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24-5 Hay¥HO-NpaKmuyeckas KoHgepenyus cmydeHmos, acnupaHmos u Mo00bIX CNeyuaIucmos

MOJEJMPOBAHME PAJMALIMOHHBIX IMOJIE BHYTPU KOCMUYECKHAX
AIIMAPATOB B HABEMHBIX YCJIOBUSIX

H.C. I'opoees', I.H. Tumowenxo™

'Tocyoapemsennviii ynusepcumem «JJyéna, 2. lvéna, Poccus
(PEMH, xaghedpa Guodpusuiu)
206wedunennviii uncmumym adepusix uccredosanui, . Jyéna, Poccus
(rabopamopus paduayuonnoti Guonozuu)

B pabome paccuompena paduayuonnas o6emanosxa ene npedeios maznumocdepel e
Komnonenmusiil, Snepeemuueckuii u dosoesiti cocmas TKII (2araxmuuecku kocmuueciux ayuet).
Crodenuposan cnexmp npomonos u amsgha-uacmuy TKJT npu paznuunoii commeunoii axmusnocmu.
Botnoanensi pacuemsi paduayuonnix noseti enympu obumaenozo nuiomupyenmozo mooyi. Ipe-
n09Kcena cxema dopuposanus na nyuxe npomonos ¢ suepaueii 12 I»B Hyknompona OHSH noneii
usnyuenus euympu xocwuseckozo annapama, obyuaenozo IKJL. Tpedcmagnensi npedeapumetsisie

Pe3ynbmanmpl MoOEUPOBAHUL.
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TocynaperBennbiii yausepenter «/lyona»

XXV Hay4HO-NpakTHYECKas KOHpepenuns
CTY/JI€HTOB, ACHHPAHTOB H MOJIOJIBIX CHEHHAIHCTOB
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11.6.1., npodeccop, wi.-kopp. PAH
Kpacapun E.A.
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Jy6ua 2018 r.




image8.png
1. Barosa Anma Cepreesna

(cmydenmxa 2-020 Kypea macucmpamypei « Viusepcumema  «JlyGnay,
Kagpedpa Guodusuxu, nayan. pyxosodumenu x. .-m.n. lapxomenio A.10.,
& ¢.-M.n. Byeaii A. H)

Tema Ooxiada: MaTemaTHuecKoe MOJETHPOBAHHE
HefPOHHbIX CETAX THIITIOKAMITA.

ocLWUIAIHA B

2. Beappexepexuii Muxann Hropepis

(cmyoenm  4-020 xypca Gaxaraspuama  «Viusepcumema  «JlyGua,
Kahedpa  Guodusuxu, wayan. pyxosodumeis O.h-s.n, npospeccop
Tuwowenxo I". H.)

Tewa Ooxiada: PeaTHCTHUNs ONCHK PAAMAIMORHOO DHCKA IpH
MEKILIANETHHIX TILIOTHPYEMbIX MOICTaX.

3. Byaanosa Tareuna Cepreesna

(acnupanmra_4-020 z00a acnupanmypu «Viusepcumema «JlyGna,
Kaghedpa Guogusuxu, wayus. pyxosodume:s 0.6.. Bopeitxo A.B.)

Tema 0oxiada: ARATH WHIYKIUH # DETApAIMN JIBYHHTCBIX PaspsIBOB
JIHK 5 kreTkax [TypKiHEe MOReUKa KPHIC [IpH BO3IE/CTBHH 1-KBAHTOB
%Co 1 npoTonos.

4. Taspuoa Bukropus Cepreesua

(cmyoenmxa 2-020 Kkypea macucmpamypei «Viusepcumema «JIy6uar,
Kacpeopa Guodsuu, nayin. pysosodumenu k.61 Kowosa OB, x.Gn
Kowans H.B)

Tema Ooxiada: OleHKa AKTUBALMH MHKPOTIMH HOHH3MPYIOUMA
MIIYSERHAMH DASHOTO KAUCCTBA ¢ MCTIOMBIOBAHMEM MOJETHHON CHCTEMS!
HMMOPTATH30BAHKOI THHII MIKPOTTHAEHEIX KIETOK Mbmi SIM-A9.

