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ABSTRACT

Numerical calculation of efficiency and calibration factors for CR39 detectors, in the detection of alpha particle
emitted by radon gas and its progenies. A software was employed for the latest version of the Monte Carlo code
together with SRIM2013. The results showed that, the initial energy influence is one of the important parameters for
the alpha detectors. Three methods have been used to calculate the calibration factor for CR-39 detector, and it is
found that, they are consistent. The optimum radius of the cylindrical can is 3.5 cm for 1.5 cm x 1.5 cm CR39
detector. It was found that the calibration factors calculated by mean critical angle and Monte-Carlo methods are
very closed, for both radon and thoron.
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INTRODUCTION

Solid State Nuclear Track Detectors SSNTDs arensitely used in environmental science and techrolog
Polyallyl diglycol carbonate, £H:¢0;, (CR-39) and made with cellulose nitrate materi@R-115 II) track
detectors are the most sensitive and popular detémt recording charge particles and neutrons][IFherefore,
several studies have been carried out to deterthmenain factors which affect the sensitivity, @ébchconditions
and the properties of the CR-39 and LR-115 polyaera track detector [5-6]. The passing of alphdigles
through CR-39 sample causes ionization of almdshalecules which close to its path in a cylindtizane. A zone
enriched with free radicals and other chemical ig3eis created along the path of the alpha partidhés damage
zone is called a latent track [7]. The latent trackated by charge particles, can be seen thrduglchemical
etching in the material surface by using an acidase solution with a certain normality [8]. Thatimum etching
conditions for CR-39 detectors were 6.25N, NaOHusoh at 78C for 7h [9]. In the chemical etching, the route
along the particle trajectory, track etch ratg)(\is faster than the rate of etching on the undgedasurface, bulk
etch rate (V). A pit is formed in the position of each trackhvetching progress [10].

By using the SSNTDs there are many ways to meamuilecalculate the radon gas concentration, somthese
methods are: 1- Calculation of detection probahil@- Calculation of the average etching criticalgle. 3-
Calculation of the calibration factor using spharicoordinates. 4- Calculation of calibration facteing the
equilibrium factor of radon and its progenies. Seddurement of the sensitivity factor. 6- Calculatid efficiency
of the detectors in response to alpha particlelfal-

Any device used for relative measurement shoulddbérated to convert its reading the value of sueaments.
The response of any radon dosimeter is the caliordtactor, in track density per unit integratechcentration
(Track.cm?Bg.m?>.d) or (cm) in dimensions of length, where &h0864 Track.ci¥Bg.m>.d. The calibration
factor can be used to determine the radon condimtranass and a area exhalation rate, effectigizina content,
radon diffusion coefficient and its diffusion lehgiThe calibration factor depends, not only ondghemetry of the
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used configuration (filter and bare) but also, cengnother parameters such as type of detectacibetefficiency
and the dimension of dosimeter [15-16]. The Monti@€approach is more convenient than the analytoa when
real physical dimensions of the detector are camsl The Mont Carlo simulation also enables deteation of
radial track density distribution on detector a Hottom of a diffusion chamber [16].

The aim of the present work is to estimate the ORd8tector efficiency, mean critical angle and seasitivity
factor by focusing on modeling and the respong@efietector to alpha particle using Monte Carldhdd with the
latest version of SRIM013 programs. All results @eompared with each other to focus on the optirnanditions
required to increase the efficiency of the CR-3&dior.

THEORETICAL WORK

1. MEAN CRITICAL ANGLE

One of the basic definitions of the efficiencyh® tprobability of detection of charge particle hg detector or it is
the ratio between the solid angbeof the incident particle to the total solid andfe

Let we assumed that a detector with the @gdixed on the surface of a sphere and there igl®aative source
positioned in the center of the sphere, using spilezoordinate [17];
dA r’Sin6 dd de _ sinB dO deo

dP = 4mr? 4mr? 41 M
02
1
.'-Pzifsinede 0;<6<6, , 0<o@p<2nm 2)
01
According to the definition of the critical angleé< 6 < 6., we have;
1 08¢ . 1
P= Efo sin6 d® = (1 — cos6) (3)
Or, in other words
1
e=5 (1 — cosB,) 4
whereb, is the critical angle. However, some researchsesl wther relation of efficiency like [18];
£ =~ (1 —sinoy) (5)
where 8; = g —6c (6)

The detector efficiencge) depends on the critical andle.) for track registration [19].

