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Abstract

We have determined the detection sensitivity of the LR 115 detector placed on the bottom of hemispherical diffusion
chambers through Monte Carlo simulations. For the cases where the LR 115 detectors completely cover the bottom of
hemispherical diffusion chambers, we propose the optimum radius of the hemispherical chamber as 3 cm. In hemi-
spherical chambers with radii smaller than 3 cm, the total sensitivity is smaller which will lower the number of tracks
and increase the statistical uncertainty. On the other hand, if the radius is larger than 3 cm, the effects of the deposition
fraction of radon progeny will come into effect, which will again introduce uncertainties in radon measurements. For
the hemispherical chamber with a radius of 3 cm, we further propose the detector radius to be 1.3 cm. This combination
will eliminate the influence of the deposition fraction on the total sensitivity and at the same time give a large total
sensitivity. For a detector with this radius, the hemispherical chamber with a radius of 3 cm is the largest one which

provides the total sensitivity independent of the deposition fraction of radon progeny.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Solid state nuclear track detectors (SSNTDs)
have been applied for radon measurements of
22Rn over a relatively long period. They are usu-
ally placed inside a cup which is closed with a filter
paper or some other permeable materials. Such a
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system (cup with filter paper) is called the “diffu-
sion chamber” since >**Rn gas diffuses into it. On
the other hand, the short-lived progeny of the
22Rn gas, as well as dust and water droplets, are
filtered out. In this way, the diffusion chamber is a
device measuring radon gas alone. A variety of
diffusion chambers have been described in the lit-
erature and applied in real-life measurements of
radon gas concentrations in air and in soil. The
most commonly used diffusion chambers are
cylindrical or semi-conical. However, there are
also other designs such as the hemispherical one.
Existing diffusion chambers with SSNTDs used for
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radon measurements have been reviewed by Khan
et al. [1] and Nikolaev and Ilic [2].

The detector sensitivity S to radon is usually
expressed by the number of tracks per unit detec-
tor surface (track/m?) obtained under a unit
exposure (Bqs/m?), or just simplified as (m). It
depends on a number of factors including the type
of SSNTD, etching and readout procedures,
geometry of the chamber and SSNTD, as well as
environmental parameters such as temperature,
pressure, relative humidity, distribution of local
electrical fields in and around the chamber. The
sensitivity S is usually determined experimentally
through exposure of the SSNTD to a known radon
concentration for a known period of time [3].

On the other hand, the sensitivity S can also be
determined using theoretical models [4-25]. The
models listed here are for references only. Com-
parisons of results from these models are beyond
the scope of the present paper. These methods are
broadly divided into two categories, namely the
analytical approach and the Monte Carlo simula-
tion approach.

Modeling of alpha particle detection by
SSNTDs in diffusion chambers will enable better
understanding of radon measurements by the
method. The following tasks are also made possi-
ble:

o investigation of the effects of the shape and
dimensions of the chamber and the detector
on the sensitivity;

e calculations of the contribution of particular
alpha emitters (radon or radon progeny) to
the total sensitivity;

e cxamination of the consequence of progeny
deposition onto inner chamber walls;

e calculation of track density distribution and
relating it to the deposition pattern of radon
progeny, etc.

Most of the previously mentioned works deal
with the cylindrical or semi-conical diffusion
chambers. These two geometries are the most
studied and most often used for radon measure-
ments. Other geometries of the chamber are less
studied. For example, the rectangular geometry
was considered theoretically only in one paper [13].

The hemispherical chamber was previously de-
scribed and theoretically studied by Urban [8]. The
Makrofol detector covered with an alluminized
mylar foil was used in this chamber, with sub-
sequent electrochemical etching after exposure.
The authors claimed that this system might be
used for simultaneous measurements of radon,
thoron and their progeny. The measurements were
based on comparisons between the measured track
size distribution and the theoretically predicted
distribution for various exposure situations. If fil-
tering is applied, the device is used only for radon
measurements.

In this paper, we simulate the response of the
LR 115 detector in hemispherical diffusion cham-
bers. The objective is to investigate the potential of
such chambers for radon measurements with this
kind of detector. It is convenient to cut the LR 115
detector in any form. For example, the circular
shape adopted for this work can be created easily.
In Fig. 1, a hemispherical diffusion chamber with a
detector placed on the base is schematically pre-
sented. This scheme is similar to the one depicted
by Urban [8].

