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Abstract

Simulated and measured calibration of PADC detectors is given for cylindrical
diffusion chambers employed in environmental radon measurements. The method is
based on determining the minimum alpha energy (Emin), average critical angle
(<0c>), and fraction of 218Po atoms; the volume of the chamber f1), are compared to
commercially available devices. Radon concentration for exposed detectors is
obtained from induced track densities and the well-established calibration coefficient
for NRPB monitor. Calibration coefficient of a PADC detector in a cylindrical
diffusion chamber of any size is determined under the same chemical etching
conditions and track analysis methodology. In this study the results of numerical
examples and comparisons between experimental calibration coefficients and
simulation purpose made code. Results show that the developed method is applicable
when uncertainties of 10% are acceptable.

Keywords. Radon; PADC; calibration factor; Monte Carlo simulation.
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1.- INTRODUCTION
Approximately half of the human exposure to radiation is due to indoor airborne radon gas
(

Rn) and his short-lived progeny. Polyallydiglicolcarbonate (PADC) type nuclear track

detectors (NTDs) are conveniently employed for integral measurements o f environmental
radon gas. The average airborne radon concentration can be converted into the radon decay
product concentration when the equilibrium factor is either monitored or known to have a
given value [Dixon 1999]. Thus, the induced track density is converted into a dose of radon
decay products.

The use of PADCs with diffusion chambers is the most reliable nuclear track methodology
to determine time integrated radon concentration levels; most conveniently applied for large
scale survey under different environmental conditions. The methodology requires detectors
to be calibrated in purpose made radon chambers with a relatively high concentrations (400
800 Bq.m-3).

Concerning indoor and workplace radioprotection aspects related to radon many worldwide
emerging laboratories are engaged in radon measurements employing nuclear track
methodology; that has several advantages as reported elsewhere. However, most of the
laboratories among the developing countries lack of financial support to acquire commercial
radon monitors, as well as radon chambers or open 226Ra sources.

That consequently requires some alternative procedure to determined calibration of purpose
made diffusion chambers. One of them is the Monte Carlo simulation. The drawback of
Monte Carlo calculations is the sensitivity of the computed values for various input data
which sometimes are not accurately known. Nevertheless, the validity of the calibration
factor by simulation has to be validated by experiment.
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1.1. Theoretical aspects on calibration
Radon concentration measurements can be performed employing e.g. PADC (CR-39TM) and
a diffusion chamber closed at the top with a semi-permeable filter; in this case the detecting
device is positioned in such a way that only the

Rn gas diffuses into the chamber while

the radon progeny, dust and water vapor are stopped by the thin film. A schematic sketch of
a cylindrical diffusion chamber is given in Figure 1. In that the geometrical parameters are
shown: H chamber height, R the cylinder base radius and Rdet PADC detector radius.

Figure1. A cylindrical diffusion chamber (with a height H and base radius R) with PADC
detector (with radius Rdet) placed on the inner bottom.

As the radon atoms randomly move inside the chamber at any point a given probability
exists to experiment alpha decay creating its progeny; that in turns with a restricted random
walk (deposition on the chamber wall) experiments a transformation in volume of the
chamber. Physical processes to be considered are: the alpha emitters in air (
deposited fraction of
and

214

Po and

Rn, non-

Po) denoted by “ 1” in Figure 1, and those fraction of

Po

Po that are deposited on the chamber wall, denoted by “2” in the same figure.

The total sensitivity Ssim of the detector [track/m /(Bq.s.m- )] is the sum of the partial
sensitivities that are multiplied by factors representing the partitioning of radon progeny
between air and the chamber wall and can be calculated as:
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S sim ~ P 0 + f 1 P l a + ^

^K1

}

(1)

“ f l p 1w + P 4 w ]+ P i p + P 4 p

Where:
Po, P u p1w and p4w: sensitivity respectively to

222

Rn

218

Po,

218

Po and

214

Po in chamber air

volume and wall p1p and p4p: sensitivity respectively to

218

Po and

214

Po

deposited on the detector.

