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Abstract

To be able to calculate the nucleon+nucleus and nucleus+nucleus total reaction cross sections
with precision is of great importance for studies of fundamental nuclear properties, e.g., the
nuclear structure. This is also very important for particle and heavy ion transport calculations
since in all particle and heavy ion transport codes, the probability function according to which a
projectile particle will collide within a certain distance in a matter depends on the total reaction
cross sections. This will also scale the calculated partial fragmentation cross sections. It is
therefore crucial that accurate total reaction cross section models are used in the transport
calculations. In this paper, a new general purpose total reaction cross section model/subroutine
called “Hybrid Kurotama” is presented. The model has been tested against available p+He,
p+nucleus, and nucleus+nucleus total reaction cross sections and an overall better agreement has
been found than for earlier published models. This model is therefore very suitable to be used in
any deterministic or Monte Carlo particle and heavy ion transport code.

“Corresponding author.
Phone:+46-31-772 2921
Fax:+46-31 772 3079
E-mail: sihver@chalmers.se
submitted to Nucl. Inst. Meth. B



RIKEN-NC-NP-125

1. Introduction

The total reaction cross section, or, of a nuclear reaction is a fundamental observable that
characterizes the geometrical size of the nuclei. Accurate knowledge of the nucleon+nucleus and
nucleus+nucleus or is therefore of great importance for our understanding of the fundamental
nuclear properties, e.g., the nuclear structure. Particle and heavy ion transport includes many
complex processes, while measurements for all possible systems, ranging from biological effects
to critical organs to people exposed to ionizing radiation, would be impractical or too expensive;
e.g. direct measurements of dose equivalents to organs in humans cannot be performed for
understandable reasons. A reliable and accurate particle and heavy ion transport code is therefore
an essential tool when designing accelerator facilities as well as for many other various
applications. The or and the decay lifetime of a projectile particle are essential quantities when
determining the mean free path of a transported particle since in all particle and heavy ion
transport codes, the probability function according to which a projectile particle will collide
within a certain distance in the matter depends on the or. This will also scale the calculated
partial fragmentation cross sections.

During the last decades many new applications have also arisen within transmutation and
reactor science, space and nuclear medicine, radiotherapy in particular, and many accelerator
facilities are operating or planned for construction. There is therefore a need to improve and
benchmark the available particle and heavy ion transport codes. To be able to calculate complex
geometries, including production and transport of protons, neutrons, and a particles, 3-
dimensional (3D) transport using Monte-Carlo (MC) technique must be used. Radiation
protection studies for crews of international flights at high altitude have also received
considerable attention in recent years and to be able to perform correct estimations of organ and
effective doses, MC simulations are needed. In all MC particle and heavy ion transport codes, the
next collision point is simulated using the MC method and the calculated or.

Due to calculation speed, simplicity and accuracy, semi-empirical parameterization models
for the total reaction cross section are most often used in these codes. The aim of this paper, is to
present a new general purpose total reaction cross section model/subroutine called “Hybrid
Kurotama”, which is based on the Black Sphere (“kurotama™ in Japanese) cross section formula
[1] with its extension to low energies by smoothly connecting it to the semi-empirical cross
section parameterization developed by Tripathi et al. [2,3,4].

2. Model description

In order to systematically estimate or for nucleus+nucleus reactions, we apply the Black
Sphere (BS) cross section formula [1]. It was originally constructed for or of proton-nucleus
reactions in the framework of the BS approximation of nuclei, in which a nucleus is viewed as a
BS with the radius “a” [5]. A reference BS radius “ap” was set to the BS radius at Ep = 800 MeV
and A a is the deviation of a from ag at given Epabove 100 MeV, as described in ref. [5]. “ao” is
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determined by fitting the angle of the first elastic diffraction peak calculated for proton
diffraction by a circular black disk of radius “ap” to the measured value. For systematic
estimation of or, we adopt the mass number dependence as ap=1.2671 AY® -0.152 fm for A =50
and ap=1.2671 AY® -0.152 fm for A<50 [6]. The or is then calculated according to:

0p = maZ, (1 +22)2 (1)

ag

This assumes the incident protons are point particles leading to vanishing cross section for the
proton-proton case. In this formula, the geometrical cross section, ma?, is expressed as a function
of the mass and neutron excess of the target nucleus and of the proton incident energy, Ep, in a
way free from any adjustable E, dependent parameter. The dependence of or 0n Ephas been
deduced from a simple argument involving the nuclear “optical” depth for incident protons [1].
This formula can easily be extended to nucleus+nucleus reactions by using n(ar + ar)?, where ap
(at) denotes the BS radius of a projectile (target) [1,6,7,8] and it can reproduce the empirical data
remarkably well above 100 MeV/nucleon [1,6,7,8]. Note that no Coulomb effect is yet included.
For some specific reactions, ao is set to be a value determined from the measured angle of the
first diffraction maximum in proton elastic scattering [5,8], which may slightly fluctuate around
the mass number dependence described above.