One difficult problem in using diffusion cham-
bers with SSNTDs to measure radon gas concen-
trations is due to the influence of the deposition
fraction of short lived radon progeny [21,22]. After
radon gas diffuses into a diffusion chamber, radon
progeny will be formed. A fraction of the progeny
decays before deposition onto available inner
surfaces of the chamber, and the rest is the depo-
sition fraction which decays after deposition.
From the results obtained in the present study, we
hope to be able to give optimized size of the dif-
fusion chamber and the size of the LR 115 detec-
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Fig. 1. The schematic diagram showing a hemispherical diffu-
sion chamber for radon measurements, which is equipped with
a detector on the bottom.
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tor, which provides the largest sensitivity while
minimizing the influence of the deposition frac-
tion.

2. Simulation method

Previously described programs based on the
Monte Carlo method [10,11] were used to simulate
the propagation of alpha particles in air and their
detection by the LR 115 detector, and the corre-
sponding description will not be repeated here in
details. The concept of the effective volume de-
fined earlier is employed in this work. However,
the effective volumes for all alpha energies are
recalculated because of some modifications in the
calculation model. These modifications are made
to improve the accuracy of the program, and have
been introduced in two main areas of the model.
The first one concerns calculations of stopping
powers and ranges of alpha particles in air and in
cellulose nitrate. In earlier versions of our pro-
grams, calculations of the stopping powers in air
and in cellulose nitrate made use of the Bethe-
Bloch’s expression, which is now replaced by the
SRIM code [26]. Our task is to calculate the en-
ergy E, of an alpha particle with initial energy Ey
after traveling a distance x in air. The table pro-
duced by the SRIM code gives the stopping power
as a function of the alpha particle energy. These
data have been fitted by a standard fitting proce-
dure provided by the SigmPlot® software, and a
function S = f(E) has been obtained. The energy
E, of the alpha particle is determined by the
integral

[
s S(B)

An iteration procedure has to be invoked here
because the unknown quantity is the lower bound
of the integral (the known quantities in the course
of the Monte Carlo simulations are E, and x, the
latter being the distance between the emission
point of the alpha particle and the point where it
enters the detector).

The ranges of alpha particles in the LR 115
detector are also determined using the data ob-
tained from the SRIM program. Since the energy

X

(1)

of the alpha particles incident on the detector can
be any value from 0 to Ey, the corresponding range
may have to be determined through linear inter-
polations between the data given by SRIM.

The second important modification in the pro-
gram concerns the determination of the track
parameters. The models of Somogyi and Szalay
[27] and Nikezic and Kostic [28] for the track
growth were used in earlier versions of our pro-
grams, which are now replaced by the model re-
cently developed by Nikezic and Yu [29].

To simulate formation of tracks in the LR 115
detector from alpha particles and to calculate the
track parameters, one needs to know the track etch
rate ¥; and bulk etch rate V4. The bulk etch rate of
the LR 115 detector have been measured by many
authors [4,30-35] giving values between about 2
and 7 pmh~!. In this work, we adopt ¥, = 3.27
umh~! determined previously from direct surface
profilometry measurements of Type 2 non-strip-
pable LR 115 films from DOSIRAD, France [32].
This bulk etch rate was determined under standard
etching conditions for this detector: 2.5 N aqueous
solution of NaOH at 60 °C without stirring.
Assuming that the etching lasts for 2 h, the
thickness of the removed active layer will be 6.54
um. By adopting the initial thickness 12 um of the
LR 115 detector as quoted by the manufacturer
(DOSIRAD, France) (see also discussion in [34]),
the thickness of the remaining active layer should
be 5.46 pum.

In contrast to V4, information on the track etch
rate J; for alpha particles in LR 115 is relatively
scarce. We adopt the V' function (=V;/V) pub-
lished by Durrani and Green [36] as

V=1 + (100670A446R’ 4 5670.]07R')(1 _ efR’). (2)

The particle track length L in the detector is cal-
culated by

T
L:/ vidt — T, (3)
0

where T is the total etching time. If the etchant
reaches the end point of the particle track before
etching is completed, track etching will progress
with the rate ¥4 in all directions for the rest of the
etching time. Tracks whose growths do not start at
the initial detector surface are also considered.
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In the calculations, we have adopted the fol-
lowing two criteria, both of which should be met
for the observation of tracks: (i) the tracks perfo-
rate completely the active layer of the detector and
(1) the track diameter is larger than 1 pum.