It is reasonable to assume that all

214

Po-atoms are deposited before decay i.e. f4 = 0 justified

by its relatively large half- life, while f1 can vary between 0 and 1. All the variables in Eq.
(1) are determined by Monte Carlo simulations.

The average radon concentration C is calculated by, C = k p, where k is the calibration
coefficient (k=1/S) and p is the track density per unit irradiation time (track/m s).

One of the typical ways to apply the Monte Carlo simulations to study the detector response
in diffusion chambers, requires the knowledge of the minimum impinging alpha energy
(Emin) and the energy dependence of the critical angle 9c= ./(E), or the mean critical angle
<9crit>, and the air fraction of

Po (/1). These parameters depend on the chemical etching

conditions, the diffusion chamber geometry and the track analysis method.

The sensitivities of the CR-39 device also depend on detector size, manufacturing and , and
chamber dimensions. Having determined experimentally values of minimum energy and
dependence of the critical angle with energy for a given etching conditions, Monte Carlo
simulations provide the calibration factor for any chamber geometry and detector
dimensions.
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2.- MATERIALS AND METHODS
2.1. Considerations for Monte Carlo simulation
2.1.1. Range of variation of the mean critical angle
The critical angle 9c is the minimum angle at which alpha-particles will induce a latent a
track in the detector. In our case conveniently proved adequate for this study the TASL type
CR-39 SSNTD, with average value of 9c=15° (measured with respect to the plane of the
detector). This value was found to be suitable for particles registration [Hafez et al., Naim,
1992; Misdaq et al., 2001], assuming that a layer of about 10 pm is removed during etching
from the surface of the detector. Askari et al., [2008] reported different critical angles for
various radionuclides i.e. 44.7° for 222Rn, 39.8° for 218Po, and 21.7° for 214Po. Mansy et al.
(2006) argued that although the critical angle is energy dependent, varying from 10° to 30°,
as a suitable approximation the mean value of the critical angle can be taken for sensitivity
calculation of the detector. Etching conditions affect the bulk etching rate and the critical
angle [Somogyi 1980; Misdaq et al., 2001; Abu-Jarad et al. 1980].

The theoretical critical angle of the CR-39 detector is determined by the equation [Nikezic et
al., 2002]:

0c = sin -1

(2)

VVo j
where V0 is the maximal value of the V function (=Vt/Vb). They adopted the V function
given by Durrani et al., [1987] and found a theoretical critical angle o f 7.63°.

The average value of the critical angle is given by:

J

Ec

9 =—
J
AE

0 c i (E raes)d E fc

(3)

E„
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where AE= Ea-Emin, 9c(Eaires) represent the analytical equations of the critical angles 9c as a
function of the alpha-particle residual energy Eaires. A mean critical angle approximately
equal to 20° was found by Durrani et al., [1987].

Using PADC detectors in can and bare modes, Abo-Elmagd et al., [2009] estimated the
equilibrium factor F between radon and its daughters. They used an equation that is valid for
a critical angle equal to 20° for diffusion chambers satisfying the following conditions:
radius r < 3.5 cm, height h < 10 cm, and 0.4 cm < V/A < 1.3 cm.

Considering the critical angles values reported by different authors, in this paper we assume
the average critical angle ranging from 5 ° to 45° depending on experimental conditions.
Patiris et al., suggested that deposited radon daughters on PADC detectors could undergo
discriminative detection of using simulation.

2.1.2. On the minimum energy of alpha particles
The detector has a wide energy window for a-particles registration (from threshold value of
E ath=200keV up to 40 MeV) [Askari et al., 2008; Durrani et al., 1987; Saeed 2014]. There is
not minimum distance from the detector to induce an etchable track [Abu-Jarad et al., 1980],
since all alpha particles emitted by radon daughters deposited onto detector surface are
registered. Therefore, for the purpose of recording alpha particles emitted from radon or its
progeny, PADC detectors effectively do not show an upper energy value.