1.1. CALCULATION OF THE MEAN CRITICAL ANGLE

To calculate the mean critical angle; one needmtban analytical expression for the relation ofical angle with
alpha particle energy or range. This energy camesged in term of the range of the particle insite detector,
CR39 in the present case. It is found the polynbofithe range versus energy, the most suitablgnpohial which
describe this case is[20]:

RD(E) = bo + blERes + bZElzies + b3El§es + b4E}‘{es + bSEISQes For CR -39 (7)

where R (in mm) is the range of alpha particleg.{EeV) is an alpha particle residual energy in thege (0.1 to
10 MeV), b (i=0...5) are fitting parameters and their valaeslisted in Table (1).

Tablel. Thebest fit parametersfor b,

b(] b;[ bz b3 b4 b5
9.51342*10' | 0.00396| 2.69929*16 | 1.37928*1C0° | -1.42234*10 | 5.04952*10

The response function V@R (track etching ratio) for a certain value of Rean be adopted from [21];
Ver = 11.6 Rp**¢*  for CR — 39 (8)

It follows the relation between the response fuorctnd the critical angle written as;
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cosB.(x) = %R 9)
0, = cos‘l(v(;D)) (10)

According tothe above information, one can create a drawingdeioc andEges. and introduced fitting to curve
as shown in Figure (1), in order to create anaital relation between these parameters, thedtiolynomial is
written as;

0c(Eges) = .
) + alERes + aZE}g{es + aSElges + a4-El[§es + aSERes + a6El62es + a7El7kes + aSElges +
agERes for CR — 39 (11

Table 2. The best fitting parameters a,

-0.15045

0.02089

-0.00178
8.46819*1CF
-1.72089*1C°

QRIS |®

85.09436

-8.17899
3.77285
-2.0352
0.69029

90 T T T T T

Qe

(Méev)

ERes

Figure 1. Variation of the CR-39 critical angle(6,.) versus theresidual energy of alpha-particles.
The values of best fitting parameters are listed able (2).

The mean value of the critical angle for CR-3%d#ir can be adobted from [22];
<. >= = [} 8 (Eres) dEes for CR— 39 (12)

where Ethe initial energy of alpha patrticle.
This equation can transform to polynomial form aniten as;
1 1 1 1 1 1 1 . 1 1
<O >=a,+ aiE +aE + o asE] +a,Ef + o asE] +-aEY +oasi+ s agEl + - aoF] (13)

The best fitting parameters are listed in table (2)
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Table3. Theradon gas parameters

Nuclide | E, (Mev) | <62 > [
Radon group
Rr?* 5.49 71.97 | 34.52
Pt 6.00 70.97 | 33.63
PG 7.68 67.33 | 30.73
Thoron group
R 6.28 70.30 | 33.14
P 6.78 69.24 | 32.29
Bi* 6.08 70.72 | 33.49
P 8.78 64.98 | 28.85
324 " - 32
€
|
304 - 30
E(Mev)

Figure2. Thevariation of the CR-39 detecto efficiency with the alpha Partic initial energy using the mean critical angle calculation

Table (3) contains radon gas calculated paramagisn group energies and thoron group energigstenmean
values off; together with the calculated values of the efficie From Figure (2), we can see that the efficyenifc
the detector decreases as the energy of the cpartiele increases.

2. ANOTHER DEFINITION OF EFFICIENCY
The detector efficiency defined as the ratio betweember particles reach the surface of the datectd create
latent tracks on the detector bodyNo the total number of charged particles emitbgdhe source (N [23].

c=Na 19

In the case of more than one detector in the ddsimtle equation becomes;
Ny
E=7, (15)

i

Wherei is the number of detectors inside irradiationnehar.
An accurate and precise calibration of detectidiciehcy is very important for quantitative measments.