5. Lopaces Mnan Cepreesus

(cmyoenm 4-020 xypea baxanaspuama «Viusepcumema «Jlyonay, kapedpa
Guodusuxu, naysn. pyxosooumens o.g-w.n, npogpeccop Tunouenxo I. H.)
Tema Ooxwada: Moemposanne  PAIMANNORHEX —moneli  BHYTPH
KOCMHHCCKHX QIITIapaToB B HA3EMHBIX YCTOBHIX.

6. Koxmna Pernna Anexceesna

(cmyoenmka 1-020 kypca mazucmpamypui «Vwusepcumema «Jlybua,

Kagedpa Guognusuxu, nayun. pyxocodumess 0.6.1. Bopeiiko A.B.)

Tena 0ox1a0a: 3aKOHOMEPHOCTH WHAYKIMH H DENApaiMy JIBYHHTEBBIX

paspeinon JIHK p roreTsax runnOKQMITA Nuisicl HpH eHCTR Y-KBaSTOR
'Co u yckopenubix otos 14 N ¢ pasuoii JITTD.

7. Komapos Jlenn¢ Anexcaniposus

(cmyoeumxa 4-020 xypea Gaxaraspuama  «Viusepcumema «/lyona»,
xacpedpa Guodnusuxu, nayun. pyrosodumenn x.6.n Kowosa O.B., K6
Kouuans H.B.)

Tema Ooxiada: ONTHMH3AUAS MTOJOB HIMEDEHMS YPOBHA aKTHBHBIX
(DOPM KHCIIOPO/a HILTYIIHPOBAHHbIX HORH3HDYIOLIM H3TYSCHHEM.

8. UYmmscona Oxcana Anekcanpopna

(cmyoenmya 2-020 kypea mazucmpamypei «Viucepcumema «JlyGnay,
Kapedpa Guodusuxu, naysn. pyxosodumesu x.G.u. Komosa OB, x.6.n.
Kowano H.B.)

Tema Ooxiada: Jlsoiiusie J(depeHNHATSHbE COUCHUA POAICHHA
HeliTPOHOB, TIOJIySCHHBIC Ha OCHOBE TIOTY3MIMpHIEcKoro Metona NNEP
npu B3amMopeiicTBwAX MoROB Ne, Ar, Kr ¢ omeprmavm 95 — 600
MoB/HyKII0H C Pa3IAHHBI MATIIERAMH.

9. Mlamuna [{apes Imurpuesna

(cmyoenmya  4-020 Kypca Gakaraspuama  «Viusepcumema JIyouay,
xagheopa Guogusuxu, nayu. pyxosodumexs 0.6.. Bopeiko A.B.)

Tema doxrada: MccTienioBante 3aKOHOMEPHOCTEI] PeTIapatih KIacTepHbIX
rospexenii JIHK mpw ACHCTBIN II0THOKOHHHPYONIX H3YHEHHH.
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CERTIFICATE OF PARTICIPATION

We hereby proudly certify that

Tv GoR DEEV

has participated in the Falling Walls Lab Dubna

on 2 October 2017.

The Falling Walls Lab is a challenging interdisciplinary platform that invites talented academics, profes-
sionals and entrepreneurs from around the world to present their breakthroughs - research work, busi-
ness ideas and initiatives - within 3 minutes each to an audience of industry experts, decision makers and
scientists. A distinguished jury awards the best presentations. The Falling Walls Lab Dubna is organised
by the Joint Institute for Nuclear Research together with the Dubna State University, and supported by the
Falling Walls Foundation.
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This 1s to certify that

IVAN GORDEEV

Faculty of Natural and Engineering Science, Dubna State University

has successfully completed
Personnel exchange program (26 January, 2018 — 5 February, 2018)

d Russia
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=) |88
Yoshihikh Hosoi, PR.D. |2 | Hisashi Fujihara, Ph.D.

