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Beckposn g JI.T. u ap. E1-2008-40
Bepuguk nusgs Monte-K piio nporp MM Tp HCIOPT H3/Ty4eHUi

B BemectBe FLUKA, GEANT4 u SHIELD pnis ueneil p au 1IMOHHOM

6e30I1 CHOCTH H YCKODHUTEJISIX PETSITHBHCTCKUX TSIKEIBIX sfep

Ocrpoii npo6iieMoii Ipy KOHCTPYHPOB HUU P AW LHOHHBIX 3 INUT H YCKOPHUTENAX TSIKe-
JBIX SJlep H ®HEepPruy 4 CTHL J0 HecKOoNbkuX I'9B/H sBnsercs npoGneM KOPPEeKTHOIO OIH-
C HUS UCTOYHHUK HW3IydeHHs. ODKCIEpHMEHT JIbHble 1 HHBIE IO JIBOMHBIM IudepeHnn ib-
HbIM BBIXOJ M HEHTPOHOB M3 TOJICTOI MMILEHH, 0OJy4 €MOi BBICOKO®HEPIETUUHBIMH SJIP MU
yp H , Ip KTHYECKH OTCYTCTBYIOT. B H cTosiiee Bpems CyIIeCTByeT HECKOJIBKO YHHUBEDPC JIb-
HbIX MoHTe-K piio Tp HCHOPTHBIX IPOTP MM, KOTOpPbIE MOTYT MOIEIHPOB Th B3 UMOACHCTBHUS
C BEIIECTBOM siJIep Yp H . DTH NPOrp MMBI HCHONB3YIOT P 3MU4YHBIE (DH3UUECKHE MOIENH IS
p cuer sapo-siepHbIX coyl peHuil. Ilo 3Toil npuuuMHE NPOBEpPK KOPPEKTHOCTU P CYETOB
0 JI HHBIM IIPOTP MM M HPEACT BISIETCS BECBM B XHOI I BHIOOP IIPOrp MMBI, H HbOIee
MIPUTOJHON ISl pelIeHus P KTHYeCKUX 3 1 4. B H crosmeil p 60Te NpUBOLITCS PE3yIbT ThI
cp BHeHusd p cueroB 1o nporp MM M FLUKA, GEANT4 u SHIELD c sKcriepuMeHT JIbHBIMH
Jl HHBIMH TI0 TeHep IHH HeHTPOHOB IPH B3 MMOJEHCTBHIY MydK suep 2-°U c sHeprueii 1 ['sB/n
C TOJICTOH XKeJIe3HOM MHUILEHBIO.

P Gor Bemonden BJI Gop Topuu p au uuoHHOU Guonoruu OUSIH.
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Verification of Monte-Carlo Transport Codes FLUKA, GEANT4

and SHIELD for Radiation Protection Purposes at Relativistic

Heavy-Ion Accelerators

The crucial problem for radiation shielding design at heavy-ion accelerator facilities with
beam energies to several GeV/n is the source term problem. Experimental data on double
differential neutron yields from thick target irradiated with high-energy uranium nuclei are
lacking. At present, there are not many Monte-Carlo multipurpose codes that can work with
primary high-energy uranium nuclei. These codes use different physical models for simulation
nucleus—nucleus reactions. Therefore, verification of the codes with available experimental
data is very important for selection of the most reliable code for practical tasks. This paper
presents comparisons of the FLUKA, GEANT4 and SHIELD codes simulations with the
experimental data on neutron production at 1 GeV/n ?*®*U beam interaction with thick Fe
target.

The investigation has been performed at the Laboratory of Radiation Biology, JINR.
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An essential condition of the NICA (Nuclotron-based Ion Collider facility)
project implementation is to design an appropriate radiation shielding, primarily
the upper shielding of the Nuclotron tunnel. The shielding design needs exact
knowledge of the source term that is determined in the nucleus—nucleus interaction
of the 233U beam (3.5 GeV/u) with the Nuclotron chamber, cooling and magnetic
equipment. In the shielding calculation all this equipment is usually modeled by
a thick target (local or lengthy) with a certain thickness and material. The crucial
radiation component determining the shielding thickness is high-energy secondary
neutrons.