3.MONT-CARLO METHOD

Whenever you need to make an estimate, radon esg@osie, alpha particle probability, or decisionendthere is
significant uncertainty in your results, you'd belwadvised to consider Monte Carlo simulation. MoiCarlo
methods are a broad class of computational algostthat relies on repeated random sampling to rolvtamerical
results; typically one runs simulations many timmeer in order to obtain the distribution of an uatkm
probabilistic entity. Random number generatorsused in computer simulations, which are small progr which
generate random numbers as outputs by using soitablsualgorithms. The creation of randomly disgtdd
number can be done by Fortran language (CALL RANDBMMBER (RN)), where RN is random number
0<RN<1.

Since alpha decays are a statistical applicatiomected to the probability of decay for a certairclaus, which
mean it is a random distribution, or in another cae apply the Monte-Carlo simulation of such openg[24].

Let us assume that alpha particle hit the detdmtgurolar angled and from random directions presented by the solid
angleg, and according to this assumption, the applicatibMonte-Carlo simulation depends on; a- The eifec
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volume in front of the detector, which is fully ttibuted with alpha patrticles. b- The coordinatéshe point. c-
Number of detectors present.

In the case of circular shape detector and thet@ffevolume of the container is a cylinder, (whiskappreciable in
this case), with length;Rnd radius q, which is equal to the radius ofdégector, Figure 3.

Any point P inside the effective volume has a comtks P(r,§,¢), where r , t represent the distances of the @int
from cylinder axis and the detector respectivehd @¢ are the coordinates of the incident angle of alpdudicles.
The point P(r,8,0) is falling inside the effective volume if it falvs the conditions;

r = q%/RN; 0<RN; <1
t = R;RN, 0<RN,<1
COSO =RN, 0<RN;<1
@ = 2mRN, 0<RN,<1 (16)

Where NR, NR2,NR3,NR4 are random numbers.

Let, we  will have N points inside the effective  wole, having coordinates
P(1;, t;, 05, ;). For large values of N, for more precise resuiese points will consider as emission points ohalp
particle inside the effective volume.

Figure3 Thecylendrical effective volume

After creations of these points inside the volume can apply certain rules that these points shobgy in order
to be sure that any emit alpha particle will reiehdetector and record a latent track on it ( raber that, some of
particles reach the detector, but do not recordti@ok due to the etching condition). From Figurev8 can write;

-
% = Cose
6; = COS™*(RN;) (17)

where x is the distance that alpha particle travel frora foint P(rj, t;, 0;, ¢;) to the detector surface. So the
conditions are;

1- q> @

2' Xi < Ri

3- 0; < 6,

4- R}ycosB; > h

5- Eres < E; (18)
where
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Q0 = ¥/rZ +t7 + t?tan26 + 2rt tanBCOS( (19)
Eges = E; — E. (20)

)

00 is the distance between the detector center Qrengoint Q, Ris the maximum range of alpha particles in air
(mm), 6; is the incident angle of alpha particle on theedtlr surface, h is the thickness of the removgerl&rom
the surface of the detector (um) during the etclpiragess, kes. (MeV) is the residual energy of the alpha particle

after distance X in the air, and [®eV) is the initial energy of the particle emidtéom the source.

The above conditions need to: a- describe theerafglpha particle in the air by the polynomiad];2

R(E) = ¢, + ¢;E + ¢;E? + ¢3E3 + ¢, E* + ¢5E®

for air

Table4. The best fit parametersa,

Co

C1

C2

Cs

Cy

Cs

0.7163

2.92139

0.1582b

0.10016

-0.01Q917

3.37885410

(21)

b- Describe the energy consumed by alpha paitidievelling a distance; xin the air, by the polynomial;

E(x) = aj, +ajx + a3x? + a3x> + ajx* + afx®

Table5. The best fit parameters a;,

a*

"
a

.
az

at

at

"
as

-0.20964

0.34209

"0.00932

3
1.92765*10

4
-2.05317*10

8.5793*10°

C- Calculate the residual energy from;

Eres = Ej

—E,

j

d- Calculate B; the range of alpha particles in the detector
e- Calculate the mean etching critical angle<

RESULTSAND DISCUSSION

(22)

