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Abstract

A new electronic radon/thoron exposimeter employing semiconductor detectors based on a passive diffusion chamber
design has been recently developed at the Helmholtz Zentrum München (HMGU). This device allows for acquisition
of alpha particle energy spectra, in order to distinguish alpha particles originating from radon and radon progeny
decays, as well as those originating from thoron and its progeny decays. A Monte-Carlo application is described
which uses the Geant4 toolkit to simulate these alpha particle spectra. Reasonable agreement between measured and
simulated spectra were obtained for both 220Rn and 222Rn, in the energy range between 1 and 10 MeV. Measured
calibration factors could be reproduced by the simulation, given the uncertainties involved in the measurement and
simulation. The simulated alpha particle spectra can now be used to interpret spectra measured in mixed radon/thoron
atmospheres. The results agreed well with measurements performed in both radon and thoron gas environments. It
is concluded that the developed simulation allows for an accurate prediction of calibration factors and alpha particle
energy spectra.
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1. Introduction

In order to quantify the radon (222Rn) exposure of an
individual, a portable electronic radon exposure meter
has been developed at the Helmholtz Zentrum München
(HMGU) [1, 2]. This device allows for a realistic and
on-line evaluation of a persons’ radon exposure and,
consequently, allows prevention against high exposure
when constantly worn. However, despite these efforts
to quantify individual radon exposure, the effects of the
decay products of another radon isotope, 220Rn, com-
monly called thoron, have not yet been adequately taken
into account. Thoron is considered to contribute about
4% to the annual effective dose of natural radiation [3],
and must not be neglected [4, 5]. In fact, worldwide
studies suggest that under certain conditions, the an-
nual equivalent lung dose of thoron can even exceed
that of radon [6, 7, 8, 9, 10, 11]. In contrast to radon,
the gas concentration of the short lived 220Rn isotope
(half-life τ1/2 = 55.6 s) is difficult to measure and ad-
vanced methods have to be applied [12]. It also has been
pointed out, that passive sampling radon monitors may
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also be sensitive to thoron exposure, thus overestimat-
ing the radon exposure [13, 14, 15]. Recent develop-
ments already combine radon and thoron gas measure-
ments [16, 17]. However, the devices are not designed
as personal exposure monitors, or do not allow on-line
evaluation. The improved HMGU radon/thoron moni-
tor [18] remedies these issues by allowing to determine
the thoron gas concentration in parallel while still being
compact, and thus can be carried in a pocket.
In this paper an Geant4 application is discussed which
allows to predict the alpha particle energy spectra for
different device geometries at different environmental
conditions in radon and thoron environments by means
of Monte-Carlo simulations. The calculations were ver-
ified by comparison with measured alpha particle spec-
tra for two different housing geometries and different
radon/thoron atmospheres.

2. Materials and Methods

2.1. Exposimeter
In this work a recently developed diffusion chamber

type device was used [18], employing pin-photodiode
detectors, and an electro-conductive sponge as filter. A
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filter is necessary since detectors without filter have the
disadvantage that their calibration factor (CF) is depen-
dent on the progeny deposition rates influenced by hu-
midity, aerosol concentration, airflow and equilibrium
factor of the enviroment [19, 20, 21]. With filter the
problem is avoided since a filter applied to the inlets of
the diffusion chamber grants only undisturbed diffusion
of the inert radon and thoron gas [22, 23], and the counts
generated by the alpha decays from radon or thoron and
its progeny are proportional to the respective gas activ-
ity concentration. Due to its low dependence on envi-
ronmental parameters, this method has also been set as
default method by the recently released ISO standards
[24] for passive devices.

2.1.1. Housing size
Two different chamber geometries were realized,

which were also implemented in the Monte Carlo sim-
ulation. The internal dimensions of the diffusion cham-
bers are:

• Geometry 1: 108 mm × 57 mm × 26 mm (length ×
width × height)

• Geometry 2: 116 mm × 90.5 mm × 47 mm (length
× width × height)

The small housing (geometry 1) is a Hammond Elec-
tronics 27134PSLA enclosure while the larger housing
(geometry 2) is a 26908PSLA aluminum case.

