than 75 cm
from the source there are no significant differences. However, for smaller
distances there is a dispersion in the fluence due to the contribution of
backscattered neutrons with 2*Am/Be neutron source.
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INTRODUCCION

El is6topo Rn-222 es formado a partir del decaimiento del Ra-
226, este gas radiactivo tiene mucha movilidad, puede
desprenderse del suelo y las rocas a las fisuras o interticios
(poros) de los granos del suelo y mediante procesos de
transporte como difusiéon y conveccién. Puede exhalar a la
atamésfera, acumuladndose en lugares cerrados como viviendas,
lugares de trabajo, cuevas, etc, pudiendo representar un riesgo
para la salud. Este proceso de desprendimiento del radén de las
granos del suelo a los poros se denomina emanacién de radoén.
Si se conocen pardmetros como el factor de emanacion,
porosidad y contenido de Ra del suelo se puede calcular la
concentracion en los poros y por tanto estimar el radén
exhalado por determinado mineral.

FUNDAMENTO

Solamente la fraccién de radén que logra dejar los granos y entra
en el volumen de los poros del suelo es considerado como radén
que emana de los granos. Esta fraccién es conocida como
coeficiente de emanacion o factor de emanacion €. Cuando el Ra
decae, por conservacion de momento el Rn tiene una energia
cinética de 86 keV (Rn-222) y 103 keV (Rn-220). La distancia que
puede moverse en un grano de mineral depende de la densidad
y composicién del material, los rangos para minerales comunes
estan (0.02-0.07 pm)[1]. Este mecanismo junto con el contenido
de los poros llenos de agua o aire y la distribucién de Ra, asi
como el tamafio de grano determinan la fraccion de emanacion

31.

Figura 1: Proceso de emanacion de radén de un grano de
suelo, donde se observa tres posibles casos.

METODOLOGIA

En la simulacién, se asume un circulo de radio R el cual emula
un grano del suelo que contiene una distribucion uniforme de Ra-
226, se generan N histérias donde (i=1,N) representan a los
atomos de Ra, el cual decae generando un atomo de radon y
una particula alfa, aleatoriamente se genera un angulo 6 el cual
define la direccién que seguira el atomo de radén. Se asume
SiO2 0 UO2 como material del grano, donde el rango de enegias
86.3keV (Rn-222) y 103keV (Rn-220) son 0.043um y 0.036 pym
respectivamente el cual es calculado con SRIM-2013 [2],
ademas se estudia un segundo caso donde el Ra esta distribuido
uniformente en una seccién de anillo del circulo de espesor igual
al rango del Rn (D) en el material SiOz2.

Figura 2: Modelo de proceso de emanacién en
2-dimensiones, donde R es el radio del grano, ¢
y r determinan la posicién del Ra, 8 angulo
aleatorio el cual determina la direcciéon de
emisién del a&tomo de Rn.
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Figura 3: Distribucién de atomos
de Ra en un grano de suelo SiO2,
con una distribucién uniforme.

Figura 4: Distribucién de atomos de
Ra en un grano de suelo SiO2, con
una distribucién uniforme en un anillo
con epesor igual al rango que el radén
recorre en dicho material.

Figura 5: Coeficiente de emanacién del Rn-222
y Rn-220 en SiO2, para una distribucion
uniforme de Ra, con didametros diferentes.

Figura 6: Coeficiente de emanacién del Rn-
222 y Rn-220 en SiO2, para una distribucién
uniforme de Ra en un anillo con epesor igual
al rango que el radén recorre en dicho
material, con diametros diferentes.