According to Khayrat et al., [1999], tracks formed by alpha particles with energies as small
as 100 keV can be visualized applying small etching times. With limited applicability since
in that region of values no linear response dominates. Fromm et al., [1988] and Reza et al.,
[2013] did suggested E ath 0.5 MeV for CR-39 detectors etched in 6 N NaOH at 70°C for 2h.

According to the literature, in the simulations we consider that the minimum energy is in the
range of 0.1 to 0.5 MeV depending on the device response linearity.
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2.1.3. Fraction of 218Po atoms decaying in the diffusion chamber active volume
The air fraction of

Po has its importance in sensitivity determination by Monte Carlo

simulations as given by Nikezic et al., [2014]. The value depends on the diffusion coefficient
of

Po atoms in air. Thus, the concentration of aerosol particles in the chamber volume

influences the system dynamical response. That in principle, may also depend on the relative
humidity, presence of electrostatic field within the chamber and the chamber matter itself
[Koo et al. 2002 and 2003], these authors conducted experiments to quantify the influencing
factors reporting that the best f- value for the non-deposited fraction was 0.4 for all cases.
They concluded that the deposition fraction does not depend on the shape and dimensions of
the diffusion chambers, nor on the internal surface matter.

McLaughlin et al., [1994] did show that a total deposition of
to Pressyanov [2008], the volume fraction of

218

Po exists, however according

Po f j ) can vary within 4-40% over the

studied range of diffusion coefficients, while 214Bi (+214Po) atoms are practically entirely
deposited. Results obtained by Nikezic et al., [2014], indicate that 6.6% of

Po atoms

decay in the chamber volume and the remaining 93.4% decay from the deposited state on the
inner walls of the chamber.

The deposition fractions determined by different authors were very different. The large
discrepancies among different approaches in the determination of the deposition fraction of
218Po underlined the necessity for additional experimental and theoretical work on this
problem. In addition, there is a problem that has been theoretically demonstrated by Palacios
et al. [2005] and Nikezic et al., op.cit that in fact exists a non-uniform deposit of radon
progeny inside chamber wall. Taking account the results described above, in this paper we
consider values ranging from 0< fi< 0.4.

2.1.4. Influence of different material in diffusion chambers
According to Pressyanov et al. [1999] there is a significant difference between the sensitivity
of metal-made and plastic cylindrical diffusion chambers. They found that experimental
sensitivity for metal-made chambers is in good agreement with the theoretical model based
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on diffusion of radon progeny inside the chambers. In which uncertainty in the sensitivity
might be related to possible variations of the diffusion coefficient of

Po atoms. This

uncertainty (for chambers of d=8 cm and h=7.5 cm) is expected to be less than 10%. For
plastic chambers of the same size they found a difference of 15% from the predicted by the
diffusion model. They concluded that the deposition of

Po atoms in plastic chambers

cannot be explained only by a simple diffusion. In correspondence with the above, values
and ranges of the parameters used in MC simulations in this paper were: E min from 0.1 MeV
to 0.4 MeY, mean critical angle from 5° to 45° and f 1 up to 0.4.

2.2. Experimental part

The National Radiation Protection Board or NRPB, developed a device for personal radon
dosimetry in mines; in that PADC detector (known by its trade name CR-39TM) is enclosed
in a plastic holder made of an upper and lower cover which snaps together, has proved to be
the most interesting device, especially because of its highly consistent response even for
different chemical etching conditions and different etching reagents. This device reported in
Figure 2 illustrates a passive radon monitor, which consists of a track detector placed inside
a container having a cm height, where radon can diffuse, thus referred to as a diffusion
chamber.