2.2. Calibration Chamber

For the measurements an aluminum box with the fol-
lowing specifications was used,

• Manufacturer: ROSE, Type: 012333180

• Dimensions: 18 cm × 23 cm × 33 cm (h × w × l),
Volume: 13.5 l

It features additionally a 200 mm fan at the inside top of
the chamber, needed for thoron mixing, 3 BNC connec-
tors for online readout of the exposure meters, 1 BNC
input for voltage supply, and 4 tube-connectors which
allow to attach external pumps, sources or reference de-
vices.
As radon source a uranite rock, also commonly called
pitchblende, was used. A gamma-spectrometric analy-
sis of a 0.538 g sample showed a specific 226Ra activ-
ity of 23.0 ± 0.4 Bq g−1. As thoron source thorium-
containing lantern mantles were used. The specific
232Th activity of a 29.2 g probe (mean of 10 mantles)
was determined to be 47.98 ± 0.77 Bq g−1. Humidity

was controlled via saturated salt solutions using potas-
sium carbonate (K2CO3), to keep exhalation rates and
thus activity concentrations within the calibration cham-
ber constant.

2.3. Meteorology

The reference device, a Durridge Rad7, was exter-
nally connected with tubes to the calibration chamber
and its flow rate was determined to be 650 cm3 min−1,
i.e. 0.65 l min−1, in exact agreement with the value
given in the user manual [25]. The 220Rn levels de-
termined by the Rad7 were corrected depending on the
measurement setup, since the volume of the connecting
tubes V and the flow rate q of the device determine the
loss of thoron before it reaches the inlet of the Rad7.
The activity concentration C at the inlet depends on
the original thoron concentration C0 in the chamber via
Equation 1 [26],

C = C0 e−λ V / q (1)

where λ is the decay constant of 220Rn (0.748 min−1), V
the sampling tube volume, which was determined from
a 121 cm pipe length with 4 mm diameter to be 15.2 cm3,
and q the flow rate of the Rad7 (650 cm3 min−1).
Hence, with this setup about 98.3% of the original
thoron gas reached the Rad7. Since the device was
calibrated by the manufacturer with a sampling vol-
ume of 50 cm3 [25], which leads to a higher thoron
loss (C = 0.944 C0), the measured concentration values
for 220Rn were too high and thus corrected by a factor
f = 1.0174/1.0559 = 0.963.
Humidity and temperature were logged by the Rad7
while the absolute pressure was recorded with a testo
511 barometer, featuring an accuracy of ±3 hPa.

3. Monte Carlo simulation

Monte Carlo simulations of 222Rn monitors were per-
formed already very early [27], including diffusion into
the detector chamber, to calculate the calibration factor
on a theoretical basis. Another approach used a SRIM-
based transport code to simulate alpha particle spectra
[28] in dry air, while a recent study employed Geant4
to investigate the effect of environmental changes on
the calibration factor [29]. All these studies focused,
however, on passive solid state nuclear track detectors
(SSNTD) only and therefore did not allow comparison
of simulated and measured alpha particle energy spec-
tra. With the newly developed device presented here
this was for the first time possible.

2



-50

0

50

x @mmD
-20

0

20

y @mmD

0
5
10
15
20

z @mmD

volume decays

wall decays

detector hits

Figure 1: Schematic of employed simulation model showing origin of
decays for geometry 1.

3.1. Simulation Model

The developed simulation is time-independent, which
means diffusion processes were not taken into account
and equilibrium between mother and daughter nuclides
was assumed. For 222Rn this is reached after about 7 h
and for 220Rn after about 70 h. Only the decay of alpha
particle emitters is considered, i.e. 222Rn → 218Po →
214Po for radon and 220Rn→ 216Po→ 212Bi→ 208Tl and
212Po → 208Pb for thoron. For 222Rn the activity ratio
of the progeny is 1:1:1 and for 220Rn 1:1:0.36:0.64 re-
spectively. The alpha particle energies used in the simu-
lation are stated in Table 1. Beta decays and δ-electrons
were disregarded, since their deposited energies are in
general way below the energy threshold of the detec-
tion system which is approximately 1 MeV . The alpha
particles for radon and thoron gas were assumed to orig-
inate in the whole chamber volume, while the progeny
alphas were assumed to originate from the wall and de-
tector surfaces (except those from 216Po), as illustrated
in Figure 1. The deposition fraction of progeny on hous-
ing walls for cylindrical dimensions of up to 100 mm
(height, diameter) is mostly > 0.9 for 218Po and unity
for 214Po, 212Po and 212Bi [30], depending on the em-
ployed diffusion coefficient. For common detector ge-
ometries, which generally have a small volume, all de-
position fractions are essentially equal to one [29]. All
simulations performed in the framework of this work as-
sume a unity deposition fraction for 218Po, 214Po, 212Po
and 212Bi. The 216Po progeny, with a half life of about
150 ms, has insufficient time for deposition on the sur-
faces, and it is more likely to decay within the volume.
In conclusion the following nuclides were considered:

• 222Rn, 220Rn and 226Po randomly decay, with re-
spect to origin and direction, within the simulation
volume as well as on volume and detector surfaces.

• 218Po, 214Po, 212Bi and 212Po randomly decay
only on volume and detector surfaces.

Accordingly, 222Rn and most of its progeny are there-
fore distributed via a uniform probability density func-
tion (PDF) within the volume and the surface. In con-
trast for thoron and its first progeny (216Po), which im-
mediately follows its decay, the diffusion length L has
to be considered, as the concentration decreases expo-
nentially from the entry point. The simulation also con-
siders the energy loss of alpha particles at the 400 nm
aluminum cover of the detectors.
In order to define the direction of alpha particles pro-
duced during decay of radon, thoron, and their progeny,
arbitrary polar angles θ and azimuthal angle φwere gen-
erated by choosing u and v to be random variates on
[0,1], with φ = 2 π u and θ = cos−1(2 v − 1). In the
simulation only alpha particles moving towards the de-
tectors were considered.

3.2. Particle Transport Code
Within the framework of this work the Geant4 toolkit

(version 9.5.2) was employed, which is an open source
C++ code, originally developed for high energy physics
[34]. For validating the Geant4 calculations an an-
alytic simulation relying on the NIST alpha stopping
power and range (ASTAR) database [35] was devel-
oped, which itself is a program based on the ICRU 49
report [36], and implemented in Wolfram Mathematica.
A comparison of simulation results obtained with both
methods at standard temperature and pressure (STP)
conditions yielded similar results (4% to 13% deviation
of the calculated calibration factor).

3.3. Air Composition
The composition of air, including its most important

constituents, is, for example, defined by the National In-
stitute of Standards and Technology (NIST) at 0% rel-
ative humidity (RH), 20 ◦C and 1, 013.25 hPa, with a
density of 1.20479 mg cm−3 at STP . Dalton’s law of
partial pressure was applied to calculate the air com-
position with water vapor (considering only elements
C, Ar, N, O and H), depending on temperature, pres-
sure and RH. The saturation vapor pressure was calcu-
lated via the Goff-Gratch equation [37]. Another pa-
rameter needed in Geant4 to simulate the energy loss of
alpha particles in air is its density. The ideal gas law
pV = nRT , combined with Dalton’s law, yields Equa-
tion 2 for the calculation of the air density ρ,

ρ =
pair Mair

R T
+

pwater Mwater

R T
(2)

where Mindex is the molecular mass of the respective gas.
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Table 1: Radon/Thoron decay series properties

Nuclide Half-Life1 Eα
1 (MeV)

∑
Eα(PAE) (MeV) rel. EEC2

222Rn 3.82 d 5.59 19.53 -
218Po 3.10 min 6.11 13.94 0.105
214Pb 26.8 min - 7.83 0.516
214Bi 19.9 min - 7.83 0.379
214Po 164.3 µs 7.83 7.83 0.00
210Pb 22.2 a - - -
220Rn 55.6 s 6.40 21.27 -
216Po 145 ms 6.91 14.87 0.00
212Pb 10.64 h - 7.96 0.913
212Bi 60.6 min 6.21 7.96 0.087
212Po 299 ns 8.95 5.73 0.00

1[31, 32], 2[33]

3.4. Factor to compare Simulation and Measurement

The normalization factor needed to compare simu-
lated and measured alpha particle spectra depends on
the total count number ct (measured or simulated in the
sensitive detector volume) and the decays N that actu-
ally occurred or were simulated in the housing of the
detector. If all other relevant parameters are correctly
considered in the simulation, one will be able to model
the measurement conditions realistically. Then the ra-
tio of the measured count number ctm and the number
of total actual decays (Nactual) is the same as that of the
simulated count number (cts) and the number of total
decays in the simulation (Nsim).