Tables (6,7,8,9) show the detector efficiency fadlan and thoron and their progenies calculated bptdtCarlo
method, and Figure (4shows the behavior of the efficiency with enerdyalpha particles. We can see that the
behavior of the efficiency is the same for bothmoels of calculations (Monte-Carlo and Mean Critisagle). The
efficiency increases linearly with the detectorndégier D. Combine the methods for calculations &€iehcy, one
can see that; the efficiencies are almost equakifused detector radius 3cm as shown in Figurehichnis the

range of alpha particle emitted from radon in a0][

Table 7. The detector efficiency Table 8. The detector efficiency Table 9. The detector efficiency

D':1.5cmh=0um D=17cm h=0um D=3cm h=0um D=6cm h:O,um
Nuclide [ E,,(Mev) | ¢ Nuclide | E,,(Mev) | ¢ Nuclide | E,,(Mev) | &, Nuclide | Eq,(Mev) | &
- Radon group Radon group Radon group Radon group
anu 5.49 15.88 R 5.49 26.64 R 549 26.64 RIP% 5.49 35.15
POZM 6.00 14.09 PFE 6.00 24.42 PFE 6.00 24.42 P8 26.00 | 33.59
Pd 7.68 9.82 PG 7.68 18.03 PFY 7.68 18.03 PF¥ 7.68 28.21
- Thoron group Thoron group Thoron group Thoron group
anle 6.28 13.21 R 6.28 23.22 R 6.28 23.22 RIP% 6.28 32.73
Po™ 678 | 11.82 PG™ 6.78 | 21.18 PG™ 678 | 2118 PFT 6.78 | 31.28
Bi 6.08 13.83 Bi% 6.08 24.07 Bi%= 6.08 24.07 Bi?" 6.08 33.35
Pg™ 8.78 7.98 PF¥ 8.78 14.95 PFT 8.78 14.95 PF= 8.78 24.75
28
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Figure 4. variation of the CR-39 detector efficiency
function of the alpha particlesinitial energy
using Monte Carlo.

Figure5. variation of the CR-39 detector efficiency as
function of the alpha particlesinitial energy using Monte
Carlo the mean critical angle.

4.1 THE RELATION BETWEEN THE CALIBRATION FACTOR AND THE EFFICIENCY
The mathematical and physical relation connect&tfi@iency and the calibration factor is writtes.a

K= €Rq

(23)

whereR, is the range of alpha particle in the air, K is talibration factor measured by unit length.

The calculated values of the calibration factangthe two methods are present in Table (10} Whvious from
the table that, the values are nearly the samenwie detector diameter equal to 6cm. The valfigsuoing group
are always higher than that for reading group dmsl is in consistence with the nature of thoron.ahke the
radioactivity concentration of thoron group alwdgss than that of radon group, due to the effijeof thoron
group is less than radon. Initial energies of thgoowup always larger than radon group

Table 10. The calibration factor

) Track/cm? Track/cm? Track/cm? Track/cm?
Nuclide | Ko, (TT;C’;{Z" ) | Kwmonte (W) Kuonte (W) Kuonte (W) Kuonte (W)
D = 6cm D =3cm D =1.7cm D =1.5cm
Radon group 0.33 0.32 0.22 0.14 0.13
Thoron group 0.49 0.46 0.31 0.19 0.17

The values of K measured by many researchers dfiegent experimental methods and criteria waerthe rages
0.1 to 0.4 Tr.cif/( Bq.m*.d) for CR-39 detector [23].

However, the calculation of the calibration fadimr CR39 detector using the analytical relation][24

Kzi r(2 sinec—RL) For r< R, (24)

K=-R, sin? 0, For r =R, (25)

B R

Where r is the radius of the can (chamber diffusion

Table 11. The calibration factor

Track
“emZ_ —
Nuclide (Gam=g) r=35¢m
Radon group 0.22
Thoron group 0.32

Many experimental works to measure the calibratémtor were performed and different values havenlggeen,
some
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CONCLUSION

In the present work we calculate the efficiency #relcalibration factor and it is found that;

1- The efficiency of the detector depends on thamaitical angle, which is depends on the typ¢hefdetector
and alpha particle energy

2- The efficiency depends on the response fundétidty)

3- The optimum diameter of emanation can be TacBicm x 3 cm, CR39 detector.
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