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Estimating the health effects of radon exposure is of great interest because radon is consid-
ered the second leading cause of lung cancer after smoking. The dose-response curve is not
well understood at low-dose levels where radon exposure is estimated. Therefore, the health
mechanisms of radiation due to radon progeny at the cellular and molecular levels are of inter-
est for providing an indication of a possible threshold value above which the exposure may in-
dicate cancer formation. In this paper we present a macroscopic and cellular level numerical
analysis of the radon-induced dose estimates based on the Geant4 code system. Macroscopic
estimates are assessed based on patient-specific computer tomography scans that provide ge-
ometries easily applicable to modeling radiation effects of the radon progeny sources. A small
tissue volumes analysis based on the Geant4 code system is developed so as to provide infor-
mation about the interactions and particle track structures at the microscopic (cellular) levels
producing the dosimetric effects of radon short-lived progenies. The results presented in this
paper also call attention to the capabilities of Geant4 to provide radon-related dosimetric pa-
rameters of large and small-scale biological systems.
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INTRODUCTION

Radon is considered to be the second leading
cause of lung cancer after smoking [1]. It can be found
in high concentrations indoors, worldwide. Epidemio-
logical studies have attempted to quantify the risks as-
sociated with prolonged exposures. Studies have found
a correlation between low-dose radon exposure and
lung cancer mortality and assigned an excess relative
risk of 11 % increase in mortality for every 100 Bg/m?
increase in indoor radon concentration [1]. Agencies
such as the environmental protection agency (EPA) and
the world health organization (WHO) have based their
recommendations for remediation levels of radon con-
centration on the linear no-threshold (LNT) dose-re-
sponse model put forth by epidemiological studies. The
assumption is that just one alpha particle can cause
DNA damage that would lead to the formation of can-
cer. There are, however, conflicting studies on the va-
lidity of the LNT dose-response model and the 2013
MELODI Committee called for more research on the
nano-scale levels with the goal of identifying the inter-
actions and biological responses that lead to DNA dam-
age, cell mutation, and neoplastic formation [2].
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In this paper we show a simulation model based
on the particle tracking code Geant4 in modeling mac-
roscopic and microscopic effects of radon exposure.
The macroscopic model is based on patient-specific
geometry from computed tomography (CT) scans; the
effect is related to the estimate of dose rates in the
lungs resulting from the decay of short-lived radon
progeny. Additionally, the interactions from the decay
products in small target tissue volumes are analyzed
using the Geant4-DNA toolkit in estimating the micro-
scopic effects of radon exposure. The ionization
events of alpha particles interacting with the cell nu-
cleus are the main mechanisms by which the radiation
induces double-strand breaks in the DNA molecule,
whether through direct interactions or hydrolysis and
the release of radicals in the vicinity of the DNA mole-
cule [3].

METHODS AND MATERIALS
Radon exposure

222Rn is a significant source of low-dose ioniz-
ing radiation that contributes to a majority of a person's
annual background dose. The 233U decay chain is de-



E. van den Akker, et al.: Estimating Dosimetric Quantities of Radon Progeny ...
204 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 3, pp. 203-209

Table 1. 2*U decay chain with *?Rd short-lived progency [4]

28 decay chain Half-life Main decay path
2y 4.5-10° year a
P4Th 24.1d B
24pg 1.159 min B
2y 2.4-10° year a
0Th 7.5-10* year a
5Ra 1600 year a
*Rn 3.8d a
218pg 3.1 min a
214pp 26.8 min B
214Bj 19.9 min B
pg 164 ps a
210py, 22.2 year B
2104 5.0d B
10pg 138.4d a
206py Stable —

tailed in tab. 1 [4], with the short-lived radon progeny
also shown. The gaseous, chemically inert radon
readily becomes airborne, but on its own poses little
threat in typical activity concentrations, because it
does not collect or deposit in the body. The particulate
decay products are likely to attach to molecules in the
air (usually indicated as the attached fraction) or a
smaller portion may remain free of surrounding parti-
cles (called the unattached fraction) [5, 6]. A larger
portion of these decay products deposit in the main
bronchial bifurcation and, due to their relatively short
half-lives, decay where they are deposited [5, 6]. Al-
pharadiation from the 2'®Po and ?!#Po delivers the ma-
jority of the dose due to its short-range in tissue. Beta
and gamma emissions contribute significantly less to
the cumulative radiation dose and are often neglected
when estimating the overall radon effects.

