Bulletin of PFUR Series Mathematics. Information Sciences. Physics. No 3 (2). 2010. Pp. 115-122

UDC 621.039.58, 621.384.6
GEANT4 Code Application for Radiation
Environment Prediction at the NICA Complex

G. Timoshenko*, M. Paraipan'
* Laboratory of Radiation Biology
Joint Institute for Nuclear Research
Joliot-Curie 6, 141980 Dubna, Moscow region, Russia

T Institute of Space Research
P.O. Box MG-23, Ro 077125, Bucharest-Magurele, Romania

The operation of a high-energy ion facility provokes secondary radiation along an acceler-
ator ring and especially at the local sites of maximum beam losses (outlet devices, targets,
and beam dumps). An essential condition for the commissioning of a relativistic heavy ion
accelerator is appropriate radiation shielding for every radiation element of the complex. The
shielding design is connected with two crucial problems: the estimation of the source term
and the prognostication of the neutron fluence and equivalent dose distributions around the
shielding.

As regards the first problem, the experimental data on the double differential cross section
and secondary neutron production in thick targets for a primary uranium beam with the
energy of several GeV /n are practically lacking. Few Monte Carlo multipurpose codes able to
simulate the uranium ion interaction with, and transport into, the matter are now available. A
comparison of FLUKA, GEAT4, and SHIELD simulations with unique experimental data on
neutron production in a 1GeV/n 2381 beam interaction with a thick Fe target was performed
to find the most suitable code. As a result, the GEANT4 code was chosen to carry out a
simulation of the NICA (Nuclotron-Based Ion Facility at JINR) complex radiation shielding.
Forming the secondary radiation field inside and behind the ordinary concrete shielding was
analyzed as well. Some regularities of the secondary neutron field generation in a 4.5 GeV/n
uranium beam interaction with thick targets are discussed.

As concerns the second problem, it was found that the crucial point determining the NICA
shielding design is that the yearly equivalent dose at the border of the Laboratory site must
not exceed 1 mSv. The radiation situation at long distances from NICA will be formed by
neutrons which escaped from the shielding of the NICA radiation sources and were then
multiscattered in the air and ground (“skyshine” neutrons). The GEANT4 calculations of
the “skyshine” neutron radial distributions around all the elements of the NICA complex
were carried out, and guidelines for the shielding construction were worked out for different
operation modes of the complex.

Key words and phrases: Monte Carlo code, shielding data, relativistic heavy ions,
secondary radiation field, thick target, neutron yield, attenuation curve, neutron fluence and
equivalent dose.

1. Introduction

The design of the NICA radiation shielding and prognostication of radiation situ-
ation around it is a rather complicated task owing to the uncommon primary source
terms, proximity to the border of radiation control area, and a collection of radia-
tion sources of various types (the booster, Nuclotron, stripping station, collider, beam
transport channels, beam stoppers, and MPD) disposed over the large territory of the
Veksler and Baldin Laboratory of High Energy Physics (VBLHEP). The general lay-
out of the NICA acceleration complex with the main beam parameters is shown in
Fig. 1. The NICA complex is intended to accelerate heavy ions with A ~ 200 and en-
ergy up to 4.5 GeV/n for ¥*7Au and 233U. It is planned to build the booster inside the
synchrophasotron magnet at the place of its vacuum chamber. Ions with an energy ~
0,5 GeV/n coming from the booster will be stripped by a thin target with efficiency
about 40%. The beam of non-fully stripped ions will be blocked within the station
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stopper. The collider will accumulate 17 bunches x 10° ions of 7Au x 2 rings for
~ 2 min; then it will be keeping the beam during one hour; afterwards, it will unload
the beam into the stopper.