Figure 2. Schematics of a NRPB type o f radon detector that shows geometrical parameters
and passive detector
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The two covers one flat and the other having a spherical sector fit tightly to exclude
moisture, dust or radon progeny. The diffusion time of radon into the detector housing is
long enough to exclude the ingress of

Rn (thoron). This type of passive radon monitor

have been tested also in a severe environmental conditions as those found in mines and
satisfactory results have been always achieved as tests in several inter-comparison exercises
proved. Table 1 shows the different etching conditions of CR-39 detectors from different
providers and the used calibration factors. The NRPB-device copes well with the following
requirements [Mamont-Ciesla et al. 2010 Howarth et al 2003, 2007, 2006]:

•

High sensitivity, negligible fading, compactness, ruggedness, relatively low cost;

•

Response nearly independent of environmental conditions (including high humidity,
altitude pressure, presence of mud, etc.).

Table 1. Etching conditions and calibration factors for CR-39 detectors, from different
providers, exposed in NRPB diffusion chambers
Chemical etching conditions

Sensitivity

Concentration

Temperature

Duration

(tr.cm-2 /kBq.h.m-3)

of NaOH (%)

(°C)

(h)

22

80

18

2,5

20

81

18

2,7

20

81

18

2,5

20

40

11,5

2

20

80

18

2,6

20

80

18

3,4

25

75

8

2,8

Due to its reliability, this monitor was employed as reference to calculate the average radon
concentration at the selected site. Several types of diffusion chambers of different sizes were
exposed at a radon environment together with the NRPB monitor. All monitors were
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exposed at the same place and environmental conditions (average humidity 90% and average
temperature 16°C) during the same period of time (2 months). After exposure the CR-39
detectors were etched in a 6N NaOH solution at 70o for 6 hours. According to Table 1, the
etching conditions closest to the used in our experiment are 25% NaOH at 75°C during 8
hours. Thus, the sensitivity used to calculate the radon concentration from the induced track
densities in the PADC of NRPB monitor was 2.8 (tr.cm" ) / (kBq.h.m- ). A light transmission
microscope with magnification of X20 was used for the automatic track counting using a
digitalized image analyzer. For each detector on average 100 fields of view were analyzed.
The reference chambers were used to determine Emin, <9c>, and f 1 by means of a self
developed program based on Monte Carlo simulations. Table 2 shows the geometric
parameters of the studied diffusion chambers.

Table 2. Characteristics and geometry values of diffusion chambers
Chamber
Diameter (cm)
Material and
Height
Volume
geometry
Code
(cm)
(cm3)
Metal cylinder
258
A
8,3
3,3
H

Plastic cylinder

6,0

7,0

200

F

Plastic cylinder

6,8

9,0

470

E

Metal cylinder

7,2

9,8

400

N

Plastic cylinder

5,4

2,0

34

I

Plastic truncated
cone

Dmajor_6,5,
Dminor_3,8

7,3

160

Chamber
Code

Material and
geometry

A

Metal cylinder

F

Plastic cylinder

E

Metal cylinder

N

Plastic cylinder

I

Plastic truncated
cone

Detector
radius
(cm)
0,27
0,27

Chamber
diameter
(cm)
4,15
3,40

Chamber
height
(cm)
3,3
9,0

Sensitivity

0,29
0,27

3,60
2,70

9,8
2,0

3,21
0,30

0,29

2,58

7,3

0,36

0,62
0,51
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2.2.1. Description of the purpose made Monte Carlo program
The partial sensitivities of a CR-39 detector to radon and its progeny were calculated by a
self-developed computer program based on Monte Carlo simulations. The program performs
simulations of alpha particles (randomly sampled) emitted from the volume and inner
surface of the chamber and their registration by the detector.

For calculations o f partial sensitivities of the CR-39 detector to 222Rn, 214Po and 218Po three
parameter were considered: the mean critical angle <0crit> and minimum energy (Emin) of the
incident alpha particles, and airborne fraction of

Po atoms (f i). Threshold energy (Emin)

and the mean critical angle are determined from the experimental sensitivities, obtained in
the different diffusion chambers exposed to the same radon concentration CRn as:

£ exp,i “ Pi
CRn ’

(4)

where pi is the net track density rate registered in each detector (background corrected).
The values of partial sensitivities and fraction f 1 that generate the least square deviations
between the simulated and the experimental total sensitivities, or Min (^exp>i - Ssim) , enables
the estimation of the corresponding AE and <0crit>.