ctm
Nactual

=
cts

Nsim
(3)

where ctm and cts are the counts actually measured or
scored on the detector surface in the simulation. The to-
tal number Nactual of airborne 222Rn or 220Rn decays in
Equation 3 can be estimated from the measured refer-
ence activity concentration C(t) via,

Nactual = V
∫ tm

0
C(t) dt (4)

where V is the inner housing volume of the exposime-
ter and tm the measurement time. Hence, according to
Equation 3 a simulated spectrum needs to be multiplied
by Nactual/Nsim, when comparing with a measured spec-
tra, where Nactual is calculated via Equation 4.

3.5. Enegery Spectra Dependence on Electronics

The histogram of all counts scored on the detector
surface versus the energies deposited in the detector,
yields a simulated spectrum with a discrete number of

energies. In order to achieve a better agreement be-
tween simulation and measurement, however, one has to
consider the energy broadening introduced by the am-
plification stage. This is generally done by applying
the Gaussian energy broadening (GEB) method [38],
via multiplication of each individual energy bin value
with a normalized Gaussian function. The standard
deviation σ of the applied Gaussian, is related to the
FWHM energy resolution ∆E of the detector system via
∆E = 2

√
2 ln 2 σ. The energy resolution of the system

was experimentally determined to be ∆E = 200 keV for
Geo1 and ∆E = 150 keV for Geo2. The energy thresh-
old has been set to 1 MeV .

3.6. Calibration Factor

The calibration factor obtained from a simulation,
depends on the events, the volume and the registered
count number. The simulated activity concentration Cs

is given by,

Cs =
Nsim

V t
(5)

where the time interval t can be chosen freely for any t >
0, since the simulation is time independent. The simu-
lated observed counts cts are assigned the unit counts
per time interval (cpt). The calibration factor c f from
simulation results is then calculated according to Equa-
tion 6,

c fsim =
Cs

cts
=

Nsim

V t cts
(6)

In the following t is chosen to be 3600 seconds for ease
of comparison, which yields a calibration factor unit of
Bq m−3/cph. In all the results presented the number of
simulated decays was 1.5 · 105 directed into the 2π solid
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angle towards the detectors, which equals an actual
decay number of Nsim = 3 · 105 when considering the
4π solid angle.

4. Results and Discussion

4.1. Spectral Comparison

4.1.1. Measurement in pure Radon Atmosphere

0

30

60

90

120

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

8.
0

8.
5

9.
0

9.
5

10
.0

co
u
n
ts

@no
u
n
it

D

Measurement

Geant4

Hsmall housingL
218Po 214Po

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

8.
0

8.
5

9.
0

9.
5

10
.0

0

30

60

90

120

150

180

energy @MeVD

co
u
n
ts

@no
u
n
it

D

Measurement

Geant4

Hlarge housingL

Figure 2: Simulated and measured spectra in a 222Rn environment for
geometries 1 (small housing) and 2 (large housing).

Several calibration measurements at laboratory con-
ditions were performed. Temperature and pressure
were not controlled but continuously monitored. Fig-
ure 2 shows two typical alpha particle spectra for the
two different geometries in a 222Rn environment. The
mean environmental conditions during the calibration
period (between hour 85 to 115 after having closed
the calibration chamber) were 45% RH, 16.3 ◦C and
968.4 hPa. The mean 222Rn concentration was 6, 866 ±
331 Bq m−3 while only negligible 220Rn was present
(7 ± 27 Bq m−3), both concentrations measured by the
reference device. The total exposure due to 222Rn was