3. Subroutine Hybrid Kurotama in PHITS

The BS model assumes that the target nucleus is strongly absorptive to the incident particle and
can therefore be considered as a BS. The BS radius, a, is evaluated from measured elastic
diffraction peaks and then identified as a typical length scale characterizing the nuclear size. In
the subroutine “Kurotama", the BS radius is set automatically based on a function, and as fixed
values for special cases. However, the BS model requires that the de Broglie wavelength of the
proton is considerably smaller than the nuclear size and the BS model therefore breaks down
below around 100 MeV/u. In addition to that, the Coulomb repulsion causes resonance features
and a sharp increase of or at energies below 100 MeV/nucleon, at which an energy dependent
transparency parameter and the influence of the Fermi motion and Coulomb effects should be
included. To solve the limitations of the BS model at low energies and to create a general
purpose total reaction cross section model which can also be used for reactions with projectile
energies below around 100 MeV/nucleon, the BS model has been connected to the
parameterization developed by Tripathi et al. [2,3,4], which has been shown to be one of the best
available total reaction cross section systematics [10,11,12], at Ec,t= 115 MeV/nucleon. In order
to smoothly connect the two curves (Kurotama and Tripathi) at the projectile energy Ecut, a two
parameter Fermi function, feuue) (Ep), was adopted according to:

or (Ep) = feun (Ep) * 7 (ap(Ep)+ at(Er))? + feuz (Ep) * orrip(Er) * m(ap(Ecut)+ at(Ecut))?/orip(Ecut)  (2)
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where:

ar(Ep) is the black sphere radius of the projectile at the projectile energy Ep

at(Ep) is the black sphere radius of the target at the projectile energy Ep

otrip(Ep) is the total reaction cross section according to the parameterization by Tripathi et al.
[2,3,4].

Ecut= 115 MeV/nucleon, d = 1 MeV/nucleon.

feutr (Ep) = 1/(1+exp((Ep-Ecur)/d)),

feure (Ep) = 1/(1+exp((-Ep + Ecur)/d)).

This hydrid model is called “Hybrid Kurotama". It is to be noted that the absolute values of
Tripathi's formula are renormalized in such a way as to agree with the value of Hybrid Kurotama
at Ecut,. as described above. Due to its ability to reproduce the total reaction cross sections for
nucleus+nucleus reaction over a wide energy range, the Hybrid Kurotama model has been
officially incorporated into PHITS [9] from version 2.52. In Figure 1, a comparison of the
calculated total reaction cross sections for 2C+'2C using the original BS model, the Hybrid
Kurotama model, and the Tripathi parameterization are shown together with experimental data
refs [13-18]. In Figure 1, it can be seen that the first version of the “Hybrid Kurotama™ can very
precisely reproduce the empirical energy dependence of or over a wide energy region. In
particular, they are consistent with the latest experimental data [13]. However, this version of the
Hybrid Kurotama is not able to handle complex targets consisting of several different nuclei, or
targets with components of natural abundances. There is also a limitation in the energy of the
projectile set to 5 GeV/nucleon above which cross sections are not able to be calculated. There is
also a significant over estimation of the cross section at low energies for p+He and He+nucleus
reactions, as can be seen in Figures 2 and 3, where calculated results are shown together with
data from refs. [18-44]. The Hybrid Kurotama model has therefore been improved, and the
improved version will be discussed in the next section.

4. Improvements of the Kurotama subroutine

A new and improved version of the Hybrid Kurotama model/subroutine, which can handle
complex targets containing different target nuclei, as well as target nuclei with natural
abundances, for projectile energies well above 10 GeV/nucleon has now been developed. The
energy dependence of the Hybrid Kurotama model is only driven by that of the nucleon-nucleon
total cross sections, the parameterization of which is followed by ref. [45] up to 5 GeV/nucleon.
Above 5 GeV/nucleon, we assume that the nucleon-nucleon total cross sections are energy
independent and equal to those at 5 GeV/nucleon. The uncertainty due to this approximation will
stay in a few % up to around 100 GeV/nucleon [46]. The fact that the total reaction cross
sections for proton + nucleus reactions stays roughly constant at energies above 5-10
GeV/nucleon, and for nucleus+ nucleus reactions above some GeV/nucleon, was studied and
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confirmed during the 80" and 90", when the concept of limiting fragmentation was carefully
experimentally confirmed [47-50].

