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Abstract

This paper presents experimental and theoretical determination of CR-39 and Makrofol
calibration coefficients in diffusion chambers for radon measurements. Experimental
calibration was performed by irradiation of detectors in calibration chamber where radon
concentration was controlled with RAD7 device. Calculations were performed by the
previously developed software for CR-39 detector. In addition the software was modified to
enable calculation for Makrofol by implementing V function and other relevant data for this
kind of detector.

A good agreement was found between experimental and theoretical approaches. The
comparison enabled selecting V function for CR-39 that gave the best agreement with the
experimental results.

Optimisation of chamber and detector dimensions was theoretically performed for
different etching times. The dependence of calibration coefficient on ?'®Po deposition fraction
was also analysed.
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Introduction

Solid state nuclear track detectors (SSNTD) are commonly used for radon
measurements. Among them, the most often used are CR-39, LR115 and Makrofol. Detectors
are used as a bare or in a cup closed with filter paper which is called “diffusion chamber”.
Various designs and dimensions of diffusion chambers were described in literature and used
in practice. Some newer design were described by Calamosca et al., 2003; Csige and Csegzi,
2001; Nikolaev and Ilic, 1999; Nikezic and Yu, 2004; Sciocchetti et al., 2003; Torabi Nabil et
al., 2012 etc. The output result of detector application (bare as well as closed in a cup) was
track density per unit irradiation time. A detector in a diffusion chamber is pure radon
measuring device (if the filter is enough thick to stop thoron diffusion into the chamber), while
bare detectors can register all alpha emitters present in air: radon, thoron and their progeny.

To obtain the absolute value of average radon concentration during the irradiation, it is
necessary to convert track density per irradiation time to radon concentration, by using
calibration coefficient, k. Determination of k can be performed experimentally (Antovic et al.,
2007; Garawi, 1996; Ismail and Jaafar, 2011) by exposing of detector to the known
concentration under controlled laboratory conditions. Another approach is to calculate k by
analytical or Monte Carlo methods (Eappen et al., 2008; Palacios et al., 2008; Patiris et al.,
2012; Sima, 2001).

In this work, both methods, experiment and calculation, were applied in order to
determine CC for CR-39 and Makrofol detectors placed in various diffusion chambers. CC for
CR-39 was calculated by using different V functions found in literature and obtained results



were compared with calibration experiment. Optimal chamber and detector dimensions were
theoretically determined for different etching times. Dimensions that correspond to minimal
dependence of calibration coefficient on 2*8Po deposition fraction were also reported.

Materials and methods
Calibration Experiment

The calibration experiment has been performed in Plexiglas chamber (of 30 L in
volume) connected to RAD7 device (Durridge, Massachusetts, USA). A sample of uranium ore
has been used as a source of radon in the chamber. Figure 1 presents the build up of radon
concentration measured with RAD7. Four Makrofol (lupilon®, with the thickness of 300 pum)
and four CR-39 (TASTRAK®, 1 mm thick) detectors were placed in different semi-conical
plastic cups with dimensions given in Table 1. Open ends of the cups were covered with filter
paper in order to prevent radon progeny and aerosols from entering the detection volume. The
detectors were exposed for 9 days.

Table 1. Dimensions of cups (R1 — lower radius; R> — upper radius; H — height) and
detectors (radius Rp) used in the experiment

Cup dimensions Detector radius Rp [cm]
No Ri[cm] Rz[cm] H[cm] Makrofol CR-39
1 2.6 3.3 10 2.5 1.13
2 2.4 3.5 8.2 1.13 1.13
3 2.1 3 9.4 1.13 1.13
4 2.7 3.2 4.7 2.5 1.13
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Figure 1. The build up of radon concentration inside the chamber. Measured with
RADY7 device

After the exposure, CR-39 detectors were chemically etched in 6.25 N NaOH solution
at 70°C for 5 h. Makrofol detectors were etched for 2 h using PEW solution (15 g KOH + 45 g
H>O + 40 g ethyl alcohol) at the same temperature. The etched detectors were rinsed with
distilled water in order to stop further etching. The tracks were counted manually using optical



microscope with 1000x magnification. Background track density was determined by observing
unexposed detectors etched under the same conditions. Although some authors have reported
the ability of polycarbonates to absorb certain amounts of radon in its volume (More and
Hubbard, 1997; Pressyanov et al., 2000; 2003; 2004), a correction for radon absorption is not
considered in this study. This effect is probably not too significant as the calibration factor due
to radon absorption in Makrofol reported elsewhere (Pressyanov, 2009) is well lower than those
for diffusion chambers, considered in the present study.
Calibration coefficient was obtained using the equation:

k=L (1)

where p is the track density, At is the exposure time and C is the average radon concentration
calculated from the equation (Stajic et al., 2015):