Injector 2x10° ions/pulse
of 197Au or 238U
atenergy of 6 MeV/u

Booster
2(37?) single-turn
injections,
storage of 4x109,
acceleration up to
0.44-0.577 MeViu

Stripping (40%) 1STAUS* 5 1STA YT

Two superconducting
collider rings

Nuclotron
injection of one
bunch
of 1.1x10% ions,
acceleration up to
4.5 GeViu

storage of 17 bunchesx1-10? ions
perring at 4.5 GeViu

Figure 1. The principal scheme of the NICA complex

The placement of the structural elements of the complex (radiation sources) is
shown in Fig. 2. The crucial point determining the NICA shielding design is meeting
the indispensable requirement that the yearly equivalent dose be < 1 mSv on the
border of the LHEP site [1]. The radiation situation around the NICA complex will
be formed by the neutrons escaped from the shielding of the NICA radiation sources
and multiscattered in the air and ground (“skyshine” neutrons).
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Figure 2. The placement of the NICA complex at the VBLHEP site

In order to reduce the dose level at the border of the Laboratory site, it was first
proposed to arrange the ion stripping station with the stopper near the second magnet
quadrant. It was also proposed to combine both collider stoppers consisting of two
rings into a single bidirectional stopper with the iron core and arrange it behind the
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collider (as is shown in Fig. 2). The iron of the synchrophasotron magnet will be
the perfect radiation shielding of the booster ring, but the shielding has to overlap
the open linear spaces of the synchrophasotron magnet. The main radiation sources
contributing to the dose at the border of the Laboratory site will be the Nuclotron,
collider, and beam transport channels. It is necessary to mount the thick upper
shielding of the Nuclotron ring, which is placed within the former cable tunnel around
the synchrophasotron. The coupled collider rings and beam transport channels also
have to be surrounded by thick compact shielding owing to the immediate vicinity of
the control area border.

The total annual effective dose of “skyshine” neutrons and gammas from all radi-
ation sources at the NICA control area border must be less than 0.5 mSv with the
reserve coefficient 2 [2]. The real annual dose level will depend on several parame-
ters: beam losses at all stages of ion acceleration and storage, yearly NICA schedule
for all modes of its operation, shielding efficiency, distance from each source to the
control area border, and so on. The choice of the appropriate method for the source
term description and calculating the internuclear cascade within the shielding matter
is very important as well in order to reliably simulate neutron leakage from the source
shielding.

2. Simulation

The simulation of the accelerated 23%U and '97Au ions interaction with the beam
guide material and the internuclear cascade within the shielding were carried out with
the GEAN4 code after verification of some codes with available experimental data [3].

To test the neutron source term, considered was, first of all, secondary neutron
production in the interaction of the projectiles with different atomic masses and the
same energy per nucleon (4.5 GeV/n) with a thick Fe target (10x10x20 cm). A Fe
target was chosen since iron is a typical material of an accelerator vacuum chamber.
Neutron yields from the target in different energy and angular ranges are shown in
Fig. 3 depending on the projectile mass (relative to neutron yields from 4.5-GeV
protons). The factors in the round brackets are the neutron yields per proton required
to obtain the absolute values of the neutron yields for projectiles.
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Figure 3. Relative secondary neutron yields from a thick Fe target bombarded by beam
projectiles with different atomic masses and an energy of 4.5 GeV/n. NA+Fe is the
neutron yield for the beam projectiles, Np+Fe is the neutron yield for a 4.5-GeV
proton beam. The solid lines are linear approximations. The dashed lines show the
A-equivalent proton approaches

The neutron yield from a thick target in 47 sr and in the whole energy range
per one uranium ion with an energy of 4.5 GeV is about 1.5-103. The forward flying
neutrons spread up to energies higher than the initial projectile energy per nucleon
owing to the cumulative effect. This effect is shown in Fig. 4. At large emission angles,
the lower energy neutrons dominate in the yields due to the evaporation process. As
a consequence, the changes in the neutron yield and the spectrum shape related to an
increase in projectile energy are weaker in the lateral direction than in the forward
direction.
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Figure 4. Dependences of the neutron spectra from a thick Fe target on uranium
projectile energy in the forward and lateral directions

The target material dependences of the neutron spectra generated by 4.5-GeV /n
uranium ions in the forward and lateral directions are shown in Fig. 5. All spectra
are normalized to one neutron emitted from the target. It is clear that the hardest
spectra in the forward direction correspond to a light target.
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Figure 5. Dependences of the neutron spectra from 4.5-GeV /n uranium ions on the
target material in the forward and lateral directions

The Nuclotron, collider, and surrounding equipment were simulated by an iron
torus pipe with 5-cm thick walls for the calculation of the vacuum chambers of the
booster. The angles of the ion loss emission from the beam used for the calculation
were within the statistical sampling of 0°-1°. The secondary hadrons from the vacuum
chambers irradiate the internal surfaces of the lateral concrete shielding. The detailed
geometries of the shielding design and the simulation of “skyshine” neutron fields
around every NICA element are given in [4].

