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EYE-LENS DOSE COEFFICIENTS: A SIMULATION STUDY COMPARING OPERATIONAL DOSE
USING MCNP AND GEANT4 MONTE CARLO SIMULATION CODES
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he aims of this work include evaluating the capability of the GEANT4 Monte Carlo code to

describe electron dose coefficients for eye-lens using ICRU tissue cylindrical phantoms and

comparing the results with Monte Carlo N-Particle (MCNP) and MCNPXTM data retrieved

from the literature. A few years back, the International Commission on Radiological Protec-
tion (ICRP) issued a statement to lower the eye dose occupational annual dose limit. Therefore, ef-
forts have increased globally in this regard using dose simulation to calculate the eye-lens dose coef-
ficients.

Materials and methods. Three scattering models provided by GEANT4 (Urban, Wentzel-VI
and Goudsmit-Saunderson) were used in this work to calculate the electron eye-lens dose coeffi-
cients.

Results. It became clear from this study that choosing of the scattering model has a strong in-
fluence for electron energies at 1 MeV and below.

Conclusion. The use of the Urban scattering model with GEANT4 may be preferred as it was
earlier reported to best represent experimental measurements. However, the description of electron
dose coefficients at 3 mm depth deserves further consideration at these energies levels.
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AO30BbIE KOSPPULLEHTbI AASI XPYCTAAUKA TAA3A: CPABHUTEABHOE
UCCAEAOBAHUE NHAUBUAYAADBHbIX SKBUBAAEHTHbIX AO3 METOAOM
MATEMATUHECKOTO MOAEAUPOBAHUSA NMPU UCMTOAB3OBAHUU NAKETOB
MPOTPAMM MCNP U GEANT4

Moxammea K. Camal, ABAYAAD Aam M. AcKpi?

OTtneaeHe PAIFIOAOTHIECKIX HAYK, KoAre DK MPHKAATHBIX MEIUIMHCKIX HayK, Ha/pKpaHCKui yHUBEpCHUTET.
Hamxkpan, CaynoBckas ApaBus.

nenka criocobnoctu mnporpammbl GEANT4 Monte Carlo xapakrepu3oBaTh KO3((UITHEHTHI
IIOTOKA SAEKTPOHOB [Af XPYCTAaAMKa I'Aa3a C HUCIOAB30BAaHHEM IIUAWMHAPHYECKHUX TKAHEdK-
BuBaAeHTHBIX (paHToMOB ICRU u cpaBHeHHe pe3yapTaToB C maHHbIMH Monte Carlo N-
Particle (MCNP) and MCNPXTM, noay4eHHBIMH H3 AWUTEPATypbl. HecKoapKO aeT Ha3zan
MexayHapoaHass KOMHUCCHUS II0 paguosorudeckoi sammrte (ICRP) BeillycTHaa 3asiBA€HHE O CHUXKEHHU
IIpeaEeABHON TOA0BOM O3Bl AAd rAa3. B CBA3M C 3THUM, BO BCEM MHUPE aKTHUBU3HUPOBAANCH YCHAUS IIO
HCIIOAB30BAHUIO MOJICAMPOBAHHUS NO3BI JAS pacdeTa KO3(P(PUIIMEHTOB 03Bl ODAYYEHHS XPYyCTaAHKa
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rAasa.

MarepuaJsisl 1 MeToabl. Tpu MOZeAN paccenBaHUd Iy4Ka, npenocraBaeHHble GEANT4 (Urban,
Wentzel-VI u Goudsmit-Saunderson), 6bIAM UCIIOAB30BAHBI B 3TOH paboTe masd pacdera KoappUilneH-

TOB OO03BI O0AYHUEHHS XPyCTaAHMKA IAasa.

PesynbraTtel. 113 3TOTO0 HCCAEOBAHUS CTAAO SICHO, YTO BBIOOD MOJIEAM pPACCEWBAHUS MMydKa
OKa3bIBAeT CUABHOE BAUSHUE Ha SHEPTHIO SAEKTPOHOB mpu 1 M3B u HuxKe.

