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�¥¸±·μ¢´ Ö ‹. ƒ. ¨ ¤·. E1-2008-40
‚¥·¨Ë¨± Í¨Ö Œμ´É¥-Š ·²μ ¶·μ£· ³³ É· ´¸¶μ·É  ¨§²ÊÎ¥´¨°
¢ ¢¥Ð¥¸É¢¥ FLUKA, GEANT4 ¨ SHIELD ¤²Ö Í¥²¥° · ¤¨ Í¨μ´´μ°
¡¥§μ¶ ¸´μ¸É¨ ´  Ê¸±μ·¨É¥²ÖÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÉÖ¦¥²ÒÌ Ö¤¥·

�¸É·μ° ¶·μ¡²¥³μ° ¶·¨ ±μ´¸É·Ê¨·μ¢ ´¨¨ · ¤¨ Í¨μ´´ÒÌ § Ð¨É ´  Ê¸±μ·¨É¥²ÖÌ ÉÖ¦¥-
²ÒÌ Ö¤¥· ´  Ô´¥·£¨¨ Î ¸É¨Í ¤μ ´¥¸±μ²Ó±¨Ì ƒÔ‚/´ Ö¢²Ö¥É¸Ö ¶·μ¡²¥³  ±μ··¥±É´μ£μ μ¶¨-
¸ ´¨Ö ¨¸ÉμÎ´¨±  ¨§²ÊÎ¥´¨Ö. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¤¢μ°´Ò³ ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò³ ¢ÒÌμ¤ ³ ´¥°É·μ´μ¢ ¨§ Éμ²¸Éμ° ³¨Ï¥´¨, μ¡²ÊÎ ¥³μ° ¢Ò¸μ±μÔ´¥·£¥É¨Î´Ò³¨ Ö¤· ³¨
Ê· ´ , ¶· ±É¨Î¥¸±¨ μÉ¸ÊÉ¸É¢ÊÕÉ. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ Ê´¨¢¥·¸ ²Ó-
´ÒÌ Œμ´É¥-Š ·²μ É· ´¸¶μ·É´ÒÌ ¶·μ£· ³³, ±μÉμ·Ò¥ ³μ£ÊÉ ³μ¤¥²¨·μ¢ ÉÓ ¢§ ¨³μ¤¥°¸É¢¨Ö
¸ ¢¥Ð¥¸É¢μ³ Ö¤¥· Ê· ´ . �É¨ ¶·μ£· ³³Ò ¨¸¶μ²Ó§ÊÕÉ · §²¨Î´Ò¥ Ë¨§¨Î¥¸±¨¥ ³μ¤¥²¨ ¤²Ö
· ¸Î¥É  Ö¤·μ-Ö¤¥·´ÒÌ ¸μÊ¤ ·¥´¨°. �μ ÔÉμ° ¶·¨Î¨´¥ ¶·μ¢¥·±  ±μ··¥±É´μ¸É¨ · ¸Î¥Éμ¢
¶μ ¤ ´´Ò³ ¶·μ£· ³³ ³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³  ¢ ¦´μ° ¤²Ö ¢Ò¡μ·  ¶·μ£· ³³Ò, ´ ¨¡μ²¥¥
¶·¨£μ¤´μ° ¤²Ö ·¥Ï¥´¨Ö ¶· ±É¨Î¥¸±¨Ì § ¤ Î. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ
¸· ¢´¥´¨Ö · ¸Î¥Éμ¢ ¶μ ¶·μ£· ³³ ³ FLUKA, GEANT4 ¨ SHIELD ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¶μ £¥´¥· Í¨¨ ´¥°É·μ´μ¢ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¶ÊÎ±  Ö¤¥· 238U ¸ Ô´¥·£¨¥° 1 ƒÔ‚/´
¸ Éμ²¸Éμ° ¦¥²¥§´μ° ³¨Ï¥´ÓÕ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ · ¤¨ Í¨μ´´μ° ¡¨μ²μ£¨¨ �ˆŸˆ.
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Beskrovnaia L.G. et al. E1-2008-40
Veriˇcation 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
nucleusÄnucleus reactions. Therefore, veriˇcation 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 238U 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 nucleusÄnucleus interaction
of the 238U 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-�ight 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 BaF2 detector; at the small angles 0−15◦ a large area neutron
detector (LAND) was also employed. It is signiˇcant that both techniques gave
serious differences in the forward direction. Moreover, the experimental data with
the BaF2 detector and 238U may raise some doubts owing to serious discrepancy
with other experiment using a BaF2 detector and a 400 MeV/n carbon beam in
the data of experiment in [3]. The BaF2 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 ˇrst 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 ˇrst veriˇcation 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
DPMJET [11] models and by SHIELD with DCM, QGSM, SMM models [12Ä14]
have also been performed.

1



The results of the FLUKA, GEANT4 and SHIELD veriˇcation are presented
in Figs. 1Ä6. 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 105 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

Fig. 1. Double differential neutron yield at
0◦ from a thick iron target induced by 238U
nucleus with energy 1 GeV/n

Fig. 2. Double differential neutron yield at
5◦ from a thick iron target induced by 238U
nucleus with energy 1 GeV/n

Fig. 3. Double differential neutron yield at
15◦ from a thick iron target induced by
238U nucleus with energy 1 GeV/n

Fig. 4. Double differential neutron yield at
30◦ from a thick iron target induced by
238U nucleus with energy 1 GeV/n
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Fig. 5. Double differential neutron yield at
50◦ from a thick iron target induced by
238U nucleus with energy 1 GeV/n

Fig. 6. Double differential neutron yield at
90◦ from a thick iron target induced by
238U nucleus with energy 1 GeV/n

parts of the BaF2 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 ˇnal objective of codes veriˇcation 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 BaF2 detector even if its results are
crude. On the other hand, we have no doubt that such a veriˇcation 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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