The program starts with reading the initial alpha-particle energies (

222

Rn 5.49 MeV,

218

Po

6.00 MeV, 214Po 7.68 MeV), experimental total sensitivity (Sexp,i), energy threshold (Emin),
average critical angle <0crit>, airborne fraction of

Po atoms (f 1), radius and height o f the

diffusion chamber (r, h), and detector radius (rdet).

The next step is to determine the coordinates of the emission points of the volume in front of
detector from which the alpha particles have non-zero detection probabilities, i.e., the so
called “effective volume” . For the calculation of partial sensitivities only the initial points of
alpha particles within the effective volume are sampled. The effective volume defines the
minimal and maximal distances in air from which the emitted alpha particles can be
detected; an alpha particle cannot be detected if is emitted outside this volume.
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2.2.1.1. Subroutine to simulate the effective volumes
This program calculates the effective volume in front of the CR-39 detector for alpha
particles of a given energy. The whole space in front of the detector is examined by the
selection of random points in the volume of the diffusion chamber. Reduction o f the alpha
particle energy from the emission point to the detector caused by air was calculated using
the SRIM 2013 software and the corresponding energy-distance dependences.

Only those points which fall within the effective volume are taken as starting points of the
alpha particles for the calculation of partial sensitivities. The effective volume, or its fraction
in the diffusion chamber, is calculated by applying the rejection technique.

2.2.1.2. Calculation of detector sensitivity
Three different sources contribute to the total track density (and sensitivity): (a) radon and
progeny in the chamber air (volume fraction), (b) progeny deposited on the inner chamber
wall including the filter opposite to the detector (wall fraction), and (c) progeny deposited on
the detector itself (plate out). Three separate subroutines were prepared, one for each source.
The incident alpha particle energy (i.e., isotopes) is defined in the program, which
automatically changes them. To ensure 0.1% o f the relative standard error the number of
“registered alpha particles” was taken as 105.

To calculate the detector sensitivity, input data about the chamber (radius and height) and
detector (radius) dimensions are needed. It is assumed that the detector has a circular shape,
whose area is the same as that of the detector used in the experiments. Several subroutines
are included in the MC code such as for the:

a) volume fraction: it calculates the sensitivity of CR-39 that is located in the bottom of
a cylindrical diffusion chamber, assuming that alpha emitters are in the chamber
volume. The program calculates partial sensitivities of the CR-39 detector in a given
diffusion chamber to 222Rn and 218Po. The output results are given in cm.
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•

•

•

'• • • •

b) wall fraction: it calculates partial sensitivities of the detector to

218

Po and

214

Po

deposited onto the inner chamber wall. The output results of partial sensitivities are
also given in the cm. It is assumed that radon progeny are uniformly deposited on the
inner chamber wall.

c) top fraction: it calculates partial sensitivities of the detector to

218

Po and

214

Po

deposited onto the top chamber (inner part of the semipermeable membrane). The
output results of partial sensitivities are also given in the cm. It is assumed that radon
progeny are uniformly deposited.

d) plate out: it calculates the sensitivity to radon progeny (

218

Po and

214

Po) deposited

onto detector (plate out). The calculation algorithm is similar to that used in the
subroutine for the wall fraction, but in this case it is not necessary to determine the
effective surface area since it is precisely the detector surface. It was assumed that
progeny are deposited homogeneously onto the detector itself. The results are also
given in cm.

Flow-diagram of cycles given in Figure 3 estimate the energy threshold, average critical
angle and fraction f

that generates least squared deviation between simulated and

experimental total sensitivities.

The parameters found are those that characterized the formation of registered tracks in CR39 detectors for the used etching conditions and mode of track analysis (Emin and <#crit>), as
well as the behavior of

Po atoms inside the chamber fj).