The behavior of the cross sections at energies below around 350-450 MeV/nucleon is quite
different for p+He and He+nucleus reactions than for p+nucleus and nucleus+nucleus reactions.
To create a general total reaction cross section model, which can also simulate the experimental
results for all p+He/He+p, He+nucleus/nucleus reactions, Ecit = 400 MeV/nucleon has been
chosen for these reactions, in addition to the Ecyt = 115 MeV/nucleon for all other reactions. In
order to smoothly connect the Kurotama with the parameterization performed by Tripathi et al.
[2,3,4] at Ecut = 400 MeV/nuclon, a two parameter Fermi function was used in the same way as
shown in Eq. (2). This improved Hybrid Kurotama model has been benchmarked against
available experimental total reaction cross section data, and some examples are shown in Figures
4-14. One can see the improvement due to the introduction of Ec.t = 400 MeV/nucleon by
comparing Fig. 4 with Fig. 2 and Fig. 9 with Fig. 3. As can be seen from these figures, the
calculated results for the improved Hybrid Kurotama model/subroutine show an overall better
agreement with the experimental data than the results for the model developed by Tripathi et al.
The Hybrid Kurotama model is therefore a very suitable model to be used as a subroutine in any
deterministic or Monte Carlo particle and heavy ion transport code.

5 Results/conclusion

In this paper, a new general purpose total reaction cross section model/subroutine called
“Hybrid Kurotama” is presented. Comparisons of calculated total reaction cross sections for
p+He, p+nucleus, and nucleus+nucleus reactions is presented against the results from the
parameterization developed by Tripathi et al. [2,3,4] and available measured total reaction cross
sections. As can be seen from the results of this study, an overall better agreement between the
calculated results for the Hybrid Kurotama model and the measured cross sections is found than
between the results from parameterization developed by Tripathi et al. [2,3,4] and the
experimental data. Since the model developed by Tripathi et al. is regarded as one of the best
available semi-empirical total reaction cross section models, we conclude that the Hybrid
Kurotama model/subroutine is currently the best available model. The Hybrid Kurotama model
is therefore very suitable to be used as a subroutine in any deterministic or Monte Carlo particle
and heavy ion transport code. In particular, the Hybrid Kurotama model is suitable for
simulations related to radiation protection, dosimetry, reactor science, space and nuclear
medicine, particle therapy in particular, because the data reproducibility for the energy regions of
interest for these applications is very good compared to any other previously published models.

Future possible improvements of the Kurotma model include adding the effects of Coulomb
dissociation, which is relevant for reactions between heavy nuclei [96], as well as the Coulomb
effects, Fermi motion and transparency at low energies to remove the connection to the
parameterization developed by Tripathi et al.
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Figure labels

Figure 1. Calculated total reaction cross sections for 2C + 2C using the BS model (black solid
line) and the Tripathi parameterization (black dashed line) are shown together with the calculated
cross sections using the Hybrid Kurotama model (solid red line) and experimental data from [13-
18].

Figure 2. Calculated total reaction cross sections using the Hybrid Kurotama model (solid red
line), before the improvements of the model presented in this paper were implemented, are
shown for for p+*He together with the calculated cross sections using the Tripathi
parameterization (black dashed line) and experimental data from [18-27].

Figure 3. Calculated total reaction cross sections using the Hybrid Kurotama model (solid red
line), before the improvements of the model presented in this paper were implemented, are
shown for *He+'2C together with the calculated cross sections using the Tripathi
parameterization (black dashed line) and experimental data from [18, 28-44].

Figure 4. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for p+*He together with the calculated cross sections using the Tripathi
parameterization (black dashed line) and experimental data from [18-27].

Figure 5. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for p+2’Al together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [32,51-69].

Figure 6. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for p+%Au together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [54,70-77].

Figure 7. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for p + U together with the calculated cross sections using the Tripathi
parameterization (black dashed line) and experimental data from [32,52,78-81].

Figure 8. Calculated total reaction cross sections using the improved Hybrid Kurotama
model(solid red line) are shown for *He+2C/C together with the calculated cross sections using
the Tripathi parameterization (black dashed line) and experimental data from [32,82,83].

Figure 9. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for “He+>*Fe/*®Fe/Fe together with the calculated cross sections using
the Tripathi parameterization (black dashed line) and experimental data from [18,28,29,31-
33,35,36,82-83].
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Figure 10. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for “He+2Al together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [31,36,39,84,85]

Figure 11. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for “He+°Fe together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [36,44,84-87]

Figure 12. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for ?C+!2C together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [13-18].

Figure 13. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for 2°Ne+*2C together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [15,44, 88-95]. Please,
notice that some of the experimental data are total charge changing cross sections.

Figure 14. Calculated total reaction cross sections using the improved Hybrid Kurotama model
(solid red line) are shown for >C+°*Fe/*®Fe together with the calculated cross sections using the
Tripathi parameterization (black dashed line) and experimental data from [14,15,44,93-95].
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