Breieoarl. Vicioap3oBaHMe MoaeAan paccenBanua mydka Urban ¢ GEANT4 moxer GbITH Goaee
IPEATIOYTUTEABHEE, TTIOCKOABKY, KaK COODIIaAOCh paHee, OHA AyUIlle BCETO MOAXOMUT MIAS MPEACTABAE-
HUS 3KCIEPUMEHTAABHBIX JaHHBIX. OMHAKO, OMHUCAaHUEe KO3(P(PUIIMEHTOB M03bl OOAYUYEHHS Ha TAyOUHE
3 MM 3aCAyKHBaET JaAbHEHIIIET0 pACCMOTPEHUS Ha 3TUX YPOBHAX SHEPTUH.

KaroueBrie caoBa: GEANT4, momean paccemBaHUS IIydKa, H030Bble KOA(M(UIIMEHTHI XPYCTAAN-

Ka raasa, Hp (3).
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he eye lens is one of the most radio-

sensitive tissues in the body [1,2]. In

this regard, in 2012, the International

Commission on Radiological Protection

(ICRP) has issued a statement to re-
duce the equivalent eye lens dose occupational
annual dose limit from 150 to 20 mSv y-1[3].
Thus, the dose limit to the eye lens has reduced
for nuclear workers by a factor of almost 10,
which formed many challenges and practical con-
siderations on the estimation of occupational eye
dose.

According to the Directive European Atom-
ic Energy Community (EURATOM) 1996/29,
measuring the equivalent dose to the lens of the
eye Hp(3) and extremities Hp(0.07) should carry
out at a depth of 3 and 0.07 mm, respectively [4].
Direct eye lens dosimeter supporting with an ad-
justable headset, to assess the Hp(3), was report-
ed in the literature [5]. If these dosimeters are un-
available, other methods can be used such as ret-
rospective dose evaluation based on the level of
scatter radiation or correlations between the eye
lens dose to the workers [6].

Before more than two decades, for Hp(3), a
slab phantom made of water-filled polymethyl
methacrylate (PMMA) and ICRU tissue has been
suggested for calibration purposes and the calcu-
lation of conversion coefficients, respectively [7].
However, in the past decade, a cylinder phantom
was recommended as it much better approximates
the appearance of a human head. The cylinder
phantom was made also of water-filled PMMA for
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calibrations and made of ICRU tissue for the cal-
culation of conversion coefficients [8-11].

Since 2009-2010, for goals of radiation
protection, new eye-lens doses electron and pho-
ton protection coefficients, based on a precise eye
model, have been available in the literature [12-
13]. In 2017, Behrens presented an excellent
compendium of protection coefficients [14].

The introduction of operational lens-dose
coefficients depends largely on efforts made to im-
prove the monitoring of the eye-lens dose in the
medical field such as interventional radiology, nu-
clear medicine and new developments [15]. In this
regard, the international collaboration group
ORAMED Contract (Optimization of RAdiation pro-
tection for MEDical staff) has worked to enhance
methodologies for better evaluating and decreas-
ing exposures to medical staff, for examinations
resulting to potentially high doses or complex ra-
diation fields. Furthermore, this collaborationre-
ported tables of air kerma (ka) to dose conversion
coefficients, Hp(3)/ka, calculated as the dose at 3
mm depth in a cylindrical phantom that recom-
mended by the ICRU in 1998 [7]. However, the
occupational radiation dose of the eye-lens in the
nuclear industry field is a concern of many due to
beta radiation. Currently, studies on the electron
operational dose coefficients Hp(3)/® in an ICRU
cylindrical phantom are scanty. Coefficients tables
are reported by Ferrari et al. in 2012 [16]. Behrens
also has compared slab and cylinder phantoms, to
determine which is more appropriate to estimate
the Hp(3) eye lens dose[17]. Dubeau and Sun had

DOI: 10.21569/2222-7415-2021-11-4-122-128 123


http://www.rejr.ru/

RUSSIAN ELECTRONIC JOURNAL OF RADIOLOGY

used, for their calculation, the Monte Carlo N-
Particle (MCNP) code package version 5, whereas,
Ferrari et al. had used MCNPXTM simulation code
[15,18]. We wish in this work to confirm their
findings. In addition, and as a continuation of
their effort, this work investigates the effects of
the electron transport models using GEANT4 sim-
ulation code on the Hp(3)/® coefficients.

Methods.

Overview of the simulation configuration.

This work was performed with version
9.2.p01 of the GEometryANd Tracking 4
(GEANT4)[19]. Differentscattering models, which
describes electron and photon interactions in a
wide energy range (1 keV-100 TeV), was used in
all simulations. Separate runs were accomplished
for beam of mono-energetic electrons ranging in
energy between 0.8 and 10 MeV.
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Fig. 1 (Puc. 1)

Fig. 1. Scheme.

