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The NICA complex design aims to provide collider experiments with 4.5 × 4.5 GeV/nucleon ions
up to gold. To ensure proper radiation protection, the precise description of all radiation sources is
needed Å ˇrst, the double differential neutron yields from targets in the middle atomic mass region.
For lack of reliable experimental data at such energies, a comparative evaluation of radiation transport
codes with different physical models of nucleusÄnucleus interaction has been performed. GEANT4,
MCNPX, and SHIELD simulations for NICA design purposes are presented.

�·¨ ¶·μ¥±É¨·μ¢ ´¨¨ Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  NICA, ¶·¥¤´ §´ Î¥´´μ£μ ¤²Ö ¸Éμ²±´μ¢¥´¨°
Ö¤¥· §μ²μÉ  ¸ Ô´¥·£¨¥° 4,5 × 4,5 ƒÔ‚/´Ê±²., ´¥μ¡Ìμ¤¨³μ ¤¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ ¢¸¥Ì · ¤¨ Í¨μ´-
´ÒÌ ¨¸ÉμÎ´¨±μ¢. ‚ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ÔÉμ ± ¸ ¥É¸Ö ¤¢μ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¢ÒÌμ¤μ¢ ¢Éμ·¨Î´ÒÌ
´¥°É·μ´μ¢ ¨§ ³¨Ï¥´¥° ¸μ ¸·¥¤´¨³  Éμ³´Ò³ ¢¥¸μ³. 	 ¤¥¦´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¢§ -
¨³μ¤¥°¸É¢¨Õ ¸ ¢¥Ð¥¸É¢μ³ É ±¨Ì Ö¤¥· μÉ¸ÊÉ¸É¢ÊÕÉ. 	 ¨¡μ²¥¥ ¤μ¸Éμ¢¥·´ Ö μÍ¥´±  ¶·¨³¥´¨³μ¸É¨
¶·μ£· ³³ É· ´¸¶μ·É  ¨§²ÊÎ¥´¨° ¢ ¢¥Ð¥¸É¢¥ ¸ · §²¨Î´Ò³¨ Ë¨§¨Î¥¸±¨³¨ ³μ¤¥²Ö³¨ Ö¤·μ-Ö¤¥·´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ³¥¦¤Ê ¸μ¡μ° ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É . ‚ ¤ ´´μ°
· ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö · ¸Î¥Éμ¢ ¶μ ¶·μ£· ³³ ³ GEANT4, MCNPX ¨ SHIELD
¸ ÉμÎ±¨ §·¥´¨Ö ¨Ì ¶·¨£μ¤´μ¸É¨ ¶·¨ ¶·μ¥±É¨·μ¢ ´¨¨ ±μ³¶²¥±¸  NICA.

PACS: 87.55.K-; 87.55.Gh; 25.75.-q

During the operation of NICA (the Nuclotron-Based Ion Collider FAcility at JINR),
secondary radiation will be generated along the collider rings, especially at the maximum
beam loss locations. The ensuring of radiation protection measures at the collider requires
solving a number of crucial problems: the estimation of the main source terms, prognostication
of neutron 
uence and the effective dose directly behind the shielding and in the environment
around the facility, projection of the levels and evolution of induced radioactivity, assurance
of all technological elements' radiation hardness, and so on. The reliable collider radiation
forecast can be based on the simulation of different effects by Monte Carlo (MC) radiation
transport codes, where the projectiles are heavy ions.

Many veriˇcations of a few such multipurpose MC codes (FLUKA, GEATN4, MARS15,
MCNPX, PHITS, and SHIELD) were carried out with benchmark experimental data on AÄA
and AÄtarget interactions for light and intermediate atomic weight projectiles with energies
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of up to several hundred MeV. At the same time, experimental data on neutron production
for primary very heavy ions with an energy of several GeV/nucleon are practically lacking.
Therefore, the preliminary choice of a proper code was made by intercomparing FLUKA,
GEANT4, and SHIELD simulations with unique experimental data on neutron production
in a 1 GeV/nucleon 238U beam interaction with a thick Fe target [1, 2]. As a result, the
GEANT4 code was chosen to simulate NICA radiation conditions [3, 4]. Another veriˇcation
of GEANT4 was performed to predict induced activity in a thick stainless steel and copper
targets irradiated with 0.95 GeV/nucleon uranium ions [5].