The above-described process was repeated with a smaller step around the values that
2
conditioned the minimum found. During the successive approximations the (Sexp-Steor)
function showed an oscillatory character, presenting local minima, but in all cases converged
to an absolute minimum corresponding to the desired solution.
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Figure 3. Flowchart of cycles used to estimate the energy thresholds, average critical angle
and the f 1 fraction.
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3.- RESULTS
Figure 4 illustrates a numerical example of convergence of the successive approximations.
In this case, the expected value of the mean critical angle was 20°. The different points
corresponding to the same critical angle are related to assigned values of Emin and f1 in the
cicles. As can be seen in Figure 5, the sum of square deviations, considering all possible
combinations of Emin and f 1 for each critical angle value, also converge for <9c>=20°.

Figure 4. Numerical example of convergence of the successive approximations

Figure 5. Numerical example of convergence: <9c>=20°.
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In the same way, the Monte Carlo simulations results for the other diffusion chamber are
shown in the Figure 6.

Figure 6. Numerical example of unit square deviations for different chambers.
Introducing in the simulation sensitivity values obtained experimentally (SEXP), together
with the geometric parameters o f each chamber and detector, through successive
approximations Emin, <9c> and f1 values were determined. The latter generate the least
squared deviation between SEXP and the calculated sensitivity (Scal). In the following table
these values are presented together with the minimum values of the deviations between SEXP
and Scal.

Because very low values of sensitivities in the different chambers were obtained, it was
considered that the radon concentration inside the different diffusion chambers was
approximately 50% of that obtained in the NRPB monitor, justified by the use of a relatively
low permeability membrane to radon, the presence of water vapor condensation on the
membrane and on on a lower degree on the detector itself due to the environment relative
high humidity, deposition of suspended dust particles and other limiting factors. Applying
the reduction factor our results compare well with those reported in the literature.
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Given that the physically Emin and the critical angle should be independent of the chamber
and detector geometry and dimensions and detector, their mean values were estimated.
Average values, the test chamber and detectors, the corresponding sensitivities were
determined. With the values of sensitivities of each detector exposed track densities
provided radon concentrations in the study site. The Table 6 shows the estimated radon
concentrations

and

percentage

deviations

(Calculated

as

(|Exp.-Theo.|/|Exp.|)X100)

compared to that obtained with the NRPB monitor.

Table 6. Experimental results and compared with calculated values.
Monitor

Emin
(MeV)

fi

Sexp
(cm-1)

Scal
(cm-1)

Min

0,2

<0C>
(degrees
)
40

F- b

0,2

1,24

1,23

3,05E-05

A- b

0,3

50

0,0

1,03

1,02

5,77E-05

N-b
I- a

0,1
0,1

45
55

0,0
0,0

0,60
0,72

0,64
0,75

1,39E-03
2,24E-03

From the above Table values, the parameters Emin, <9c> y f1 for the four test-cameras are
0,175 MeV, 47,5 ° and 0,05, respectively.

To assess whether the use of these parameters reproduced radon concentration estimated
with the NRPB monitor, these were used in the main program MC to determine partial and
total sensibilities for each of the camera. In the following table the results of the sensitivities
and calibration coefficients are reported; these data provide radon concentrations estimated
for each diffusion chamber employing track densities.

Also, provide percentages deviations from the value given by the NRPB device (97,25
Bq.m-3); uncertainties in measurements of radon concentration do not exceed 30%.
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Table 7. Radon concentrations estimated for each diffusion chamber employing track
densities and comparison with NPBR-monitor reference value
R
(cm)

H
(cm)

A

4,15

3,30

1,24

0,96

1,04

0,40

125,15

28,7

F

3,40

9,00

1,03

0,92

1,09

0,42

108,52

N
I

2,70
2,00

2,00
7,30

0,60
0,72

0,58
0,86

1,74

0,67
0,45

101,75
80,95

11,6
4,6
16,8

Monitorcode

SNRPB Srecalc
(cm)

krecalc
Bq.s.cm3/
(tr.cm-2)

1,16

□

krecalc
CRnrec
Bq.month.m- (Bq)
3/
(tr.cm-2)

(%)

By means of the developed program, with these parameters we can determine the calibration
coefficient of a PADC detector in a cylindrical diffusion chamber of any size, if chemical
etching conditions and mode of track analysis are the same as the used for calculations.

