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Development and Experimental Evaluation of a General
Purpose Heavy-Ion Transport Monte Carlo Code
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In this study, two different heavy ion transport Monte Carlo codes, HETC-CYRIC and
PHITS were developed by using the intranuclear cascade model and the quantum
molecular dynamics model respectively. These two codes are the first multi-purpose

heavy ion transport Monte Carlo codes worldwide.

the following.

In Chapter 2, the heavy ion transport Monte Carlo code HETC-CYRIC is

Each section is summarized in

developed,

based on the intranuclear cascade and evaporation model HIC. The underlying model

of the HIC code is explained and the HIC
comparison with experiments. In

calculations are evaluated through
this comparison, the ISABEL model was also

evaluated. Subsequently a heavy ion transport model is developed by using the Shen
formula and the SPAR code. Heavy ion attenuation in water is calculated using the
developed model and the results show good agreement with data. Finally the heavy

ion transport code HETC-CYRIC is built by incorporating the
transport routine HIR into the high energy hadron
HETC-3STEP. This improved HETC-CYRIC code

developed heavy ion
transport Monte Carlo code
is compared with systematic data

on energy spectra of secondary neutrons. The HETC-CYRIC code provided good
overall agreement with experimental data. It can be concluded that the HETC-CYRIC
code can be applied to the design of heavy ion facilities.

In Chapter 3, the first multi-purpose heavy ion transport Monte Carlo code PHITS is
developed, based on the quantum molecular dynamics QMD and on the generalized

evaporation model GEM. Firstly the limitation
HETC-CYRIC code are pointed out, and the

of the output function in the
necessity for use of a multi-purpose

heavy ion transport code is explained. NMTC/JAM is selected as a base code for

developing the

are introduced. The models of the QMD and the GEM code are described
Secondary, the first multi purpose heavy ion transport code

heavy ion code, and some of the characteristics of the NMTC/JAM code

in detail.
PHITS is developed from

the heavy ion transport model HIR, the JQMD model, and the GEM model. The

newly developed PHITS code is carefully

evaluated through comparison with

systematic data on energy spectra of secondary neutrons form thin and thick targets.
Not all of the calculated energy spectra agree well with the experimental data,
however, possible reasons for these differences between the calculation results and
the experimental data are discussed. Generally speaking the PHITS results agree
well with the experimental data in a wide energy region and for different types of
projectiles and targets of various thickness. It is concluded that the developed PHITS
code possesses high accuracy in the neutron emission calculation.

In order to investigate the transport behavior of secondary particles

in the target,

experiments using large area targets were performed at HIMAC and are discussed in
Chapter 4. Neutron energy spectra from four different large targets were obtained.
Strong contributions to neutron yields by secondary particles in the large target
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bombarded by high energy heavy ions, are notably absent in spectra by the
comparison of 400 MeV/nucleon Fe beams on 1.5cm Cu and Pb targets, and 5cm.Cu
and Pb targets. The yields of secondary neutrons, produced by secondary fragments
in very large targets of 20 X20X11lcm? Cu and 20X20X20cm3 Pb, is also found to be
very small. The measured spectra and calculated spectra from large targets are
compared. and apart from small discrepancies data generally agree well with
calculations. The experimental data are useful for high energy heavy ion shielding
designs, and it is concluded that the PHITS code can be applied to evaluate secondary
neutron production and attenuation in a large target, bombarded by high energy
heavy ions.

In Chapter 5, the behavior of secondary particles is studied and their contribution to
secondary neutron yield in the large target is investigated, by PHITS calculations
using. Energy spectra of secondary fragmeénts emitted from a very thin target are
calculated and the emission process is discussed. The spatial distributions of
secondary particles are calculated for the purpose of investigating the effect of
different thick targets on secondary particle emission. The spatial distributions are
discussed for secondary fragments from neutron to 27Al with targets of different
thickness. The obtained yields of heavy ion ejectiles amount to less than 0.1 %
compared to neutrons, and the total sum of yields of heavy ions from 7Li to 27Al is
about 1% of the neutron yield. The number of gjected particles increases as a function
of target thickness up to the range of the projectile. Beyond the range, all secondary
particle yields are attenuated in the target. Even though secondary fragments
contribute to increase the neutron yield, the neutron yield at twice the depth of
range does not exceed the yield at range depth, but rather decreases to 90% of the
neutron yield at range position.

In Chapter 6, the PHITS code is evaluated concerning its usefulness to other
applications, by comparing calculations with three different types of experimental
data on heavy ion studies. Spatial distributions of residual nuclei production induced
by high energy heavy ions are calculated using the PHITS code, compared to data and
discussed carefully from the perspective of the heavy ion transport and the creation
of secondary particles. The spatial distributions of experimental data are well
explained by the calculations. Next neutron emission spectra created by high energy
heavy ion reactions attenuated in thick shielding are calculated and compared to
experimental data. The results show good accuracy for up to 200 cm concrete
shielding. In addition, a calculation for tissue equivalent material is compared with
experimental data with the aim to explore the possible use of PHITS in medical
applications. The calculated spectra agree rather well with the spectra.

In summary, the PHITS code performs well in particular when compared with other
high energy transport Monte Carlo codes. It is concluded that the PHITS code can be
applied to various fields of heavy ion studies.

The developed codes, HETC-CYRIC and PHITS are useful to various studies in the
field of heavy ion reactions. In particular, the new PHITS code offers highly accurate
results for multi purpose use. It is hoped that the HETC-CYRIC and the PHITS code
will contribute to the progress in various heavy ion studies in science and
engineering.

Further studies have begun to develop a new heavy ion transport model by using
the ATIMA code and by including the equations of the nucleus-nucleus total reaction
cross section of Tripathi et al, in order to obtain a highly accurate heavy ion
transport calculation down to the low energy region.
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