In the real geometry of the lateral thick shielding irradiation by an extended source
of secondary neutrons (a circular vacuum chambers of the accelerators and collider),
the attenuation curves for the neutron fluence within the shielding don’t have build-
up maximums (contrary to the case of normal irradiation) and slightly change with
the energy of heavy ions increasing from 1 to 4.5 GeV/n. For example, the attenu-
ation curves for the concrete (p = 2.34g-cm~3) shielding of the collider are shown in
Fig. 6 for two energies of the uranium beam. The geometry of shielding iiradiation is
schematically shown in the inset in Fig. 6.

For the booster and Nuclotron shielding, simulations of near-real energy distribu-
tions of the ion beam losses were taken into account. Then the radial distributions of
the “skyshine” neutron effective dose were simulated for each NICA element. The spa-
tial dose rate distributions around the Nucloton with the upper 3-m concrete shielding
are presented in Fig. 7A for different energies of lost uranium ions (normalized to one
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Figure 6. Total neutron fluence attenuation inside ordinary concrete shielding of the
collider depending on uranium ion energy

ion lost along the vacuum chamber ring per one second). In Fig. 7B, the similar spatial

distribution of neutron dose rate around the collider is shown.
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Figure 7. Uranium ion energy dependences of the radial distribution of the “skyshine”
neutron effective dose rate around the Nuclotron with 3-m concrete upper shielding of
the tunnel (A) and the radial distribution of the “skyshine” neutron effective dose
rate around the collider with 3-m compact concrete shielding surrounding the coupled
rings (B)

Analogous spatial distributions were obtained for other NICA radiation sources
both for uranium and gold ions. Different variants of the Nuclotron and collider
shielding design were tested as well. For the Nuclotron tunnel upper shielding, 0.77-m
thick steel was considered as one of the variants. A self-sunk design of the collider
located near the Nuclotron was also examined. This variant combines the concrete and
ground shielding of the rings as shown in Fig. 8A. The dependences of the neutron
effective dose rate around the underground collider on the thickness of the ground
layer are presented in Fig. 8B.

Estimations of radiation conditions at the border of the NICA control area were
done for different designs of the Nuclotron and collider shielding. The values of the
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Figure 8. A design of the collider semi-sunk in the ground (A) and spatial distributions
of the “skyshine” neutron effective dose rate depending on the ground layer under the
rings (B)

uniformly distributed beam losses were taken as follows: the booster accounts for 5%
(E > 50 MeV/n), the ion stripping station — 60% (E = 0.45 GeV /n), the Nuclotron —
5% (0.45 < E < 4.5 GeV /n), the beam transport channel — 3% (E = 4.5 GeV /n), and
the collider — 20% (E = 4.5 GeV/n) during one hour of the beam storage. The ion
stripping station stopper will be holding 6-10® ion-s~! with an energy of 0.45 GeV /n,
and the single bidirectional stopper of the collider will damp 1.12 - 10" jons with an
energy 4.5 GeV/n once in an hour. A total of 4000 hours of the annual operation
of the complex with uranium or gold ions accelerated to 4.5 GeV/n and additionally
500 hours of tuning time were taken in consideration. The results of estimations for
uranium and gold ions are presented in Tables 1 and 2.

Table 1

The total annual neutron effective dose and the partial contributions to it at the
border of the NICA control area associated with the acceleration of uranium and gold
ions for different designs of the Nuclotron and collider shielding (within Building 205).