Executive Vice President for International Affairs Dean, Faculty of Science and Engineering

Date of Issue 5 February 2018
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GSI Helmholtzzentrum fiir Schwerionenforschung Helmholtz Graduate School for Hadron and lon Research

HGS-HIRe Summer Student Program 2018 at GSI

July 23 - Sep. 13, 2018

Certificate of Participation

Gordeev, lvan 21.07.1996

Name Date of Birth

The student mentioned above took part in our International Summer Student Program from

iyt 1oy S0 GSI Helmholtzzentrum

fur Schwerionenforschung GmbH
Theory Department

3 (/ Planckstrafe 1
. ™ 64291 Darmstadt
(Prof\/Jérn Knoll) Germany

During the eight weeks of the program each participant joined one of the research groups, and
worked on a limited scientific project in physics or engineering. In a series of 15 lectures, each 90
minutes in length, the various branches of research and applications with heavy ions (see below)
were presented. They were supplemented by soft-skill courses on “Scientific writing” and “Scientific
presentations”. At the end of the program all participants gave a short seminar talk (20 min.) and
wrote a report (4 pages) about the project. All lectures as well as the reports of the students were
presented in English language. -

GSI/FAIR is an international heavy-ion research center funded by the Federal Government of Germany
and the state of Hesse. It is one of the world’s leading centers for basic research with accelerated
ions. It operates a heavy-ion accelerator facility consisting of the linear accelerator UNILAC (energy
of 2 - 20 MeV per nucleon), the heavy-ion synchrotron SIS 18 (1 - 2 GeV//u), the storage cooler ring
ESR (0.5 - 1 GeV/u) and about 30 experimental set-ups. Presently a new accelerator Facility for
Hadron and lon Research (FAIR) is under construction. These facilities permit experimental studies
in the fields of Nuclear, Hadronic, and Atomic Physics, as well as in Accelerator Physics, Biophysics
and Medical Physics, Material Science and Plasma Physics. The center further provides educational
expertise for students in Computer Science (soft- & hardware), Micro Electronics and Electro and
Mechanical Engineering.

Helmholtzzentrum fiir Schwerionenforschung GSI Helmholtz Graduate School

Student Program c/o Frankfurt Institute of Advanced Studies (FIAS)
Planckstr. 1 Ruth-Moufang-Strafe 1

64291 Darmstadt 60438 Frankfurt/Main

Germany Germany

http://www.gsi.de http://theory.gsi.de/stud-pro http://hgs-hire.de http://hgs-hire.de/summer-program
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Comparison of MCNPX, GEANT4 and FLUKA
simulations of the radiation situation inside a
spacecraft in deep space

Ivan Gordeev
ate for Nuclear Rescarch, gordeevQjin.ru

Joint Ins

The Galactic Cosmic Rays (GCR) and secondary radiation, to which astronauts will
be exposed in a spacecraft in deep space, is a very relevant problem in the space radio-
biology. To study the impact of this type of radiation some models for simulating this
radiation field were proposed by NASA and JINR. In this work we consider the GCR
model by JINR for simulating continuous proton, neutron, and mi-meson spectra
within the habitable module of a spacecraft. The necessary calculations for this model
were obtained in the Monte Carlo simulation transport codes MCNPX and GEANT}
In this work we do the same caleulations using FLUKA and compare the results of
these three programs and discuss advantages and disadvantages of different Monte
Carlo simulation packages for these purposes.

1 Intoduction

In recent years the radiation exposure risk in the
deep space is considered as the munber one risk
to astronaut health [1] and as the main stop-
ping factor for long-duration mamned interplan-
etary missions. The risks related to space ra-
diation exposure during long-term missions can
have two main components: the late (after the
mission) risk of cancer or cardiovascular disease
and acute (during the mission) ergonomic risks
due to cognitive function disorders [2]. These is-
sues requires a careful approach to study cosmic
radiation, in particular Calactic Cosmic Rays
(GCR) (see Section 2).