Simplified schematic of the geometrical model of the cylin-
drical phantom (generated by MS-PowerPoint Ver. +2013)

Puc. 1. Cxema.

YHpOIL[CHHaH cxema I‘eOMCTpH‘-ICCKOfI MOOEAN LIUAUHAPUYIEC-

ckoro panToma (cozgana B MS-PowerPointVer. +2013).

The energy deposition has calculated at a
depth of 3 mm in a cylindrical phantom of 20 cm
diameter and 20 cm height (Fig. 1). The phantom
consist of ICRU tissue which a composition of
10.1% H, 11.1% C, 2.6% N and 76.2% O with a
mass density of 1.0 gccm-3. The phantom has ex-
posed to a field size of 24x24 cm?2 cross-section of
parallel electrons beam, which was calculated lat-
er by scoring the energy deposited per source par-
ticle in thin ‘slices’ volumes (0.5 cm wide and 4
cm long).The slices volumes have used as a detec-
tor in this work. In other words, energy deposition
in each slice was scored by using the methods
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GetPosition() and GetEnergyDeposit() of GEANT4.
For all tracked particles, the step position ob-
tained with the GetPosition() method has utilized
to check whether the particle was inside or out-
side the detector volume. The primary slice was
placed directly in front of the beam at O while
other slices have placed at different angles (15e,
30°, 450, 60° and 75¢) with respect to the direction
of incidence of the electrons. A total of 1 million
source particles have run for each case per simu-
lation (statistical uncertainty of 0.23%).

Electron Transport in GEANT4.

The electron transport method used by
GEANT4 hasextensively described in the user
manual[20]. The GEANT4 toolkit offers several
scattering models applicable to different particles
in a wide energy range,and it has summarized by
Donderoet al. [21]. It is then relevant to summa-
rize here the principal features of the electron
transport processes used by Geant4.

During transport, typically electrons un-
dergo a large number of interactions that diminish
their energies such as knock-on electron produc-
tion, continuous slowing down, atomic excitation
with the emission of X-rays and Auger electrons
and bremsstrahlung production. It is worth men-
tioning that the electron multiple-scattering model
used by default in GEANT4 version 9.3.p01 is the
Urban multiple scattering model,Urban2 mod-
el,[20], and is belong to a class II condensed-
history algorithm as reported by Berger [22]. The
Urban model is appropriate to any particle, but
the recent GEANT4 versions used only for elec-
trons, positrons and ions. It uses an algorithm of
probability density functions for sampling the spa-
tial and angular distributions after each electron
step. The model based on the Lewis theory, and it
has been adopted in this work because they give
the same moments of the angular and spatial dis-
tributions [23]. Lewis theory is appropriate for all
scattering angles, and it enables electron step siz-
es to be arbitrarily small.

In addition to the Urban model, two addi-
tional models have used in this work: (a) Com-
bined multiple and single scattering model
(Wentzel-VI model) and (b) Goudsmit-Saunderson
multiple scattering model (Goudsmit-Saunderson
model). The Wentzel-VI modelcan be used with low
CPU usage for all charged particles and all ener-
gies, except electron and positron below 100 MeV.
Regarding Goudsmit-Saunderson model, it’s using
some algorithms of the EGSnrc multiple scattering
model developed byKawrakow and Bielajew[24]
and based on Goudsmit-Saunderson theory [25].
In this model at each step, a sampling of no scat-
tering, single or multiple is performed for nega-
trons and positrons depending on the number of
interactions along the path.

Unlike many other simulation codes, all
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Fig. 2. Diagram.

Mean equivalent dose per electron fluence using
GEANT4-Urban for O° incidence and for other angles.

Puc. 2. Avarpamma.

CpenHas SKBHUBaA€HTHAd [103a II0 IIAOTHOCTH IIOTOKA
9AeKTPOHOB C wucnoabloBaHnueM GEANT4-Urban maa
yraa nagesus O ° ¥ ApPyTrHUX yTAOB.

Fig. 3. Diagram.

Mean equivalent dose per electron fluence for O° inci-
dence calculated with GEANT4-Wentzel-VI (this work)
and those of ENEA [16].

Puc. 3. Avarpamma.