At
IC(t)dt
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Parameters o, B and y were obtained by fitting the experimental data presented in Figure 1.
Accordingly, the mean radon concentration in the chamber was estimated to be 3350 Bq m
(the uncertainty of the estimate was calculated to be less than 8%, considering standard error of
the mean and RAD?7 calibration uncertainty).

Calibration coefficient is given in SI system in units (track/m?)/(Bg-s/m?) = m. In literature it is
also given in (track/cm?)/(Bg-h/m?®) or in (track/cm?)/(Bg-d/m?3).

Bulk etch rates corresponding to the current etching conditions were estimated by
gravimetrical methods. Masses of Makrofol and CR-39 detectors were measured before and
after the etching. An analytical balance with the precision of 0.1 mg was used for these
measurements. The values of (15 + 1) um h and (1.06 + 0.11) um h™* were obtained for
Makrofol and CR-39, respectively. These values have been used for theoretical calculations.

Determination of calibration coefficient by Monte Carlo calculation

Previously developed Fortran90 computer program named CR39_Sensitivity (Nikezic
et al., 2014) was used for theoretical calculation of calibration coefficient for CR-39 detector
in a conical or cylindrical chamber. The program calculates the partial calibration coefficients
for alpha particles produced by the decays of 222Rn, ?!8Po and ?'*Po (it can also be used for
thoron and its progeny). Three geometrically different irradiation conditions were considered
in this software; (i) alphas emitted in volume of the cup, (ii) alphas emitted by progeny
deposited onto cup walls (including filter) and (iii) alphas emitted by progeny plated out on
the detector itself. Partial calibration coefficients are different for all three exposure situations.
Total calibration coefficient, kit is obtained as a sum of partial calibration coefficients
according to the equation:

ktot = k0 + flkla + f4k4a + (1_ fl)klw + (1_ f4)k4w + klp + k4p (3)

where f; and fs are fractions of 2!8Po and 2**Po decayed in air of the cup, (volumetric fractions)
respectively; ko is partial calibration coefficient for 222Rn in cup volume (assuming that there
is no deposition of 222Rn); kia and Kkaa are calibration coefficients for 28Po and #'*Po in cup
volume, respectively; kiw and Kaw are calibration coefficients for 2:8Po and #'*Po deposited on



the cup wall; kip and kap are calibration coefficients for 2!8Po and 2Po deposited on the
detector (plate out) (Nikezic et al., 2014).

Partial calibration coefficients are calculated separately, and total calibration
coefficient is obtained by the formula given above. The following V functions for CR-39
detector were implemented in the software:

(A) V =1+ (11.45e %% 4+ 4e7°04%)(1—e ") (Durrani and Bull,1987)
(B) V =1+e R _g 127 4 o127 _ ol (Bryn et al.,1999)
(C) V :l+e—0.068 R'+1.1784 _e—0.6513 R'+1.l784( YU et al., 20053)

(D) V =1+ e—0.06082 R'+1.119 _e—0.8055 R'+l.119( Yu et al., 2005b)

390

(E) \ :1+W

In(R+1)-(L—e %)+ 5—0 (Hermsdorf, 2009)

where R’ represents residual range of alpha particles in CR-39. A detailed description of the
software was given by Nikezic et al. (2014).

The same software has been modified in order to calculate the calibration coefficient
for Makrofol. V function for Makrofol was found in literature (Benton and Nix, 1969; Somogyi
et al., 1976; Vancraeynest et al., 1997):

V =1+ aRELF 4)

where REL represents restricted energy loss (in MeV cm? mg™) assuming the threshold energy
for secondary electrons wo = 1 keV. The values of parameters o = 0.096 and = 2.82 have
been applied in calculation (Somogyi et al., 1976). For the particle energies below 2 MeV (0.5
MeV/nucleon), total rate of energy loss, dE/dx (taken from SRIM-2013 computer code)
(Ziegler et al., 1985) was used as REL. For the energies above 2 MeV, REL was obtained by
substracting the energy lost through close collisions from the total rate of energy loss (Benton
and Nix, 1969),

pe = (#)- (), ©

The term (E) was calculated according to formulae given by Somogyi et al. (1976).