CONCLUSIONES

Se observa que el coeficiente de emanacién depende de la
distribucion del Ra en el grano asi como del radio del mismo. Una
distribucion de Ra en un anillo de espesor igual al rango que
recorre el Rn en el material, sugiere un mayor coeficiente de
emanacion el cual se condice con los medidos
experimentalmente obtenidos en [1], dichas medidas encontraron
las concentraciones de Ra no es uniforme en todo el grano,
observandose una concentracion en una capa fina en las
vecindades del la superficie del grano. Por lo tanto, una
distribuciéon uniforme de Ra en todo el grano no refleja la
distribucion de Ra en el grano y su correspondiente €.
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Introduccion

Radon

.Earthquakes
.Fossil fuels

Figurel: Radon exhalation from soil, radon get into home Health Canada [1] .
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Introduction

Radon
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Detection methodology

Pasive method (Nuclear track detectors)

Nuclear tracks due to alpha particles

O

Figure3: LR 115 type Il Figure4: CR 39

This detectors have different responses not only because the window
energies, but also their structure.
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Detection methodology

Active method

Figure6: Radon concentration

Figure5: ALPHAGUARD every 10 minutes.
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Detection methodology

LR-115 type I

It has a critical angle which
depends on the energy and
etching conditions.

AFE
ecrit (E)

Figure7: Cellulose nitrate film

The choice of the detector LR-115 is made in view of the fact that LR-115
detectors do not develop tracks originating from the progeny alphas deposited
on them (Eappen et al., 1988; Nikolaev and llic, 1999; Durrani, 1997) and
therefore are ideally suited for air concentration measurments (Eappen and
Mayya, 2004)
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Monte Carlo Simulation
Critical angle using track test program

Figure 8: Track test program [4].

79



Monte Carlo simulation

Development of code to detemine the effective
volume

Angulo critico para LR-115
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Monte Carlo simulation

Effective volumes of radon and its progeny
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Figure 10: effective volume for bare mode L-115.
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Monte Carlo simulation

Thoron diffusion

Figurell: Thoron exhalation of the soil or wall.
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Experimental methodology

.G2 monitors and bare mode LR-115 type 2 detector

Detector /

LR-115 tipo 2

Figure12: Geometry of G2 monitor.  jg,re13: General view of G2 monitors

and bare mode LR-115 detectors.
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Experimental methodology

.Two experiments were carried out:

.The first is the exposure of the G2 monitors and bare detectors (
attached to the wall of the accumulation chamber) to three exposures
which are low, medium, and high.

.The second is the exposure only of bare detetors to determine
thoron influence.
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Experimental methodology

First experiment

The detectors were exposed to three radon exposures, 296.96, 704.40 And
8297.27 Kbgh/ms.

Figurel4: Scheme of the First
experiment.
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Experimental methodology

.Second experiment

The bare mode LR-115 type 2 detectors were exposed to radon exposure of
544.88 Kbgh/m3.

Figurel5: Scheme of the second
experiment.
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Experimental methodology

Exposures

Figure 16: Different exposure in the
radon chamber.
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Experimental results

First experiment G2 calibration factor

Tracks/mm?
Foy =0.01291 £0.00105 ————
(Fgy= 0012 KB

Exposition

Figurel7: Calibration factor for G2
monitors.
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Experimental results

Intercomparasion (Universidad de Cantabria (LARUC))

Figure 18: The result of
intercomparison was
1.3 times the reference
exposure.

(kBgm/m3) +%

reference exposure 275.0 1886.7
(kBgm/m3)
Mean exposure 357.5 +£15.0 2452.7 +0.6
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Experimental results G2

Intercomparasion (Universidad de Cantabria (LARUC))

Figure 19: Afther eliminate atypical
value the result of intercomparison
was 1.13 times the reference exposure.

2
Oy = 001532+ 0203+ Lrocke/mm

KBgh/m?
reference exposure 275.0 1886.7
(kBgm/m3)
Mean exposure 305.5 + 10.6 2123.7 £ 0.6
(kBgm/m3) %
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Conclusions

.The G2 can discriminate thoron, radon daugthers and avoid aerosols.

.The results were appropiate however, the tests continue to guarantee
compliance with the accuracy criteria.