The corresponding f fraction is taken according to the A/V ratio of the chamber. In other
words, if another type of diffusion chamber is to be used, is not necessary to experimentally
determine the calibration coefficient by their exposure to known radon concentration.
Instead, simply enter their dimensions and the obtained values of Emin and <#crit in the
developed Monte Carlo code. It is important to emphasize that the etched conditions and
track analysis should remain unchanged.

Although the present experimental estimation of the critical angle is in good agreement with
Fromm et al. [1988], the use of different etching conditions and acquisition apparatus
resulted in a greater critical angle (15° difference) than the angle found by Dorschel et al.
[2002].

3.1. Validation of the simulation method
To evaluate the performance of the developed program we use experimental results of
sensitivities reported by different authors. Basic information of the chamber and etching
conditions are given in Table 3. In experiments, rectangular detectors were used but in
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calculation circular detectors were assumed with the same surface area as the used in
measurements. Most of the diffusion chambers were conical, so for simulations we used
their mean radii.

Table 8. Experimental conditions for comparison experimental and simulated sensitivities.
Chamber
number

Reference

Dimensions and
shape of the
chamber

Estimated
detector radius
(cm)

Etching
conditions

1

Mahlobo et
al.,(1992)

1,41

6 M NaOH, 70
◦C, 12 h

2

Garawi (1996)

1

6 M NaOH, 70
◦C, 2.5 h

3

Antovic et al.,
(2007)

1,775

6.25 M NaOH,
70 ◦C, 7 h

4

Ismail et al.,
(2011)

Conical chamber
Mean radius=3.05
cm
Height= 9.5 cm
Conical chamber
Mean radius=
3,625 cm
Height= 4.7 cm
Conical chamber
Mean radius=
2,9 cm
Height= 5,3 cm
Cylindrical chamber
Radius= 3 cm
Height= 7 cm

0,69

6 M NaOH, 70
◦C, 9 h

Comparison between experiments and calculation is given in Figure 7. Black “x” represent
results obtained by MC calculations and red points represent experimental values given by
Mahlobo et al., [1992], Garawi [1996], Antovic et al., [2007], and Ismail et al. [2011].

Positive values from error bars corresponding to the difference between sensitivity to f1=1
and the obtained (f1=0,5), while the negative values corresponding to the difference between
the sensitivity obtain to f1=0,5 and the obtained (f1=0).

The mean critical angle and minimum energy were assumed to be 20° and 0.1 MeV,
respectively. These values were taken from literature [Mansy et al., 2006; Khayrat et al.,
1999] and it may not correspond to the different etching conditions and characteristics of the
diffusion chambers. Since the detector sensitivity (f1) depends on volumetric fraction of
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Po, three calculations were performed assuming f = 1, 0.5, and 0. Calculation results are

presented as scattered points with the uncertainty bar. The upper value of the bar is obtained
for f = 1, while the lower is for f = 0. Scattered points correspond to f = 0.5.

Figure 7. Comparison o f experimental and simulated sensitivities for different chambers,
detector radii, and etching conditions

Inspection of Figure 7 shows that the result given by Ismail et al. [2011] is well above the
calculated sensitivity. Similar results were obtained also by Nikezic et al., [2014]. The
experimental sensitivity for chamber (2) is well below the calculated value. Probably, the
short etching time, different bulk etch rate and others influencing factors, correspond to
different parameters in the simulations.