3. Results and discussion

Calculations have been performed for alpha
particles with energies in the >?Rn chain, namely,
5.49 MeV for **Rn, 6 MeV for **Po and 7.69
MeV for 2“Po(Bi). As mentioned before, the
radon progeny can partially decay in air and par-
tially deposit onto the chamber wall before
decaying, so both situations are considered here.
The results are shown in Figs. 2-5, where the
indices (air) and (wall) refer to the progeny being
emitted from air and from the chamber wall,
respectively.

In Fig. 2, the results for partial sensitivities (in
m) for radon and progeny are given. From the
partial sensitivity of the LR 115 detector to an
airborne radionuclide, we know the track density
(in tracks/m?) obtained per unit exposure
(Bgsm™) of the detector to that radionuclide. It is
assumed in the present calculations that the
detector covers entirely the base of the chamber,
i.e. the air inlet has a negligible width and the ra-
dius of the chamber is equal to the radius of cir-
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Fig. 3. Total sensitivities of LR 115 detectors in hemispherical
chambers to radon and its progeny. The detectors cover the
bottom of the chambers.
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Fig. 4. Partial sensitivities of LR 115 detectors in hemispherical
chambers to radon and its progeny. Detector radius is 1 cm.
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Fig. 2. Partial sensitivities of LR 115 detectors inside hemi-
spherical chambers to radon and its progeny. The detectors
cover the bottom of the chambers.
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Fig. 5. Total sensitivities of LR 115 detectors in hemispherical
chambers to radon and its progeny. Detector radius is 1 cm.
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cular detector. There are five curves in the graph
shown in Fig. 2. In general, the partial sensitivities
increase with the chamber radius. All the curves
tend to saturate beyond some radii. However,
most of these radii are so large that diffusion
chambers with these radii will not have practical
applications, so only the results for radii up to
5 cm will be presented.

The largest sensitivities are for **Rn; its alpha
energy, 5.49 MeV, is the closest to the upper en-
ergy threshold (4.6 MeV) of the LR 115 detector.
The curve for 2'*Po is below that for **Rn, with
the smaller sensitivity being attributed to the
higher energy of the alpha particles. These two
curves are almost parallel because their energies
are not very different from each other. The curve
for 21Po is far below the previous two because its
alpha energy is much higher. It is noted that the
detector will not record any alpha particles emitted
by 2'“Po if the radius of the chamber is smaller
than 2.5 cm. Alpha particles with an initial energy
of 7.69 MeV emitted from the wall and from the
air volume have almost the same chance to gen-
erate tracks in the LR 115 detector, so the curves
for 2"Po (air) and *'*Po (wall) are close to each
other. Finally, the sensitivity for 2'%Po (wall)
achieves maximum for a chamber with radius of
about 3.5 cm and drops slightly for larger cham-
bers.

Furthermore, the total sensitivities have been
calculated for two extreme cases: (a) all radon
progeny decay in air before deposition and (b) all
radon progeny decay after deposition on the wall,
where uniform deposition is assumed on all inter-
nal surfaces of the chamber. The curves for these
two extreme cases are given in Fig. 3. The two
curves are very close to each other for diffusion
chambers with radii up to 3 cm. Apparently, there
are some self-compensating effects in the chamber.
This means that the detector response does not
depend on the deposition behavior of radon
progeny inside a spherical chamber if R < 3 cm.
Even for chambers with radii larger than 3 cm, the
differences between two curves are not too large.
For example, for a chamber with a radius of 5 cm,
the uncertainty is less than 13%. In contrast, for
cylindrical diffusion chambers with radii larger
than 3 cm, the unknown fraction of deposited

218Po can cause an uncertainty up to 30% in radon
measurements.

In the discussions above, when the radius of the
diffusion chamber changes, the radius of the
detector changes accordingly since the detector has
been designed to cover completely the base of the
diffusion chamber. In the following, we will con-
sider the cases where the size of the detector has
been fixed to have a radius » of 1 cm. The results
for the partial sensitivities and the total sensitivi-
ties are shown in Figs. 4 and 5, respectively.