The most part of experimental data on space
radiobiology that we have for today was ol
tained at high-energy particle accclerators; be-
cause other terrestrial radiation sources can-
not simulate space radiation exposure scenar-
ios. Exposure of biological samples to acceler-
ated HZE particles' at modem facilities, have
two principal distinctions from radiation con-
ditions in space. First of all, in every experi-
ment nowadays biological samples are irradiated
to only one type of radiation with a fixed en-
ergy, however GCR represents a complex multi-

T The abbreviation "HZE comes from high (H) atomic
number (2) and energy (E).

component radiation with a wide energy spectra
up to ultrahigh energies. The second disadvan-
tage of the accelerator-based experiments which
were done before is a lack of long exposure of
biological samples to a low dose rate which is
important because of the reparation processes
in the biological systems. The best condition
would be madiation approximately similar to
space enviromment. Most of the experiments
were done in a short period of time at high in-
tensity to provide the absorbed dose, which in
reality in space could be accumulated within e.
& 1 year. Thus space radiation modeling in the
terrestrial conditions is now a very urgent task
of space radiobiology [3].

Some models have been proposed by NASA?
[4] and JINR? [5]. In Section 3 we describe the
main idea of the GCR model propased by JINR
and in Section 4 we show results of simulations
using FLUKA [6, 7] transport code in compar-
ison with MCNPX [§] and GEANTA [9, 10, 11]
calculations

The NASA Space Radiation Laboratory (NSKL) in
Brookhaven National Lab (USA).

*The Joint Institute for Nucleur Research (JINR) in
Dubni, Russia
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POCCUINCKAS OEAEPALIAA

Mockoeckas o6AacTs
FocyAGPCTBeHHO® Gl0AXeTHO® OBPA3OBATEABHO® YHPeXARHHE
BbiCwero 0Bpasosamu MockoBcKof 06ACTH
“Yuusepcuter *Ay6ua”

MNPUKA3
«ddn__ A 2018 1. Ne

06 worax KoKypea
«Jlysume cryzenTs yupepentera «JlyGuan
322017-2018 yueGusili rox

B coomserctsun ¢ [lorowenuem o nposexemun Komkypea «Jlywume cryients
yuupepntera «/lyGnay (Ipikas No 2271 ot «26» 09. 2011 1), Ha oCHOBANMH peICHHA KOMHCCHI
yhHBepeHTeTa

TIPUKA3BIBAIO:

1. OGuasis noGeuTensmu Kokypea «Jlysume CTyzerTs! yisepeiteta «JlyGua» 3a 2017 -
2018 yueGuptit rox crynenros ®3Y, ®CIH, OEHH, HCAY » coomsercramn c

NpRIOKeHHEM.

2. PyKOBOZHTEITIO H3AATE/IbCTBA y4eGHOM JHTEpATYPH! H yieGHbix nocobnit Tuvanioit E.IO.
OfcCreuiTh Oprai3AILIo GOTOCHEMKH, pasMeLIeRHe GoTorpadiii MOBeIHTEIICH KOHKYpCa
Ra crenze JlysIHe CTYIEHTH! YHHBEPCHTETa) W Ha CaiiTe YHHBEPCHTETa.

3. Koncensn daky7sTeron i MCAY PasMecTHTS 1a CBOMX CTeNAX M CalTaX HHGOPMALIO 0
CTyAeHTaX, e OpOWIWNX 10 KOHKYPCY, HO JOCTHIUINX XOPOLIEX PE3yISTATOR
ResTesHOCTH.

Tlpopexrop
10 0Gpa3OBaTE BHO AEATENBHOCTH

2 Kpeiizep O.A.

Pasocrao: s 4¢10, pexrop, npopextopa, ek, dakymteru, HCAY, Kabeipu, yicGnuih OTACA, OTIEH BOCTHTATCIEHOR
COHaLHON PASOTH, CTyAEHHECKHH COBET, YHCHUH CEKPCTAPS, HILETCILCTO YHHBEPCHTETE.

en. Koutien AB.
(496)216-57-77, IP: 185

“H
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Tpunoxenne K npukasy Ne 7477
ot«etly 2 2018r.