X/ w>wg
V function for Makrofol determined in above described manner as a function of residual range
(R") is presented in Figure 2.
For the purposes of the calculation in abovementioned software, it is more convenient
to use one equation rather than data in a table, and points in Figure 2 were fitted by the
following function:

V(R) = Bi; aRiec®’ (6)

where a;i, bi and c; are fitting parameters presented in Table 2.



Table 2. Parameters of the function V(R’) for Makrofol obtained by fitting

1 2 3 4 5
a 0.1317 0.5222 0.3903 0.4660 0.0684
b 1.9551 -0.0481 4.2384 0.0632 0.5890
c -0.4055 0.0001 -1.4833 -0.0006 -0.0797
2.0
1.8
§,
1.6 ()
[1)]
> D
&-e—o & )
(I] 2I0 4I0 6]0 80 100

Residual range [um]
Figure 2. V function for Makrofol. Scattered dots are produced by Equation (4) and
data from SRIM 2013. Solid line is fit with Eq. (6) and parameters given in Table 2.

Results and discussion

Figure 3 presents comparison of the experimental results with Monte Carlo calculation
for CR-39 detectors placed in four different cups. Dash lines present the results of experimental
calibration. The highest calibration coefficient was obtained for cup 1.



Cup 1
20 P
18+
'§‘1s—_ T T === .
T o
T 14+
-
12t
10+
8 : :
A ¢ D E
V function
Cup3
20t P
18
T
o
e 1 e - —— .
=14+
el
-
12
10
8 ’
A c D E
V function

n
o
T

-
-]
T

k [x10° m]

- -
o N
T T

-]

k [x10° m]
> S

-
N

=y
o

-
o
T

-
s
T

Cup 2

-
=]

-
s

C
V function
Cup 4
(o]
- T - —
A B C E
V function

Figure 3. Calibration coefficients obtained from experiment (dash line) and software

(dots with error bars) for CR-39 detectors and five different V functions (A-E)

The range of calibration coefficients presented by error bars were obtained by
calculation for the values f;=1 and f,=0 (f1 is the fraction of 2®Po that decays in the air, before
the deposition). Previously mentioned five V functions have been applied. It can be seen from
Figure 3 that the functions A, B and E gave the best agreement with the experiment. The
intervals obtained using the function D included some of the experimental values while the
function C underestimates experimental results in all cases. Similar conclusion was made by
Nikezic et al. (2014) based on comparison with the experimental results reported by other
authors (references are cited therein). The dimensions of cups and detectors, as well as, the
etching conditions used in this work are different from those applied in the previous studies.
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Figure 4. Calibration coefficients obtained from experiment (dots) and software (error
bars) for Makrofol detector

Figure 4 presents the results of calibration of Makrofol detectors. All experimental
values fell into the intervals of theoretically obtained results. It can be seen that the experimental
results are either in the middle of the theoretical intervals, or even closer to the lower limits
corresponding to the fraction f;=0. It indicates that most of ?!8Po atoms decay after the
deposition. This result is in agreement with previous studies witch have suggested that
volumetric fraction of ?'8Po is probably less than 0.5 (Koo et al., 2002; Koo et al. 2003;
McLaughlin and Fitzgerald, 1994).

The uncertainties of the experimental values were estimated to be up to 20% for both
Makrofol and CR-39 calibration coefficients. The estimation was made taking into account the
uncertainties of all parameters appearing in equation (1).

Software was also used to investigate the dependence of calibration coefficient on cup
height. The height was varied with a step of 0.5 cm for fixed radii R1= 2.5 cm, R,=2.5 cmand
Rp = 2.5 cm. The results are presented in Figure 5. Calibration coefficient increases with
enlarging of cup height and it reaches a nearly constant value at H =~ 7 cm. This result is in
accordance with the fact that the range of alpha particles emitted by 2**Po (7.69 MeV) in air is
approximately 7 cm (SRIM 2013).
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Figure 5. Calculated calibration coefficient as a function of cylindrical cup height.
The dimensions R1=2.5 cm, R,=2.5 cm and Rp=2.5 cm were assumed.
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It is important to mention that the upper limits of error bars on Figure 5 (for both,
Makrofol and CR-39) correspond to fi=1. Besides, it is obvious that the ranges of error bars
increase with increasing of cup height. The dimensions of cups corresponding to the minimal
ranges of error bars are the most optimal from the point of view of decreasing the uncertainty
introduced in calibration coefficient due to the fraction fi.