.t is possible to calibrate detectors using soil and uranium ore.
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Rojas, J.J., Pérez, B., Lépez, M.E., (2022). An approach to the measurement of radon
permeability and transmission factor using CR-39 detectors inside a diffusion chambers
exposed in a new-build radon chamber. Radiation Physics and Chemistry, submitted and
review. https://dx.doi.org/10.2139/ssrn.4252598

. Bonifaz, A. P., Moliné, O. B., Schneider, J. O., La Rosa, B. L. R., Hancco, J. R.,

Rojas, V. G., & Herrera, M. E. L. (2020). Simple and low cost alternative method
for detecting photoneutrons produced in some radiotherapy treatments using SSN'TDs.
Applied Radiation and Isotopes, 161, 109169. https://doi.org/10.1016/j.apradiso.
2020.109169

Vilcapoma, L. L., Lépez Herrera, M. E., Pereyra, P., Palacios, D. F., Pérez, B., Rojas,
J., & Sajo-Bohus, L. (2019). Measurement of radon in soils of Lima City-Peru during the
period 2016-2017. Earth Sciences Research Journal, 23(3), 171-183. https://doi.org/
10.15446/esrj.v23n3.74108

Rojas, J., Palacios, D., Pereyra, P., Pérez, B., Bohus, L. S., & Lépez, M. E. (2018).
A semi-empirical approach to estimate the parameters determining the LR-~115 detector
response in radon measurements. Radiation Measurements, 118, 36-42. https://doi.
org/10.1016/j.radmeas.2018.08.005

Chacin, G., Sajo-Bohus, L., Hancco, J. R., & Espinosa, G. (2018). Jung’s Theorem
Applied in Nuclear Track Methodology. Journal of Nuclear Physics, Material Sciences,
Radiation and Applications, 6(1), 51-55. https://doi.org/10.15415/jnp.2018.61008

94


https://dx.doi.org/10.2139/ssrn.4252598
https://doi.org/10.1016/j.apradiso.2020.109169
https://doi.org/10.1016/j.apradiso.2020.109169
https://doi.org/10.15446/esrj.v23n3.74108
https://doi.org/10.15446/esrj.v23n3.74108
https://doi.org/10.1016/j.radmeas.2018.08.005
https://doi.org/10.1016/j.radmeas.2018.08.005
https://doi.org/10.15415/jnp.2018.61008

Events

e The XVIII International Symposium on Solid State Dosimetry held from Septem-
ber 24 to 28, 2018 at Oaxaca, Oax., México. ” Analysis of CR39 and LR 115 nuclear track
detector response to neutron flux of an 241Am/Be source using natural boron as conver-
tor”

e XIV International Symposium on Radiation Physics help from may 23 to 25, 2018
at Puebla, México. ”"Development of LR-~115-based radon monitors and their calibration
using soil as radon source in a chamber an the comparison with Monte Carlo simulation”

e XI Congreso Regional de Seguridad Radiolégica y Nuclear. April 2018, La
Habana Cuba. ”Determinacion del facor de emanacién de radon en los granos del suelo
a través de simulacion Monte Carlo”

e 1% International Symposium on Environment ionizing radiation and its impact
help from january 16 to 20, 2017 at Cuenca, Ecuador. ”Enfoque semi-empirico para la
calibracién de detectores LR-115 en camaras de difusion para mediciones de radén”

Stage

e Instituto Peruano de Energia Nuclear (IPEN) - en convenio con Universidad
Nacional de Cordova (Argentina). November 2018, ” Training Course in Nuclear
Reactors”

e Universidad Auténoma de Zacatecas, Unidad Académica de Estudios Nucle-
ares. May to July 2018, México. ”Training in Monte Carlo Methods”

e Universidad Nacional Auténoma de México Departamento de fisica experimental.
May 2018, ” detectors recognition to measure radon at laboratory”
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