212, 830 ± 1, 845 Bq h m−3. Geometry 1 had a vol-
ume of 124.4 cm3 and geometry 2 of about 493.4 cm3.
The number of decays N that occurred during the mea-
surement within the respective volume and the given
222Rn concentration, were are Nactual,geo1 = 122, 633 and
Nactual,geo2 = 378, 042, respectively (Eq. 4). The nor-
malization factor for comparing measurement and sim-
ulation was calculated via Equation 3, and the result-
ing total number of measured and simulated counts as a
function of energy are shown in Figure 2. Energy cali-
bration was performed by evaluating the channel num-
ber of the clearly visible progeny peaks, assigning the
energy according to the simulated value, and assuming
a linear energy-channel relationship.
Figure 2 demonstrates a reasonable agreement between
measurement and simulation, both in terms of abso-
lute counts per channel as well as energy dependence.
This is particularly noteworthy because the simulation
was not adjusted via any least-squares fit, but only via
Equation 3, where the number of simulated events was
Nsim = 3 · 105, and Nactual,geo1 and Nactual,geo2 as given
above. This indicates that the most important factors in-
fluencing the shape and count number of the acquired
spectrum have been considered in the simulation.

Table 2 shows the count number for the two geome-
tries and corresponding pressures values of the simu-
lated alpha particle energy spectra shown in Figure 2.
The total count number results from the integration over
the number of registered events. The main contribu-
tion to the total count number was from airborne 222Rn
decays in the detector housing, for both devices (about
40%). The total number of scored particles, which en-
ter the sensitive detector volume, is smaller in case of
the larger housing. The reason is the static number of
simulated events, which results for a larger volume into
a decreased concentration Cs (Eq. 5). In both cases the
statistical uncertainty is well below 1%.

4.1.2. Measurement in pure Thoron Atmosphere
In principle the simulation of 220Rn is similar to that

of 222Rn except for the difference in the isotope diffu-
sion length in steady air, which is L ≈ 3.0 cm for thoron
as compared to L ≈ 2.20 m for radon [39]. More specif-
ically, the activity concentration of radon or thoron de-
creases exponentially with distance z from the inlet area
with C(z) = C0 e−z/L [40], where C0 is the activity con-
centration at zero distance from the inlet. In Figure
3 two measured spectra are compared with the corre-
sponding simulated spectra, for the two available hous-
ing geometries. The small housing (Geo1) alpha par-
ticle spectrum was acquired at 46% RH, 23.4 ◦C and
968.6 hPa (between hours 60-77 after having closed the
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Table 2: Individual radon contributions to the simulated spectra of Figure 2, for the small and large housing.

Geometry Nuclide 222Rn 218Po 214Po Sum

small counts 16,040 11,765 12,262 40,067
fraction 0.40 0.29 0.31 1

large counts 5,507 3,478 5,222 14,206
fraction 0.39 0.24 0.37 1
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Figure 3: Simulated and measured alpha particle spectra in a 220Rn
environment for geometries 1 (small) and 2 (large).

calibration chamber) at a mean activity concentration of
8, 263 ± 332 Bq m−3 for 220Rn and 91 ± 130 Bq m−3

for 222Rn, both again measured by the reference de-
vice. The exposure due to thoron was thus about
148, 724 ± 331 Bq h m−3 resulting in estimated decays
that occurred in the measurement chamber during that
time of Nactual,geo1 = 85, 695. Accordingly, the spec-
tra for the larger housing (Geo2) was acquired during
hours 60-85 at 44% RH, 24.2 ◦C, 961.0 hPa and a
mean 220Rn concentration of 3, 916±259 Bq m−3 (222Rn:
69 ± 117 Bq m−3). The thoron exposure measured by
the reference device was 101, 811 ± 1323 Bq h m−3 and
therefore Nactual,geo2 = 180, 842. The corresponding
measured and simulated alpha particle spectra shown

in Figure 3, again agree well, as was the case in Fig-
ure 2 for the 222Rn environment. A closer look re-
veals, however, that the 216Po progeny peak actually
measured is higher than expected from the simulation,
while the 212Po peak is lower and the measured 212Pow

peak (progeny decays originating from the volume in-
ner surfaces, where index w stands for wall) is higher.
The reason for this is most probably the complex dif-
fusion behavior of decay products, which is not con-
sidered in the static simulation. Nevertheless, both the
energy position of the peaks and their amplitudes were
simulated reasonably well. Further, one can recognize
some measured counts beyond the right edge of the
212Po peak at about 9.16 MeV . These counts originate
from pile-ups due to e− from the β− decay (2.25 MeV)
of 212Bi which is directly followed by a 212Po alpha de-
cay (τ1/2 = 298 ns), which was also not considered in
the simulation.