According to Calamosca et al., [2003], the critical angle is inherently dependent on entire
detector analysis procedure, i.e. on the detector material choice, the chemical etching
procedure as well as the detector analysis method at the optical microscope. Figure 7 also
shows the simulated sensitivity for this chamber using 40° as critical angle and the same
minimum energy as before. As can be seen, in this case a very good agreement with the
experimental sensitivity obtained by Garawi [1996] was achieved. The results obtained by
the developed Monte Carlo code gave good agreement with Mahlobo [1992] and Antovic et
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al. [2007]. In general, detector sensitivities obtained by the main program are close to the
experimental results.

3.2 Experimental results
Table 9 shows the experimental sensitivities related to each chamber according to equation
(4). Due to the small values of sensitivities, it was assumed 80% of the radon concentration
estimated by the NRPB monitor. We considered that the semipermeable membrane at the
mouth of chambers was the responsible of that decrease.
Table 9. Experimental sensitivities for each chamber
Monitor
code

Density rate
2
(tracks.cm.month-1)

Radon
concentration
(Bq/m3)

k
Bq.month.m3/
2
(tracks.cm- )
0,50
0,60

Sensitivity (1/k)
(cm)

NRPB

97,25

F -b

196,05
129,39

A-b

155,70

0,50

0,77

E-a
N-b

810,15
75,83

0,10
1,03

4,02
0,38

I-a

90,23

0,86

0,45

0,78
0,64

Table 10. Monte Carlo simulations and experimental values
Monitor
Code

Emin
(MeV)

< ec>
(degrees
)

fi

Sexp
(cm-1)

Scal
(cm-1)

Min

F -b

0,2

40

1,24

1,23

3,05E-05

A-b

0,3

50

0,2
0

1,03

1,02

5,77E-05

N-b

0,1

45

0

0,60

0,64

1,39E-03

I-a

0,1

55

0

0,72

0,75

2,24E-03

By means of the developed M-C program, with these parameters we determine the
calibration coefficient of PADC detector in a cylindrical diffusion chamber of any size, if
chemical etching conditions and mode of track analysis are the same as the used for
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calculations. The corresponding f

fraction is taken according to the A/V ratio of the

chamber. In other words, if another type of diffusion chamber is to be used, is not necessary
to experimentally determine the calibration coefficient by their exposure to known radon
concentration. Instead, simply enter their dimensions and the obtained values of Emin and
<#crit in the developed Monte Carlo code. It is important to emphasize that the etched
conditions and track analysis should remain unchanged.

Although the present experimental estimation of the critical angle is in good agreement with
Fromm et al. [1988], the use of different etching conditions and acquisition apparatus
resulted in a greater critical angle (15° difference) in comparison to the angle value reported
by Dorschel et al. [2002]. In the results as reported by Eappen et al., [2002], the 212Po was
not considered.
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4.- CONCLUSIONS
Based on the concept of effective volume and surface a computer program for calculating
the PADC sensitivity for radon measurements with a diffusion chamber was developed. The
M.C. Code was used to determine parameter values required for sensitivity calculations
(Emin. 0c, and f 1) related to different diffusion chambers. These parameters can be used for
calibration of other designed chambers. The numerical examples and comparisons between
experimental and calculated calibration coefficients show that the proposed method is
applicable for uncertainties in order of 30%. These parameters were determined from a
series of conducted experiments. The measured and modeled sensitivity values have been
found to be in close agreement with each other considering a decrease in the inner chambers
of 50%.

A program based on Monte Carlo simulations was developed to compute the partial and total
sensitivities of PADC detector inside cylindrical and conical diffusion chambers for passive
monitoring of radon in the environment. The validity of the implemented algorithm was
proven by comparison of the calculated and experimentally reported sensitivities for
diffusion chambers of different geometries and detectors with different areas.

The theoretical approach in this work can be used to design new dosimeters, especially for
thoron, as currently used dosimeter devices exclude the
results of numerical

Po contributions. In general term,

examples and comparisons between experimental

calibration

coefficients with simulated one show that the proposed method is applicable for new
monitors.
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