CpenHsas 3SKBHBaA€HTHas [03a II0 IIAOTHOCTH IIOTOKa
9A€KTPOHOB OAd yraa naneHud 0°, paccuuTaHHasa C IIO-
momsio GEANT4-Wentzel-VI (manHoe mccaemoBaHUE) U
ENEA [16].

particles (primary and secondary) created in
GEANT4 are in origin tracked to the end of their
range. Nevertheless, the user can define the num-
ber of secondary particles to be tracked, by block-
ing the production of secondary particles whose
range would be less than a user-defined value
called the 'range cut' [19-20]. A range cut of 3.3
pm, corresponding to electron energy of ~2 keV in
ICRU tissue, was used for incident energies >0.8
MeV. The ROOT system analysis tool was utilized
to obtain the relevant dosimetric quantities from
the results.

In GEANT4, the algorithm of particle
transport contains four levels: event, track, step
and run [20]. These levels are well described in
the user manual [26], and it has been summa-
rized by Maigne et al. [27]. The event level is con-
cerned with the simulation of a single history.
While the run level is the topmost level at which
overall control of running a pre-defined number of
histories is managed.

Results.

Fig. 2 shows the calculated electron flu-
ence to dose coefficients using GEANT4. Based on
the entire lens, the eye lens dose depending on the
electron energy for angles of incidence of 7 = 0°,
15°, 30°, 45°, 60°, 75°, and 90°. These coefficients
have calculated using the Urbanmultiple scatter-
ing model.

Fig. 3 shows the coefficients obtained in
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this work using GEANT4-Wentzel-VI and those of
EnergiaNucleareedEnergie Alternative, ENEA, [16]
for O- incidences. In addition, Fig. 3 shows the ra-
tios of the ENEA set calculated with MCNPXTM
and data of this work.The coefficients in the ener-
gy range from 0.8 to 10 MeV varied between 18
and 308 pSv.cm?2. It is evident, from Fig. 3, that
both two data sets are comparable above the en-
ergy of 2 MeV. However, significant variation can
be observed at 1 MeV or below this value. It is
worth mentioning that this region is meaningful
as beta particles have noticed with energies span-
ning a continuum.By comparison, the ENEA coef-
ficients exceed those of this work by a factor of 0.4
at 0.8 MeV and 5% at 1 MeV.

The effect of the selecting of the scattering
model,described previously, was evaluated and
ledto the results of Table 1. It seems that the
choice of the scattering model has a strong influ-
ence for electron energies at 1 MeV and below.
Table 2 shows a comparison between the data of
Hp (3,a) dose coefficients reported by ENEA [16],
ICRP74 [28], MCNP [15] and the results of
GEANT4 obtained in this work using Urban,
Wentzel-VI and Goudsmit-Saunderson models. It
can be observed generally good agreement at 1
MeV, whereas GEANT4 (Wentzel-VI and Goud-
smit-Saunderson) gives a much lower coefficient
at 0.8 MeV.

Discussion.
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Table Nel. Impact of GEANT4 scattering models and comparison to ENEA [16] as well as
MCNP step-specific [15].
Energy R o
. ange ——
(pSv.cm?)
1.0 Urban G4UrbanMscMode G4eMultipl-eScattering  default 343
1.0 Wentzel-VI G4WentzelVIModel ~ G4eMultipl-eScattering  0.02 315
Goudsmit- .
10 G4GoudsmitSaunderson . . 331
saunderson Model G4eMultipl-eScattering 0.02
MCNP step-specific 305
ENEA 332
0.8 Urban G4UrbanMscMode  G4eMultipl-eScattering ~ default 42
0.8 Wentzel-VI G4WentzelVIModel G4eMultipl-eScattering ~ 0.02 18
0.8 Goudsmit- G4GoudsmitSaunderson 29
: Saunderson Model G4eMultipl-eScattering 0.02
MCNP step-specific 30
ENEA 44

In this study, we have investigated the ef-
fects of the electron transport models using
GEANT4 simulation code on the Hp(3)/® coeffi-
cients. This paper addresses the question, how
well can GEANT4 be employed to confirm the find-
ings of previous MCNPX studies [15,18] to obtain
the Hp(3)/® coefficients? To answer this, GEANT4
have been employed to simulated cylindrical
phantom consists of ICRU tissue, as well as to
simulate mono-energetic parallel electron beam
source geometries. As previously mentioned, three
scattering models provided by GEANT4 were used
to find the most close model to ENEA Hp(3)/® co-
efficients results.