There are two other radon isotopes: *2°Rn
(thoron) and 2'"Rn (actinon). Their gaseous form
might give them the chance to collect in homes, but
their half-lives are so short (56 s and 4 s, respectively)
compared to 22?Rn that their chance of decaying be-
fore escaping their matrix formation and becoming
airborne is much greater [5]. Thus, contributions of
thoron and action progenies to the human lung dose
are usually neglected.

Currently, lung cancer risk estimates for occupa-
tional and residential radon exposures are based on ep-
idemiological studies of miners. Lung cancer mortal-
ity is correlated with exposure to radon progeny in
miners, typically working in conditions that do not
qualify as low-dose exposure. The results of these
studies were then extrapolated to those whose expo-
sure is residential and categorized as low-dose. Uncer-
tainty accompanies every measurement or calculation,
but is often absent when these epidemiological data
are used for residential radon exposure risk assess-
ment. The Biological Effects of Ionizing Radiation,
BEIR VI, report addressed these issues indicating that

data on individual exposures were not well-defined in-
terims of the spatial variation of radon concentrations,
time spent in different zones, and various other param-
eters related to individual workloads, respirator use,
and different professions [7].The report also signaled
the problem of accurate recording exposures in mines
where data was suppressed if it was outside the estab-
lished safety limits. The report indicates that, as far as
these studies are concerned, the uncertainties
amounted to “hundreds of percent” and, consequently,
put into question all of the risk estimates based on
them.

There is, therefore, a clear need to minimize the
risk of cancer mortality due to random radon exposure
and to identify levels at which the indoor radon con-
centration poses a less or equal risk to the acceptable
one. The largest challenge facing researchers is to de-
fine the dose-response relationship at low doses. A
comprehensive review of available biological and bio-
physical data supports a LNT risk model which pre-
dicts that the risk of cancer proceeds in a linear fashion
atlower doses without a threshold and that the smallest
dose has the potential to cause a small increase in risk
to humans [8]. Cohort studies of miners working in
high-to-moderate dose level environments provide a
framework from which to extrapolate the excess rela-
tive risk (ERR) at low-dose residential concentrations.
The association between radon and lung cancer risk
have been examined in large-scale studies and pooled
studies to determine how increasing radon concentra-
tions are related to lung cancer mortality. The bulk of
literature agrees that radon exposure correlates to lung
cancer and that there is an ERR of about 15 % for each
100 Bg/m? increase in radon concentration [1]. These
studies support the LNT dose-response model which
states that exposure to ionizing radiation and risk of
cell mutation and neoplastic transformation are lin-
early related [9]. Furthermore, the Committee on the
BEIR VIl report has also supported these findings, cit-
ing the availability of new and more extensive data
which have strengthened confidence in the estimates
[7]. Since the shape of the dose-response curve at low
doses is not well understood, the risks estimated by the
epidemiological studies are also not well-known [2].
Further research on the mechanisms of cancer forma-
tion at the cellular and DNA level is aimed to elucidate
the shape of the dose-response curve in the low-dose
regime and improve the precision of epidemiological
studies.

Geant4 model assessment of macroscopic
health dosimetry quantities from
exposure to radon

Obtaining dose estimates using CT scans allows
for the use of unique, patient-specific geometries. De-
veloped as an open source Monte Carlo particle track-
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ing code by CERN, Geant4 has expanded into a
multidisciplinary simulation and modeling tool that
includes codes and toolkits for medical applications
on large and small biological scales. For dose assess-
ment on an organ scale, the Geant4 DICOM code [10]
allows the user to input DICOM files that define the
simulation geometry. Each DICOM file from a CT
scan is a slice of geometry in the z-direction and the
Hounsfield unit values correspond to tissue densities
and materials defined by the user. In the presented ra-
don exposure CT-based model, the material densities
are used to form the ICRU 46 report [10]. Source defi-
nitions are easily described and modified in a macro
file and can be placed in areas of interest by selecting
the coordinates in a DICOM viewer.