For lack of experimental data on neutron production in high-energy ion collisions with
matter, the mutual conformity of the simulations by the codes with different models of
nucleusÄnucleus interactions can be a relative criterion of calculation reliability. The main
interest is in the comparison of the simulations of the heaviest ions with the energies as for
the future NICA collider.

In the GEANT4 code, the Binary Cascade model (BIC) [6] is used to describe nucleusÄ
nucleus collisions. BIC model is valid for ion energies up to 10 GeV/nucleon as opposed to the
JQMD code [7] extending to about 3 GeV/nucleon. The SHIELD code combines the Dubna

Fig. 1. aÄc) A comparison of the secondary neutron spectra for the reactions 197Au(4.5 GeV/nuc-
leon)+ natFe simulated by the GEANT4, SHIELD, and MCNPX 2.6 codes. d) A comparison of the

angular distributions of neutrons for the reactions 197Au(4.5 GeV/nucleon)+ natFe
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Cascade Model (DCM) [8] and the independent QuarkÄGluon String Model (QGSM) [9, 10]
in one MSDM generator. MCNPX 2.6 uses the LAQGSM03.01 [11] high-energy event
generator that describes reactions induced by nuclei at incident energies above 1 GeV/nucleon
with an improved version [12] of the intranuclear DCM.

The results of comparing double differential neutron and proton yields in the reaction
197Au+ natFe within narrow forward cones at a projectile energy of 4.5 GeV/nucleon sim-
ulated by GEANT4, SHIELD, and MCNPX 2.6 codes are presented in Fig. 1, aÄc and in
Fig. 2, aÄc. The calculations were carried out for very thin target and normalized then to one
nuclear interaction. There were no errors in the graphs, but the statistics at all calculations
were about 1Ä2% for high-energy bins and about 20Ä30% in low-energy bins. The angular
range is important in terms of the formation of secondary radiation ˇelds within the NICA
collider tunnel due to ion beam interaction with ring elements. A comparison of neutron
angular distributions is shown in Fig. 1, d.

The qualitative agreement between the secondary neutron spectra is satisfactory. In total,
the difference between neutron yields per 1 sr for the given angular ranges does not exceed
the factor of 1.8 at 0Ä1◦ bin even. At greater angles, the distinctions between the total
neutron yields are decreased. The forward direction spectra simulated by MCNPX 2.6 are

Fig. 2. aÄc) A comparison of the secondary proton spectra for the reactions 197Au(4.5 GeV/nuc-
leon)+ natFe simulated by the GEANT4, SHIELD, and MCNPX 2.6 codes. d) A comparison of the

angular distributions of protons for the reactions 197Au(4.5 GeV/nucleon)+ natFe
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the hardest at high energies and the softest at low and intermediate energies in comparison
with simulations by other codes. The largest discrepancy between the angular neutron yield
dependences occurs at 5Ä40◦.

Similar spectral and angular distributions of the secondary protons from the reactions
197Au (4.5 GeV/nucleon)+ natFe are shown in Fig. 2. On the whole, the differences between
the proton spectra are more evident than between the neutron spectra. Though, the difference
between the proton yields per 1 sr in the forward angular range also does not exceed the
factor of 2. The agreement between the proton yield angular distributions simulated by the
codes in the forward hemisphere is quite good.

Summing up the comparison, it is possible to claim that the agreement between the
simulations (at least near the forward direction) is quite acceptable for radiation protection
purposes. It proves the choice of the GEANT4 code as a reasonable tool for the NICA
radiation shielding calculation with the dose reserve factor of 2.
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