4.2. Calibration Factors
The characteristic quantity of a radon monitor is its

calibration factor, which can be calculated via Equa-
tion 6. The calibration factor calculated from a simu-
lation is completely independent of any reference con-
centration measurements. The number of simulated
counts cts is integrated from 1 to 10 MeV , using the
same energy bin widths as defined by the correspond-
ing measurement. For geometry 1 the measured cal-
ibration factor was c fmeas = 16.9 ± 0.2 Bq m−3/cph
(mean±std) which is very close the simulated one of
c fsim = 16.8 ± 0.7 Bq m−3/cph, where the given un-
certainty was calculated via Gaussian error propagation,
assuming an uncertainty of 1 mm for all geometric di-
mensions. For geometry 2 the corresponding calibration
factors were c fmeas of 11.3±0.5 Bq m−3/cph and c fsim of
10.7±0.3 Bq m−3/cph. The relative differences between
the measured and simulated values are hence about 1%
and 6%, respectively, which is considered acceptable.

4.3. Measurement in mixed Radon/Thoron Atmospheres
One potential application of the simulated alpha par-

ticle energy spectra is to use them in evaluating re-
sults obtained in mixed radon/thoron environments. The
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Figure 4: Experimentally acquired spectra in mixed 222Rn and 220Rn concentrations and fits of linear combinations of normalized simulated spectra.
“R: rn/tn” indicates the ratio of radon to thoron concentration. Trend shows good agreement, however, calculated concentrations differ somewhat
(see Table 3).
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method described here employs a least square approxi-
mation, where the fitting parameters are the constants
of a linear combination of normalized spectra simu-
lated for radon and thoron. Under ideal conditions any
spectrum acquired (Smeas) in a 222Rn/220Rn mixed atmo-
sphere should be just a linear combination of a radon
and a thoron spectrum SN

i , both obtained in a reference
simulation, and each weighted with an appropriate fac-
tor a, b (Eq. 7).

Smeas = a SN
222Rn + b SN

220Rn (7)

Note that this is only true if the environmental con-
ditions such as air pressure during the measurement
in a mixed atmosphere is similar to those under ref-
erence conditions. Figure 4 shows four spectra mea-
sured in mixed radon/thoron atmospheres and the cor-
responding linear combinations of simulated radon and
thoron spectra. The fitting procedure employed was
LinearModelFit of Wolfram Mathematica 9.0.1, using
weights wx = 1/u(x) for each channel x, where the er-
ror u(x) =

√
ctx is taken to be the statistical uncertainty.

Comparing the trend of spectral form and the absolute
count number per channel between measured and fitted
spectrum in Figure 4, one notes a reasonable agreement
for all four measurements. The values of the activity
concentrations found with this method, however, show
some deviations from the reference mean values, deter-
mined with the reference device.

The difference between the values found by the fit-
ting method and the reference concentrations (Table 3)
is most likely due to the fact that the fitting procedure
does not yet include appropriate weighting factors re-
flecting the importance of certain energy regions of the
two radon/thoron spectra. Nevertheless, even in mixed
atmospheres where thoron cannot be ignored compared
to radon, reasonable results within about 30% were al-
ready obtained.

5. Conclusion

For the first time, the Geant4 Monte-Carlo toolkit
was used to simulate alpha particle energy spectra mea-
sured in 222Rn and 220Rn atmospheres with the new
HMGU radon/thoron electronic exposimeter. Results
obtained with Geant4 were validated by means of an-
alytic calculations based on state-of-the-art stopping
power data. Furthermore, it was shown that a simple
static model, taking only alpha particle decays into ac-
count and assuming a homogenous progeny distribu-
tion within the detector housing, is sufficient to obtain
reasonable agreement between simulated and measured

alpha particle spectra and calibration factors for both
222Rn and 220Rn atmospheres. It was demonstrated that
the simulated alpha particle energy spectra can be used
to interpret alpha particle energy spectra obtained in
mixed radon/thoron atmospheres. The Geant4 simula-
tions can now be utilized to systematically study the de-
pendence of the calibration factors for both 222Rn and
220Rn on environmental parameters such as relative hu-
midity, ambient temperature and pressure.
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