The set of DICOM files used in this study corre-
spond to the CT scan of an adult person torso. The file
structure amounts to 100 slices of 2.5 mm in its thick-
ness. To estimate the macroscopic absorbed or dose
equivalent in the lungs due to inhalation of short-lived
radon progeny, sources of different types and shapes
were placed at the main bronchial bifurcation in
DICOM geometry. These short-lived progeny are both
alpha and beta emitters, as shown in tab. 1, including:
(a) alphas of energies 6.0 MeV and 7.69 MeV (corre-
sponding to the decay energies of >'8Po and >'*Po), and
(b) intermediate beta particles from the decay of >'“Pb
and 2!*Bi of energies 0.7117 MeV and 2.13 MeV, re-
spectively. The beta decay energies are calculated as
the weighted energy of all beta radioactive decay path-
ways for 2!4Pb and 2!“Bi. Literature provides varying
estimates of the contribution of the beta radiation to
the total dose [11, 12]. For example, Fakir et al. esti-
mate that the contribution of beta and gamma radiation
to the absorbed dose is below 1% [12], while Leonard
et al. estimate the beta contribution to be about 20 %
[13]. Source shapes were chosen based on those found
in literature (cylindrical) [14], as well as those that
most closely approximate the bronchial bifurcation
geometry (ellipsoidal) from the CT image. These ge-
ometries are approximated based on fig. 1.
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Figure 1. Sagittal view of source region above carinal
ridge in main bronchial bifurcation (Osirix), as modeled
in Geant4 macroscopic dosimetry model

The source volumes were selected to be spatially
homogeneous with ratios of short-lived progeny
(>'8Po, 214Pb, 214Bi, and 2'*Po), to each other equal to
5:3:2:2 [13]. Additionally, the equilibrium fraction of
the progeny to the radon concentration was set to 0.4
[15]. The equilibrium fraction indicates the fraction of
radon decay product concentration in relation to the
concentration of radon gas. Typical indoor residential
equilibrium fractions can vary from location to loca-
tion, but are usually taken to be ~0.4 [15]. The Geant4
macroscopic model includes 10% source particles
(such a high number of source particles results in the
reduction of error, although error quantification is not
provided by Geant4).

To analyze the Geant4 DICOM values, parame-
ters like radon concentration, expected number of dis-
integrations in the source volume, time of exposure to
radon inhalation, and radiation quality factor, must all
be combined. A conservative estimate of the dose rate
assumes that an individual is exposed to a concentra-
tion of 222Rn equal to 148 Bq/m?> over 18 hours per day
per year; thus, the relationship between the Geant4 ab-
sorbed dose value in Gy to the equivalent dose rate
[mrem per year) is defined as follows

D=D,N"'Cy,FyF,VQ, (1)

where D, is the absorbed dose (Gy), N —the number of
source particles, Cr, — the concentration of 22Rn
(pCi'/L), F, — the equilibrium fraction of short-lived
progeny to **’Rn, F, — the fraction of alpha-emitting
progeny, ¥ [m’] — the source volume, and Q, — the
quality factor of alpha radiation for equivalent dose
calculations (in this study, taken to be 20). For beta
particles, the Q is equal to 1.

Geant4 model assessment of nano-dosimetry
quantities from exposure to radon

The tendency of the solid decay products of ra-
don to attach to aerosol particles and deposit in bron-
chial bifurcations leads to higher energy deposition in
very small sections of lung tissue [16]. Sensitive tar-
gets in the lungs include bronchial epithelial and bron-
chial secretory cells. To evaluate the dosimetry param-
eters at this scale, quantities related to particle track
structure such as energy deposition, step length, and
interaction types along the track are of more interest
than the absorbed dose or dose equivalent. To under-
stand these quantities, the simulation of alpha particles
of energies corresponding to those of the radon prog-
eny alpha-emitters was created using the Geant4-DNA
toolkit and the dnaphysics application[17, 18]. A cube
of liquid water of side length 100 pum represents a
small section of a lung tissue. The general particle
source of alphas of energies 6.0 MeV and 7.69 MeV
are compared to a range of alpha particle energies

"1 Ci=3.7-10""Bq
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(1 MeV-10 MeV) to evaluate the track structure and
resulting particles interactions.

Ionization events are of interest in examining the
probability of double-strand breaks (DSB) in the DNA
molecule. The ionization events and their positions
can be grouped into clusters corresponding to the dis-
tance required to induce breaks within the
10-base-pairs in the DNA. The density-based spatial
clustering of applications with the noise (DBSCAN)
algorithm is applicable since it requires only two pa-
rameters: a Euclidean distance and a number of points
needed to form a cluster. The scikit-learn library con-
tains a DBSCAN routine that was used for this pur-
pose [19]. The DBSCAN algorithm has been success-
fully used in other Monte Carlo DNA simulations. The
number of clusters along the alpha particle track and
their probability of interacting with the DNA molecule
can be analyzed to estimate the number of DSB candi-
dates expected from the exposure to radon progeny.