23877
Radiation | Booster | Stripping| Nuclotron | Beam Collider | Collider | NICA
source, station trans- stopper | Complex,
38U stopper port total
acceleration chan-
nels
Annual 0.0018 0.0166 0.0082 0.0501 0.0347 0.0562 0.1676
neutron 0.0018 0.0166 (3 m con- | 0.0501 (3 m | 0.0562 0.2794
dose, crete) con-
mSv 0.0604 crete)
(2 m con- 0.0943
crete) (25 m
con-
crete)

It is well known that the contribution of gammas to the total “skyshine” effective
dose at large distances from high-energy accelerators does not exceed 10%. Thus, the
proposed variants of the shielding of the NICA radiation sources will ensure that the
annual equivalent dose at the border of the VBLHEP site will be less than 0,5 mSv
(even taking into account a 10% contribution of gammas to the total dose). It will
allow additional proton runs at the Nuclotron with a yearly duration of ~1500 h and
the proton beam intensity of 10! protons/cycle without exceeding the prescribed dose
limit.
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Table 2

The total annual neutron effective dose and the partial contributions to it at the
border of the NICA control area associated with the acceleration of uranium and gold
ions for different designs of the Nuclotron and collider shielding (within Building 205).

197 A
Radiation | Booster | Stripping| Nuclotron | Beam Collider | Collider | NICA
source station trans- stopper | Complex,
stopper port total
chan-
nels
Annual 0.0015 0.0137 0.0499 0.0414 0.0779 0.0465 0.231
neutron 0.0015 0.0137 (2 m con- | 0.0414 (2.5 m | 0.0465 0.185
dose, crete) con-
mSv 0.0034 crete)
(0.77 m 0.0779
steel) (25 m
con-
crete)
References

1. Timoshenko G., Paraipan M. Radiation Safety Standards NRB-99. — Moscow:
Atomizdat, 1999.

2. Russian Ministry of Health, Moscow, 2000. — Main Sanitary Rules of Radiation
Protection Guarantee for Workers and the Public OSPORB-99.

3. Verification of Monte-Carlo Transport Codes FLUKA, GEANT4 and SHIELD for
Radiation Protection Purposes at Relativistic Heavy Ion Accelerators / L. Beskrov-
naia, B. Florko, M. Paraipan, N. Sobolevsky // NIM B. — 2008. — Vol. 266. —
Pp. 4058-4060.

4. Timoshenko G., Paraipan M. Formation of Secondary Radiation Fields at NICA //
NIM B. — 2009. — Vol. 267. — Pp. 2866—2969.

VK 621.039.58, 621.384.6
IIpumenenne nporpammbl GEANT4 njist mporaHo3mpoBaHust
paauannoHHoi oboctaHoBKN Ha koMiiekce NICA

I. H. Tumomenko*, M. M. Iapaiinan!

* Jlabopamopus paduauuorHoti 6uoso2u
063edUHERHDIT UHCTIUMYM A0EPHBIT UCCAEA08aHUT
ya. 2Koauvo-Kropu 0.6, Jlyora, Mockoscrasa obaracmon, 141980, Poccus
P Mnemumym xoemuueckuz uceaedosanut
P.O. Boxr MG-23, Ro 077125, Byzxapecm-Mazypeae, Pymvirus

IIpu paboTe BHICOKOIHEPTETUIHOTO YCKOPUTEJS TSZKEJIBIX NOHOB NeHEPUPYETCS BTOPUIHOE
U3JIyYeHre KaK 110 KOJIbIY YCKOPHTEJs, TaK U Ha JIOKAJbHBIX yUYaCTKaX, TJe HAOJIONAI0TCS
MAKCUMYMBI ITOTEPH Iy9IKa sifiep (BBIBOJHBIE YCTPOMCTBA, MUIIEHN U JIOBYIIKHA Imy4Ka). Heob-
XOAMMBIM YCJIOBHEM PEAJM3AIUN MIPOEKTA YCKOPHUTES TSXKEIbIX SIEp ABJIACTCA CO3JAHUE
PaIUAIIMOHHON 3aIIUTHI BCEX 3JIEMEHTOB YCKOPUTEIBHOrO KOMILIEKCa. OcTpbIMu TpobaeMaMu
IIPU KOHCTPYUPOBAHUU PaUAIMOHHON 3alUThI TAKOTO KOMILIEKCA SIBJISIIOTCS IIPobjieMa Kop-
PEKTHOrO ONMCAHUSI UCTOIHUKA U3JIydeHUsI U TIpobjieMa OlneHKH (DIIIOEHCA W SKBUBAJIECHTHOMN
JI03bI HEMTPOHOB BOKPYT YCKOPHUTEJISI.