20

18 -

A CR-39
10 | © Makrofol

IEEREREEE S

1 I

k [x10°3 m]
]

4 1 1 1
0.5 1.0 1.5 2.0 2.5

Rp [em]

Figure 6. Calculated calibration coefficient as a function of detector radius. The
dimensions R1=2.5 cm, R,=2.5 cm and H=5 cm were assumed

Figure 6 presents a slight increase of calibration coefficient associated with increasing
of detector radius. As expected, such increase is mainly observable for fi=0 (lower limits of
error bars). This result indicates inhomogeneous distribution of alpha particle tracks on detector
surface i.e. track density slightly increases with approaching the side walls of the cup. The cup
dimensions were fixed at: R1=2.5 cm, R>=2.5 cm and H=5 cm.



Software was also used for determination of optimal chamber and detector dimensions
that correspond to the highest calibration coefficient for different etching times (under the same
etching conditions). The dimensions were varied with a step of 0.25 cm, within the following
ranges: lcm<H<7cm;1cm<Ro<7cm; 1l cm<R;1<R>ctm;0.5cm<Rp<Ricm. The
results are presented in Table 3. The values of maximum calibration coefficient (Kmax) given in
the table was calculated assuming f;=0.5.

Table 3. Dimensions of cups and detectors that correspond to the highest calibration
coefficients (Kmax) for different etching times (te)

CR-39

te [h] Kmax [¥102 m] Ri1 [cm] R, [cm] H [cm] Rp [cm]
5 2.69 +0.03 6.75 6.75 7.00 0.75
10 3.08 £ 0.07 6.75 6.75 7.00 0.50
15 3.27 £0.01 6.25 7.00 7.00 0.50

Makrofol

te [h] Kmax [¥107° m] Ri1 [cm] R, [cm] H [cm] Rop [cm]
0.5 3.58 + 0.56 6.75 6.75 5.00 1.50
1 5.54 £0.86 6.75 6.75 4.00 5.25
2 9.37 £0.89 4.75 6.25 7.00 1.50

The range of k obtained for different values of 2®Po deposition fraction was also
examined. Dimensions of cups and detectors that correspond to minimal dependence of k on
1 were presented in Table 4.

Table 4. Dimensions of cups and detectors that correspond to minimal dependence of
calibration coefficient on 2®Po deposition (f1) for different etching times (te)

CR-39

te[h] k [x10 m] R [cm] Rz [cm] H [cm] Rp [cm]
5 0.55+ng" 7.00 7.00 1.00 4.00
10 2.07 +ng” 5.75 6.50 6.00 1.50
15 2.23 £0.03 3.75 7.00 5.00 0.50

Makrofol

te[h] k [x10° m] Ri1 [cm] Rz [cm] H [cm] Rp [cm]
0.5 2.23+ng" 55 6.25 3.50 4.75
1 1.50 + ng” 1.00 2.50 2.00 0.50
2.67 +ng” 4.75 5.50 2.50 1.25
2 1.86 £0.19 5.75 6.00 1.00 5.75

“the value is negligible
Conclusion

Calibration coefficients for radon measurements using CR-39 and Makrofol were
calculated by experimental and theoretical methods. Previously developed software was
adjusted for Makrofol calibration by applying appropriate V function for polycarbonates.
Comparison of two approaches confirmed the applicability of the software for calculation of
calibration factor for radon measurements.

Several V functions for CR-39, taken from literature, were compared, in order to select
once that give the best agreement with experimental results. It has been found that functions
A and E are in good agreement with experimental results.



The software was also used for determination of optimal chamber and detector
dimensions for different etching times. Dimensions that correspond to minimal dependence of
calibration coefficient on 2'8Po deposition fraction were also reported.

By comparison of experimental data on Fig 3 (horizontal dotted line) and Fig 4 (scatter
points) one can estimate that CR-39 detector is about two times more sensitive than Makrofol
detector. This result is expectable because Makrofol has detection energy window in differ to
CR-39.

In Fig 6, dependence of calibration coefficient on detector radius is presented. It could
be seen that calibration coefficient weakly depends (almost constant) on detector radius, i.e.,
track density is almost constant along the detector. It is interesting that the same is true for both
detectors.

Results given in Table 3 shows increasing of maximal calibration coefficient with the
etching time. However, increment is much larger for the Makrofol than for CR-39.
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