RESULTS

Geant4 macroscopic health dosimetry
quantities from exposure to radon

The equivalent dose rate from exposure to in-
door radon concentration of 148 Bg/m? (4 pCi/L) was
calculated using patient CT scan data as described in
the section Radon exposure. The resulting macro-
scopic equivalent dose values are summarized in tab.
2. The fractional concentration of alpha emitters is
35.9 Bg/m® and the fractional concentration of beta
emitters is 24.8 Bg/m? for an indoor radon concentra-
tion of 148 Bg/m? and an equilibrium concentration of
0.4 and a 5:3:2:2 ratio of short-lived progeny to each
other. As can be seen, the equivalent radiation dose
varies only slightly with source shape. The variations
in bronchial geometry have an effect on the dose. The
expected effective dose rate can be estimated adding
the aspects analysis available in literature. The study
by Kendall and Smith [11] estimates that a person ex-
posed to a 148 Bq/m?> (4 pCi/L) concentration of radon

Table 2. Geant4 CT scan-based macroscopic equivalent
doses from alpha and beta particles expressed in [mSv
per year] as a function of source shape (cylinder, C, and
ellipsoid, E)

S‘?(;llffrflety[pniﬁn]d Alphas Betas
C817.2 4.36 0.03
E 817.6 4.36 0.03
C 1047.7 5.60 0.04
E 1047.8 5.60 0.04
C 2656.6 14.21 0.09
E 2658.7 19.26 0.09
C 3602.2 19.26 0.12
E 3602.2 19.24 0.12

would receive an effective dose between 3.18-14.11
mSv per year (318-1411 mrem per year), based on
ICRP values of phantom models [11] and not the real
human CT-data. In another study by EL-Hussein et al.
[6], the effective dose rates were found to be between
2.28-6.62 mSv per year (228-662 mrem per year)for
the same radon exposure, much closer to the effective
doses presented in tab. 2 which were between 0.52-
-2.31 mSv per year (52-231 mrem per year). The dose
rates as shown in tab. 2 fall within the low end of this
range when the largest source volumes are used and
would correspond to levels of low-dose radiation. The
accepted tissue-weighting factor 0.12 was used with
the values in tab. 2 to obtain the effective dose values
[5]. The dose rates obtained with beta-particle sources
represent less than 1 % of those from alpha sources, in
agreement with some of the values reported in litera-
ture [12].

Geant4 nanodosimetry quantities
from exposure to radon

The Geant4-DNA simulations using different en-
ergies of alpha particles in the micro-volume of liquid
water follow a single alpha particle through a small vol-
ume to determine the interactions that occur in a small
section of tissue. Geant4 allows for the track structure to
be examined for alphas of different energies.

The interactions of the particle and its secondary
electrons are stored in n-tuples in ROOT. The most
dominant particle type is shown to be from secondary
electrons and the most common interaction was elec-
tron elastic scattering, as can be seen in fig. 2. ROOT
counts each interaction type and bins the results by
number. The indicated interactions in fig. 2 are of in-
terest because of their importance in creating dou-
ble-strand breaks. In each energy category of alphas,
ionizations are a dominant interaction, especially, and
expectedly, as energy increases. The proximity of these
ionizations to each other is also important; the 1992
study by Brenner and Ward showed that multiple ion-
izations within a site of 2-3 nm in length should “corre-
late well” to the occurrence of double-strand breaks in
the DNA molecule [20].

The ionization events are clustered into groups
of three or more within a distance of 3.2 nm of each
other. These clusters form DSB candidates. No as-
sumptions are made as to the position of cells or cell
nuclei in the simulation tissue volume, so the cluster-
ing technique does not distinguish between clustered
SSB and clustered DSB. However, the DSB candi-
dates do give a conservative estimate of the cellular
damage inflicted by ?>’Rn progeny. The number of
cells a particle traverses is calculated using the ranges
of the alpha particle in liquid water from ASTAR ta-
bles [21]. Table 3 shows these ranges, as well as the
number of ionization events asociated with the alpha
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tering technique does not distinguish between
clustered SSB and clustered DSB. However, the DSB
candidates do give a conservative estimate of the cel-
lular damage inflicted by 2>’Rn progeny.