ToGeanTenn Konkypea
«JIyqmne cTyenT ynusepenteta Jyona»
(2017-2018 yseSusii roa)

Nen/n | ®HO rpymna [ kageapa Daxyanrer
1. | Knpnimien Mes Auatonsenns 6021 | Dxonorms n waykno | GEMH
3ewne
2. | Topaces Mpan Cepreenns 5163 | buoguankn OEMH
3. | Yorunon Banentus Bareppenn | 6122 | ®uznro- OEMH
TexHHECKIX CHCTEM
4| Cenrropa Jlnana bepukkoisst 6162 | Slneproii dusuku | GEMI
5. [ Tecton JImutpuit Cepreenns 6171 | Xumn, Homoix OEVH
TeXHONOrHil U
arepraron
6. | Anexcanapos Aton Cepreenus | 5211 | kammmeckoR ®CTH
o ncwxonorm
7. | Kynnpaxosa Hatanes Auapeesuia | 4131 | couroziornu u ®CTH
IyMaRHTApHBIX HAYK
8| Mammnna Exarepuna 6092 | nenxonormn OCTH
Hitkonaenna
9. | Kpuimanonckan Anna lletposna | 4041 | amnreuctaxn SCTH
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ARTICLEINFO ABSTRACT

“The igh-enerey accelrstor-based simlaton of both Galacti Casmic Rays (GCR) and secondary radiaton,to
‘which astronauts will b exposed within a spacectat i deep spac, i a very reevant task fo the pumoses of
space radiabllogy. In this ok, & merhod of simulring coninuous prton, newron, and 7 meson spectza
withinthe abitable moduleof a spaceeraft s desribed. The methos are based ona liear combinaton of the
eversy spectra of prtices mitied at various angles from three diffren target bombarde by a high-rergy

proton . The consecaive rraditon of target ke it possible to create n a certsin volune pear the bean
‘3 summary feld that i similar i chaacteistie 0 th nucleo feld nside the habiable module expased fo GCR

averaged over soar actviy.

1. Introduction

Radiobiological research n recent years has dentified the radistion
expasure isk as ane of the stopping factor for long;duration manned
interplanetary missions. As of today, a large amount of experimental
data on the damaging effects of high-energy heavy charged (HZE)
particles at the cellular and organism levels has been accumulated. The
isks related to space radiation exposure during long:erm missions can
have two main components: the late (afte the mission) risk of cancer or
cardiovascular disease and scute (during the misson) ergonomie risks
due to cognitive function disorders. There is also an acute risk ssso-
ciated with rare and powerful solar proton events, but it is hardly
predictable and mansgeable.

“The main part of experimentsl data on space radiabiology was ob-
tained at high-energy proton and heavy ion aceeleators; othe terres-
trial radiation sources cannot simulate space radiation exposure sce-
narios. Space radiablology rescarch in the world is now concentrated in
a few big accelerator centers: the NASA Space Radiation Laboratory
(NSRL) in Brookhaven National Lab (USA), GSI (Darmstadt, Germany),
National Instiute of Radiological Sciences (NIRS) in Chiba (Japan), and.
the Joint Institue for Nuclear Rescarch (Dubna, Russia) in collabora-
tion with the Instiute of Biomedical Problems (Mascow, Russia). In
spite o the very wide diversty of biological samples exposure 10 ac-
celersted HZE partcles at modem faciliics, there are two principal
distinctions between the accelerator-based space radiation experiments
and actual radiation conditions in space. Firsly, these biological

samples are iradiated 1o only ene radiation component with a fixed
energy in every experiment; however, the glactic cosmie rays (GCR) is
a very complex multicomponent radiation with the energy spectra
extending to ulrahigh energies. The second crucial disdvantage of the.
accelerator-based space radiation experiments is the impossibiliy to
provide the chronic expasure of biological samples ata low dose rate —

in particular, to 3 radiation approximately similar to space environ-
ment. Thus, space radiation modeling in the terrestrial conditions is
now a very urgent prablem of space radiobiclogy (Durante t L 2007).
For some time in the past, single atempts were undertaken in this di-
rection to improve risk assessment in space (Slaba and Blatinig, 2014
Kim Myung Hee et al, 2015).