A few comparisons have conducted be-
tween MCNPX, GEANT4 regarding simulations of
photon and neutron transport through different
materials [29], whereas comparisons of electron
transport between these packages are scarce. In
general, using MCNPX code consider easier than
GEANT4, where most of the new users spend a
substantial effort in learning the C ++ program-
ming language before they can effectively use
GEANT4 code. However, nowadays several soft-
ware frameworks have been developed such as
GATE [30], or PTSIM and TOPAS [31] that make a
wide range of GEANT4 functionality available
through a user-friendly interface in the Medical
Physics field.

The dose coefficients obtained in this study
and of theENEA were for a cylindrical phantom
using ICRU tissue (Table 2).It is predicted that, for
0- incidence electrons, thedose coefficients ob-
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tained by the cylindrical phantom should very
nearly equal those of the slab phantom. In this
second situation, accepted Hp(3)/®P coefficients
are found in ICRP publication 74 [28], which have
obtained from a previous study [32]. As previously
mentioned in the Result section, Table 4 compares
the results from these different sources. In gen-
eral, there is a good agreement between the coeffi-
cients calculated in this work using the three
scattering models of GEANT4 and previously pub-
lished studies. However, significant variations
have observed at 0.8 MeV.One practical outcome
is that the GEANT4 Wentzel-VI model may give
dose coefficients that are lower by as much as 9%
than with the other two scattering models for en-
ergies of 1 MeV (Table 2).

As the simulation of backscattering is a
sensitive playground to assess the capability of a
Monte Carlo transport code to represent electron
multiple scattering correctly, Kim et al. also ob-
served large variability in the performance of all
models over the range of Geant4 versions [33].
They noticed that Urban are faster comparing with
the Wentzel-VI model. Furthermore, they demon-
strated that the energy deposited in a lead target
using the Urban model is higher comparing to
Wentzel model.

Most of these variations between scattering
models can be attributed to the presence of sys-
tematic influences such as prepackaged Phys-
icsLists, selected data libraries (Evaluated Elec-
tron Data Library and Evaluated Photon Data Li-
brary) and energy indexing algorithm that are af-
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Table Ne2. Comparison between the data of Hp (3,a) dose coefficients reported by ENEA
[16], ICRP74 [28], MCNP [15] and GEANT4results obtained in this work.
GEANT4 (pSv.cm?)
Energy ENEA2 |CRP74: MCNP2 Goudsmit-
(MeV) (pSv.cm?) (pSv.cm?)  (pSv.cm®)  Urban  Wentzel-VI Saunderson
10 299 303 305 304 308 301
8 300 305 306 305 298 303
7 305 306 306 306 301 305
6 306 309 310 310 307 308
5 317 317 316 315 314 313
4 327 334 332 330 331 327
3.5 342 351 338 335 340 333
3 357 373 362 361 371 359
2.5 399 417 398 399 405 401
2 465 481 460 459 461 456
1.75 499 512 491 490 510 489
1.5 530 524 513 511 529 509
1.25 501 486 493 492 489 491
1 332 301 342 343 315 331
0.8 44 45 41 42 18 39

*slab phantom

fecting the energy deposition for electrons whose
range is beside or just above the 3 mm depth. As
an overall trend, one should consider carefully the
coefficients that are used for those cases pending
further modelling.

One is also cautioned toconsider carefully
that there is several variants of Urban model have
been released in the course of the evolution of

1 MeV and below. The use of the Urban scattering
model with GEANT4 may be preferred as it was
earlier reported to best represent experimental
measurements.

Ethics approval and consent to participate.

All procedures involving human partici-
pants were performed in accordance with the ethi-
cal standards of the institutional committee, as

Geant4, such as G4UrbanMscModel96, well as the 1964 Helsinki Declaration and its later
G4UrbanMscModel95, G4UrbanMscModel93, amendments or comparable ethical standards.
G4UrbanMscModel92, G4UrbanMscModel2, This article does not contain any animal or hu-
G4UrbanMscModel90, G4MscModel71, man experiments. This work was approved by the

G4UrbanMscModel and G4MscModel, which are
outside the scope of this paper.

Conclusion.

This paper has analyzed the capabilities of
GEANT4 to calculate the Hp(3)/® coefficients. It
seems that the description of electron dose coeffi-
cients at 3 mm depth in the ICRU tissue phan-
toms deserves further consideration at energies at
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