As shown in tab. 3, a 6 MeV alpha particle has a
range of about 49 um in tissue and it is therefore ex-
pected it will traverse about 3 cells of diameter 15 pm.
The number of clusters along the particle track is di-
vided between the cells which the particle traverses.
Then the number of ionization clusters in each cell, NV,
is multiplied by the probability of hitting the nucleus
(the nucleus takes about 10 % of the volume of the cell)
and the probability of hitting the DNA molecule (the
DNA molecule takes about 0.5 % ofthe nucleus [22]:

Ppsg =Py Pona 2

This probability is useful when linking the
macro CT scan model to the cellular effects of 2>’Rn
progeny exposure. Table 4 shows the results of the
probability of DNA molecule hits for each cell tra-
versed by an alpha particle associated with 2'8Po or
214P0.

Table 4. DNA molecule hits per cell traversed by alpha
particles of energies associated with short-lived radon

Figure 2. Interaction types (a) and microscopic tissue ge-
ometry in Geant4-DNA (b). The interactions are: alpha
excitations (23), alpha ionizations (24), alpha charge de-
crease to o." (25), o excitation (26), o ionization (27), o*
charge decrease to helium (28), o." charge increase (29),
helium excitation (30), helium ionization (31), and he-
lium charge increase (32)

Table 3. Alpha range in tissue, number of ionization
events along path length (from small volume model in
Geant4), and number of chosen DBSCAN cluster sizes

progeny
Alpha energy Cells Tonization DNA hits per
[MeV] traversed | clusters per cell cell
6 3 842 0.41
7.69 5 612 0.31

Alpha energy ASTAR range Geant 4 DBSCAN
[MeV] 1n tissue 1onization clusters
[pm] events <3.2nm
1 6 50,104 41
3 18 153,469 200
5 37 256,704 2,019
6 49 307,868 2,525
7.69 73 394,754 3,062
9 95 462,515 3,488
10 113 514,274 3,700

particle track (obtained from Geant4). The DBSCAN
algorithm was used to find the number of clusters of
size up to 3.2 nm. These clusters form DSB candidates.
No assumptions are made as to the position of cells or
cell nuclei in the simulation tissue volume, so the clus-

For an activity concentration of alpha emitter,
[Bqm™], source volume, Vg, and a cell cycle of 7, in
days, the number of alpha-emitting particles deposited
Nyep can be estimated with

Ndep :CRnFEFa VS (3)

Using the probability of DNA hits by an ioniza-
tion cluster (given in tab. 4), the number of cells tra-
versed by each alpha particle, and Ng,,, an estimate can
be made of the number of DSB that occur in the tissue
during a cell cycle

NDSB :NdepNtraversed PDSB (4)

Using the same activity concentration of
148 Bq/m? (as used in the CT scan model), an expo-
sure time of 18 hours per day, and cell cycle time 30
days, the approximate number of DSB in the main
bronchial bifurcation are calculated for the two
largest volumes from the CT scan Geant4 model.
These are listed in tab. 5. To compare the results for
different alpha energies, the DNA damage over dif-
ferent energies was plotted in fig. 3. These are com-
pared to the Dos Santos [22] studies and found to be
about an order or two lower. However, these stud-
ies made use of explicit geometries with respect to
cell structure and DNA density. The DNA density
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Table 5. Number of DSB associated with alpha-emitter
deposition in the main bronchial bifurcation

Alpha particle energy Npsp Npsp
[MeV] [Vs=2,657 mm’] |[Vs = 3,602 mm’]
6 127 173
7.69 51 69
Total DSB per cell 178 24
cycle
0.035
£ 003
£
o
& 0.025
E
g 002
[as]
2 0.015
0.01
0.005
0
0 2 4 6 8 10 12

Alpha energy [MeV]

Figure 3. DSB damages (DSB per micrometer) for alpha
energies of interest

used here was about three times smaller than the
largest one used in studies by Dos Santos.

CONCLUSIONS

In this paper we presented two Geant4 models
developed to assess the dose rates, particle track struc-
tures, and DNA damages associated with low-dose ex-
posure to indoor radon.