Unfortunately, there is a lack of experimental data about neutron emission
from the interaction of relativistic uranium nuclei with thick metal target with
average atomic weight. Only one experiment is known at GSI where the neutron
spectra from thick iron target irradiated with 1 GeV/n 238U nuclei were measured
by a time-of-flight technique with different neutron detectors [1,2]. Double
differential neutron yields in the angular range 0—90° with respect to the ion beam
were measured by a BaF, detector; at the small angles 0—15° a large area neutron
detector (LAND) was also employed. It is significant that both techniques gave
serious differences in the forward direction. Moreover, the experimental data with
the BaF, detector and ?*®U may raise some doubts owing to serious discrepancy
with other experiment using a BaFs detector and a 400 MeV/n carbon beam in
the data of experiment in [3]. The BaF, data for a GSI 400 MeV/n carbon beam
hitting a graphite target indicate at 90° a high-energy neutron yield up to one
decade of magnitude larger at the end of the spectrum in comparison with [3].
Therefore, we are aware of the fact that the GSI experiment with 1 GeV/n uranium
beam is not a benchmark, but is rather a first measurement.

At present, not many Monte-Carlo universal transport codes can be used
for heavy-ion accelerator shielding calculation (FLUKA [4,5], GEANT4 [6],
PHITS [7], SHIELD [8], MARS [9]). Recently, the first verification of the
FLUKA and PHITS codes with aforementioned experiment has been done [1].
Comparison of the measured neutron spectra with FLUKA code calculations has
shown the considerable underestimation of the simulation at large emission angles.
Since this angular range is very important for the design of the upper shielding of
the Nuclotron tunnel, another comparison of the experiment with neutron yields
simulated by the GEANT4 code with the FRITIOF/RQMD models [6] has been
carried out. Neutron yields simulations by the FLUKA code with RQMD [10] and
DPMIET [11] models and by SHIELD with DCM, QGSM, SMM models [12-14]
have also been performed.



The results of the FLUKA, GEANT4 and SHIELD verification are presented
in Figs. 1-6. The angular bin in these simulations is 1°. The calculation statistics
(not shown) are quite satisfactory for GEANT4 and SHIELD at all angles (more
than 10° initial events), but are slightly worse for FLUKA. Our simulations by

FLUKA are very close to analogous calculations from [1].

As regards to the

small angles of the secondary neutron emission from the target, the FLUKA and
SHIELD simulations are in better agreement with the LAND experimental data
than the GEANT4 simulations. The other situation is at large emission angles.
At 50° and 90° the FLUKA calculations greatly underestimate the high-energy
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Fig. 1. Double differential neutron yield at
0° from a thick iron target induced by 233U
nucleus with energy 1 GeV/n
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Fig. 3. Double differential neutron yield at
15° from a thick iron target induced by
2381 nucleus with energy 1 GeV/n
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Fig. 2. Double differential neutron yield at
5° from a thick iron target induced by 233U
nucleus with energy 1 GeV/n
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Fig. 4. Double differential neutron yield at
30° from a thick iron target induced by
2381 nucleus with energy 1 GeV/n
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Fig. 5. Double .diffe%rential neutron yield at  Fjg. 6. Double differential neutron yield at
50° from a thick iron target induced by  90° from a thick iron target induced by
**%U nucleus with energy 1 GeV/n 238U nucleus with energy 1 GeV/n

parts of the BaFs neutron spectra in spite of the large experimental errors. The
GEANT4 and SHIELD simulations at these angles demonstrate better agreement
with the experiment.

In view of the final objective of codes verification it is essential to follow
the practical principle of radiation protection (overestimation is preferable to
underestimation). For this reason we cannot now take into account the doubts
concerning the only GSI experiment with BaFy detector even if its results are
crude. On the other hand, we have no doubt that such a verification can not be
the basis for preference of any code in other situations.

Thus, the Monte-Carlo calculation with FLUKA can be used for the NICA
shielding design for estimation of the beam stopper thickness in the beam di-
rection, whereas the GEANT4 code is better for design of the Nuclotron up-
per shielding, shielding of beam transport channel and transverse size of the
beam stopper. The SHIELD code is good for both cases. Unfortunately, the
SHIELD code is little-suited for calculation of hadrons transport through the thick
shielding because of the long period of calculation. However, this code can be
soon modernized to avoid this limitation.
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