4. Influence of detector size on sensitivity

As shown in [37-39], the track density on detec-
tors placed on the bottom of cylindrical chambers
is not uniform and varies with the distance from
the center of the detector. The non-uniform track
density in fact implies the dependence of the total
sensitivity on the detector size.

The effect of the detector size on the total sen-
sitivity has not been widely studied in the past,
neither experimentally nor theoretically. Here, we
have varied the detector radius in the hemispheri-
cal chamber and calculated the total sensitivity in
order to gain some ideas about this dependence.

Calculations have been performed for hemi-
spherical chambers with radii of 2, 3 and 4 cm. The
detector radius was varied from 1 cm up to the
chamber radius and the results are shown in Fig. 6.
The solid lines were obtained for the case where all
radon progeny decay in air before deposition and
the dashed lines for the case where all radon
progeny decay after deposition on the wall.

For the chamber with radius R =2 cm, the
dependence of the total sensitivity on the detector
radius is weak. Furthermore, as the solid line and
the dashed line for this chamber are close, the
sensitivity only weakly depends on the deposition
fraction of radon progeny regardless of the size of
the detector, which is a desirable feature for dif-
fusion chambers. However, the total sensitivity in
this small chamber is very low.

For the chamber with radius R = 3 cm, the total
sensitivities are larger than those for the chamber
with R = 2 cm by factors from 3 to 5. However, for
the chamber with radius R = 3 cm, the sensitivity
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Fig. 6. Dependence of the total sensitivity on the detector ra-
dius for different hemispherical chambers with radii R =2, 3
and 4 cm. The solid lines were obtained for the case where all
radon progeny decay in air before deposition and the dotted
lines for the case where all radon progeny decay after deposi-
tion on the wall.

is dependent of the deposition fraction. From the
results in Section 3, we know that when the radius
of the detector is equal to the radius of the
chamber, i.e. 3 cm, the sensitivity is essentially
independent on the deposition fraction. When the
detector gets smaller, the solid line and the dashed
line get farther apart initially, but then get close
together again. An interesting point is at the
detector radius of » = 1.3 cm where the solid and
the dashed curves intersect, which means no
dependence on the deposition fraction at this
detector radius. If we would like to eliminate the
uncertainties due to the unknown deposition
fraction of radon progeny, we can choose a
detector of this size. Furthermore, the total sensi-
tivity for the detector with this size (» = 1.3 cm) is
higher than that for the detector with » = 3 cm.

The largest examined chamber with R =4 cm
has the largest sensitivity, but the solid and the
dashed curves are far from each other and do not
intersect.

5. Conclusions

In this paper, we have determined the detection
sensitivity of the LR 115 detector placed on the
bottom of hemispherical diffusion chambers
through Monte Carlo simulations. In chambers

with radii smaller than 3 cm, the detectors with the
same radius as that of the diffusion chamber will
have sensitivities independent of the deposition
fraction of radon progeny. These combinations of
diffusion chambers and detectors can thus provide
reproducible and stable results in radon measure-
ments, which are independent of environmental
conditions that may alter the deposition behavior
of radon progeny.

We therefore propose the optimum radius of
the hemispherical chamber as 3 cm. In hemi-
spherical chambers with radii smaller than 3 cm,
the total sensitivity is smaller which will lower the
number of tracks and increase the statistical
uncertainty. On the other hand, if the radius is
larger than 3 cm, the effects of the deposition
fraction of radon progeny will come into effect,
which will again introduce uncertainties in radon
measurements. For the hemispherical chamber
with a radius of 3 cm, we further propose the
detector radius » to be 1.3 cm. At this detector
radius, the total sensitivities for the case where all
radon progeny decay in air before deposition and
for the case where all radon progeny decay after
deposition on the wall are the same. In Fig. 7, the
total sensitivities of the detector with this radius
for hemispherical chambers with different radii are
shown, which shows that the hemispherical
chamber with a radius of 3 cm is the largest one
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Sensitivity (m)

0.001

0.000 1 1 1 1 1 1
15 20 25 3.0 3.5 4.0 4.5 5.0
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Fig. 7. Sensitivity for the detector with a radius of 1.3 cm in
hemispherical chambers with different radii. The solid line was
obtained for the case where all radon progeny decay in air
before deposition and the dotted line for the case where all
radon progeny decay after deposition on the wall.
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which provides a total sensitivity independent of
the deposition fraction of radon progeny.
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