DKCIepUMEHTAIbHBIE TAHHBIE M0 JBOUHBIM MU(dEPEHIUATBHBIM BbIXOAAM HEATPOHOB U3
TOJICTBIX MUIIEHEH, 6GoMOApANPYEMBIX sIpaMK ypaHa ¢ 9Heprueil B HeckoibKo ['9B/H, npax-
THUYECKU OTCYTCTBYIOT. B HacTosiliee BpeMsl CyIIECTBYET HECKOJIBbKO YHUBEPCAJIbHBIX MoOHTe-
Kapsio TpaHCIOPTHBIX MIPOTPaMM, KOTOPbIE MOT'YT MOZEJMPOBATH B3aUMOJEHCTBUS C BeIlle-
cTBOM siiep ypaHna. st Beibopa Hanbosiee afeKBATHON MPOrpaMMBbI OBLIO BBIIOJIHEHO CPaB-
nenne pacyeros 1o nporpamvmaMm FLUKA, GEANT4 u SHIELD ¢ gaHHbLIMA €JUHCTBEHHOTO
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9KCIIEPUMEHTA 110 U3YyUEHUIO BBIXOJA HEHTPOHOB M3 TojcToi Fe muinenun, obsydéHHON mmyd-
koM siziep 238U c smeprueit 1 I'sB/u. B pesysbrare cpaBHeHus jijisi pacdera paJuarioOHHOMN
zammurbl Komiuiekca NICA B OMAU 6buta Beibpana nporpamma GEANT4. C eé nmomormnbio
OBbLT UCC/IeOBAH MeXaHn3M (DOPMHUPOBAHMS IIOJIEHl BTOPUYHOIO M3JIYUEeHUS KaK BHYTPH, TaK
7 3a 3aIUTON U3 OOBIIHOTO OeToHa. B maHHON cTaThe MCCIeIOBAHBI TAKYKE HEKOTOPBIE OCO-
6eHHOCTH (DOPMHUPOBAHUS TOJICH BTOPUTIHOTO HEHTPOHHOTO U3JIyU€HUs IPU B3AMMOIEHCTBUAN
nydka siiep ypana ¢ sseprueit 4,5 '9B/H ¢ ToJICTBIMU MUIIIEHIMH.

[Ipu pacdere 3amuT YCKOPUTETHHOTO KOMILIEKCA YUIUTBIBAJIOCH, UTO TOAOBast 3MPEKTUB-
Hasl 71038 HEHTPOHOB Ha TpaHulle miomaaku Jlaboparopun (CaHUTAPHO-3ANUTHON 30HBI) HE
JosKHa npesbimarsh 1 M3B. Pajguanmonnast obcraHoBKa Ha OOJIBIIMX PACCTOSHUAX OT Pajua-
[IMOHHBIX UCTOYHUKOB KOMILJIEKCA OIIPEIEIISICTCS HEMTPOHAMY YTEUKH U3 3AIUT, MHOTOKPATHO
PACCesTHHBIMU B OKpYyZKalolel cpene (Bo3yxe u rpyHTe). [IpuBeieHsl pe3yibTaThl pACIeTOBR
PaIuaIbHBIX paclpejiesieHnit 3bdeKTUBHON J03bI TaKUX HEHTPOHOB BOKPYT KarKJOT'O 3Jie-
menTa KoMmitekca NICA yist pa3inaHbIX BApUAHTOB PabOTHl KOMILJIEKCA.

KuaroueBrnie cioBa: nporpamma Monte-Kapso, pagmannoHHas 3aliuTa, PEJISATUBUCT-
CKHe Ts2KeJIble MOHBI, II0JI€ BTOPUYHOI'O W3JIyYeHHUsl, TOJICTasl MUIIEHb, BBIXOJ, HEUTPOHOB,
KpuBas ocyabyieHus1, hJIIOEHC U IKBUBAJIEHTHAS 1032 HEATPOHOB.