In arder to move from fragmentary types of radiobiological ex.
periments to more realistic space radiation maeling, a GCR simulator
has recently been proposed at the NSRL, featuring a rapid beam switch
‘mode (with changing ion Z and energy in the range up (0 1 Gev/n) to
simulate the multi-ion irradation of biclogical samples i single ex-
perimental run during hous or longer when chronic exposures imits-
tionis needed (5 hver, 2008; Slaba t L, 2016). For the GCR simulatr,
two beam selection approaches can be used: the “external Reld” imi.
tating the unmodified free space GCR spectrum and the “local field”
using 1o predict the spectrum of particles and energies in a re-
presentatve tissue behind shilding on a decp space mission. In the irst
approach, a target imitating spacecraft shieling s placed before &
biological sample. In the secand approach, the modified spectrum is
‘modeled by a sum of alternating directly iradiations of the isue using

“Corrponting suthor. Join nstte b s Rescsrch, Db, Moscon g, 14190, R
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Simulation of radiation field inside interplanetary spacecraft
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Abstract. A simulation of the radiation field inside a habitable module (a diameter of 6 m and lengih of
12m) of a spacecraft generated by isotropic Galactic Cosmic Radiation (GCR) in deep interplanetary space
is carried out for minimum and maximum solar activity using the FLUKA code. Protons, alpha-paticles,
deuterons, *He, and nuclei with Z > 2 are considered as primary GCR irradiing the spaceeraft isotropically.
‘The following particles are included in FLUKA radiation transport through the module shell (15 glem? of Al
protons, neutrons, y-rays, electrons, -mesons, jr=-mesons d, 1, and nuclei from He toNi. The inner particle
spectra are needed to assess the astronaut’s radiation risk in a long-term interplanetary mission.

Keywords.
FLUKA code

Galactic cosmic radiation—astronaut exposure to space radiation —spacecraft radiation shield:
simulation of nucleus-nucleus interaction—radiation transport through mater.

1. Introduction

Astronauts traveling ona protracted voyage toMars will
be exposed mainly tothe secondary radiation originated
from Galactic Cosmic Radiation (GCR) interacted with
spacecraft shell. Due to the high energy of GCR, a
spacecraft shell s not a barrier for them and part of the
primary particles can penetrate the shell without nuclear
interactions. Other particles and nuclei of the GCR gen-
erate in the shell numerous secondary particles and
nuclear fragments with a very wide energy range. The
mixed non-directional radiation field inside the space-
craftvaries with solar activity (SA) both in composition
and in the energy spectra of the field components. The
inner field has practically the same composition as the
composition of the GCR in space, but as a resultof GCR
interaction withthe spacecraft matter, unstable particles
(neutrons, mesons, short- and mid-life nuclei) appear
that are not present in the GCR. Therefore, a complete
calculation of the spectra of all the secondary particles
forming the radiation field inside the spacecraft is very
complicated and time-consuming

Despite the abundance of predictions of astronaut
doses due to the GCR, detailed information on the
‘components of the internal field depending on the SA
is not practically available. The reason for this is the

Published online: 27 February 2020

fact that NASA uses the HZETRN code for estimat-
ing the dose of astronauts, which does not require the
calulation of the spectra of particles in the internal
radiation field inside the spacecraft. The HZETRN is
a deterministic transport code specifically developed
by NASA for space radiation transport. It employs
numerical solutions of the Boltzmann equation. The
decisive advantage of this code is that it does not
require a lot of time. In combination with an anthropo-
morphic phantom, it allows one to calculate radiation
doses in a phantom from particles that have passed
through the spacecraft shell without intermediate calcu-
lations of their spectra. However, the interest to fluence
based approaches to mdiation risk assessment demand
a higher degree of accuracy from the code, compara-
ble to the accuracy that transport Monte Carlo (MC)
computer codes can provide. Some estimations of the
field inside the spacecraft have been made earlier on
the basis of various programs of radiation transport in
the matter (see, for example, Heilbronn et al. 2015
Aghara ef al. 2009; Pham & El-Genk 2013; De Wet
& Townsend 2017). Most of these calculations were
made in asimplified “source-shield” geometry, inwhich
the spacecraft shell was imitated either by a flat slab
or a sphere of small diameter that is very different
from the real geometry of the future spacecraft. Often,
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