The macroscopic Geant4 model is based on CT
scan DICOM data providing patient-specific geom-
etries to estimate how the short-lived progeny of radon
deposit dose in the main bronchial bifurcation. The
simulation results (using the largest source volumes)
were in the range spanning examples in literature to
those expected for exposure to radon concentrations
atthe EPA-recommended action level of 148 Bq/m?
(4 pCi/L) (about 2.3 mSv per year or 230 mrem per
year) [23]. This model makes use of unique geome-
tries and further work may include respiratory dynam-
ics, aerosol attachment, and other biological parame-
ters. The ability to correlate dose rates and biological
effects to indoor radon activity concentrations could
assist medical professionals in patient treatments, as
well as strengthen the predictions made in epidemio-
logical studies.

Since the mechanisms of cancer formation are
not well known, nanodosimetric quantities are an im-
portant component of the study. Based on the micro-
scopic Geant4 model, the alpha particle track struc-
tures were examined and ionization events clustered
using a DBSCAN algorithm [19]. The clusters were
used to estimate the probability of an alpha-emitter

causing a double-strand break in the DNA molecule.
Although the geometry of the Geant4-DNA model is
simple and the clustering algorithm does not distin-
guish between clustered single-strand and dou-
ble-strand breaks, this does offer an estimate for the
number of DSBs expected in the tissue of a person ex-
posed to a particular concentration of indoor 2*’Rn.
The estimates were lower than those found in similar
studies (but not based on Geant4), indicating that very
detailed cell structure geometries offer more insight
into the type of physical damage inflicted by ionizing
radiation on the DNA molecule.

Lastly, this study showed that the Geant4 code is
well suitable for medical-based studies at macroscopic
and microscopic levels.
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Eseann BAH IEH AKEP, Metjy IYH/, Tatjana JEBPEMOBHWh

MNPOLIEHA JO3MMETPUICKUX ITAPAMETAPA PATIOHA HA
OCHOBY Geant4 CUMYJALIMJA 1 KOPUIITHREHA KOMIIJYTEPU30BAHE
TOMOIPA®MNIE N REINWICKOTI MOJEJTA

ITpouena 3ppaBcTBeHNX epekaTa akyMyJalyje pajjoHa y inyhuma oj 3Havaja je umajyhu y Bugy
7la je pajioH moclie MylIemha APYyru HajBakHHjU (haKTop KOju n3a3uBa Kauuep. Kopenanuja uzmeby noze
3pauerma U MojaBe KaHIepa HHje IOBOJHHO OOjalllibeHa Y IOMEHY HUCKHX 1033, TO JEecT, y OICETy j03a
aKyMyJnangje pajoHa. 3aTo Cy HCTpakmBarma y OBOj 00JIacTH Off 3Hadaja, HAPOUUTO MOKYIIAjH Ja ce
aHaIM3Mpa Ipar BPEHOCTH 03¢ U3HAJ KOje je Moryhe mpegBuieT! NOTCHIIUjaIHy TI0jaBy KaHIepa yCie]
aKyMyJangje pajgoHa M IpoAyKaTa pacmaja. Y OBOM pajy IpHKa3aH je MaKpOCKOICKU U LeyJIapHU
HYMEPHUYKM MOJIEJI POICHE 103€ pajjoHa U MpojyKaTa pagnoaKTUBHOT pacnajga Kopuirhemem Geantd
Kofa. MakpOCKOIICKH MOJIEJN 3aCHOBaH je Ha PeaHUM MoJalrMa KOMITjyTepru30BaHe ToMorpaduje Koju
oMoryhyjy MopenoBawme akyMmylangje pajgoHa y IulyhuMa y HajersakTHUjUM reoMerpujama. MUKpo-
CKOIICKA aHaln3a [03¢ PajioHa W IpofykaTa pacHaja aHajlu3upaHa je Ha HMBOY henmje. OBaj mMonen
oMoryhaBa aHanmm3y WHTEpaKiyja MPOoAyKaTa PafiHOAKTUBHOI paclajja W jOHM3AIMMOHUX MOTEHIMjaa.
PesynraTn oBux ananmza takobe nmokasyjy na Geant4 omoryhyje epeKTHO MOJIeIOBamE JO3MMETPH]jCKUX
mapameTapa ycieq akymyJianyje pajjoHa U MpoayKaTa paciajga Ha MaKpOCKOIICKOM U heJlijCKOM HUBOY.
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