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Abstract

Simulation of the transport of heavy ions in matter is a field of nuclear science
that has recently received attention in view of its importance for some relevant
applications. Accelerated heavy ions can, for example, be used to treat can-
cers (heavy-ion radiotherapy) and show some superior qualities with respect to
more conventional treatment systems, like photons (x-rays) or protons. Fur-
thermore, long-term manned space missions (like a possible future mission to
Mars) pose the challenge to protect astronauts and equipment on board against
the harmful space radiation environment, where heavy ions can be responsible
for a significant share of the exposure risk.

The high accuracy expected from a transport algorithm (especially in the
case of radiotherapy) and the large amount of semi-empirical knowledge nec-
essary to even state the transport problem properly rule out any analytical
approach; the alternative is to resort to numerical simulations in order to build
treatment-planning systems for cancer or to aid space engineers in shielding
design. This thesis is focused on the description of HIBRAC, a one-dimensional
deterministic code optimised for radiotherapy, and PHITS (Particle and Heavy-
Ion Transport System), a general-purpose three-dimensional Monte-Carlo code.
The structure of both codes is outlined and some relevant results are presented.
In the case of PHITS, we also report the first results of an ongoing comprehen-
sive benchmarking program for the main components of the code; we present
the comparison of partial charge-changing cross sections for a 400 MeV/n 40Ar
beam impinging on carbon, polyethylene, aluminium, copper, tin and lead tar-
gets.

Keywords: transport codes, Monte-Carlo codes, heavy ions, radiotherapy, ra-
dioprotection in space, charge-changing cross sections.
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Chapter 1

Introduction

"Musa, mihi causas memora"

VIRGIL, Aeneid

Historically, the term heavy ion refers to ions with a mass number larger than 4. The
transport of such particles in matter, i.e. the description of the their propagation,
is a complex problem that has recently received attention because of the numerous
applications where it is mandatory to estimate more or less accurately how the
radiation field is influenced by the intervening matter and/or, conversely, how matter
is affected by the passage of radiation. Among such applications we should mention
at least

• cancer therapy with heavy ions;

• radioprotection in space.

These two subjects will be described in the following sections.

1.1 Cancer therapy with charged particles
In 1946, Wilson (1946) performed the first measurements of the energy deposi-
tion of accelerated protons in water; such results are usually presented as dose
deposition distributions, instead of energy deposition. Dose is defined as the
amount of energy absorbed by the medium per unit mass; the SI unit is the
Gray (1 Gy = 1 J/kg). Wilson (1946) verified that the depth-dose profile of
protons, i.e. the curve that portraits the dose deposition as a function of the
penetration depth in the material, is radically different from that of photons,
for example. As Figure 1.1 shows, photons exhibit a very broad maximum and
a long tail towards higher depths; on the other hand, protons show an increas-
ing energy deposition that culminates in a sharp maximum (the Bragg peak)
and drops off abruptly. The physical reasons for the difference in shape will be
outlined in §2.1.1.

The idea of radiotherapy (cancer therapy using particles) is to perform one
or more irradiations of the tumour and deposit high dose in order to kill it; at
the same time, the healthy tissue that surrounds the tumour must be spared as
much as possible. It is then apparent that the proton depth-dose profile offers a
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Figure 1.1: Typical depth-dose curves for protons and photons and depth-dose
curves used for therapy.

better possibility than photons to define a high-dose irradiation volume while,
at the same time, delivering a small amount of dose to the surrounding material.

However, the road from the depth-dose distribution to the biological effect
of radiation is long and winding. The questions we are asking here are:

1. how is dose deposition in water related to dose deposition in the human
body?

2. how is dose deposition connected to biological effect?

3. how can these results be used for cancer therapy?

First, let us make the very simple remark (question number 1) that water is the
main component of the human body, so the qualitative discussion above holds
for the dose deposition in human tissue, too (see however §1.1.2 for further dis-
cussion about how the detailed structure of the tissues surrounding the cancer
site must be included in the treatment planning). Question 2, if regarded as
a general problem, outside of the context of therapy, is probably the least un-
derstood: roughly speaking, a higher dose deposition causes a higher biological
damage; however, the exact effect of low dose rates, for example, is far from
being fully understood, and so is the physical mechanism that leads from the
passage of ionising radiation to the biological damage.

In the following paragraphs, we will try to give an outline of the problems
posed by questions 2 and 3. References to more detailed work are available in
the text.
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1.1.1 Biological effect of radiation
In order to make quantitative assessments of the efficiency of protons for radio-
therapy, we must define some measurable quantity to be used as an evaluation
parameter. In the most typical of experimental setups, a cell culture is irradiated
and the effect of the irradiation is measured by comparison with an unirradiated
control culture. The definition of "effect" is somewhat arbitrary, since several
biological endpoints can be chosen (e.g. replication inactivation, cell death, in-
duction of chromosomal aberrations, etc.). For a given endpoint, one usually
considers the fraction of cells that show no radiation effect after the irradiation;
in the case of e.g. cell death, this fraction is called survival fraction. The
lower the fraction is, the more effective the examined radiation is at achieving
the biological effect under consideration. In order to compare the effectiveness
of different radiation types to induce a given biological effect (e.g. inactivation
of 50% of the irradiated cells), one defines the Relative Biological Effective-
ness (RBE) as the ratio between the doses of a reference radiation and of the
radiation under investigation that must be given to a biological sample to obtain
the same effect.

dose (reference radiation)
dose(radiation investigated) isoeffect

The reference radiation is usually chosen to be 7 rays from the 60Co decay or
250 kV x-rays. A highly effective radiation will require very little dose to achieve
a given effect and thus will have a large RBE value, i.e. the RBE increases with
the effectiveness of radiation.

It should be remarked here that the dependence of the survival fraction
on dose, dose rate (i.e. dose per unit time), radiation type, radiation energy,
cell type, time passed from the irradiation, etc. is extremely intricate; to make
matters even more complicated, unexpected factors contribute to determine
the biological effect of radiation. The presence of certain substances (like oxy-
gen) can boost the radiation effect, while other substances (called scavengers)
can dampen it; temperature also influences the RBE; cells possess a radiation-
damage repair mechanism that acts most effectively during certain phases of the
cell cycle; thus, the effect of the irradiation depends also on the particular phase
the cell is in at the moment of the irradiation; moreover, if cells are irradiated
multiple times (fractionation), the biological effect depends on the number of
fractions and the time intervening between them.

In what follows, we will limit ourselves to describe in a somewhat simplified
manner the physical mechanisms that can lead an irradiated cell to lose its
reproductive capacity, even though a careful assessment of the biological effect
of radiation must take into account all the factors we have mentioned; the
reader is anyway referred for example to Kiefer's (1990) classic textbook for
further details.

Physical mechanism of the biological damage

The deposition of energy by fast charged particles is a process that mainly in-
volves the electrons in the medium (see §2.1 for a more detailed discussion);
molecules are excited or ionised along the particle track, highly-energetic elec-
trons (6 rays) are ejected and can cause secondary ionisation and excitation,
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sometimes very far from the primary track; eventually, the deposited energy is
degraded to heat and/or causes chemical changes in the system: chemical bonds
are broken and formed and new compounds appear.

If the target system is a cell, such chemical changes may affect the DNA
molecule, which has been proven to be the most sensitive element to the effect
of ionising radiation (Kiefer 1990). However, as we have already mentioned,
cells have repair mechanisms capable of handling a certain amount of radiation
damage; these mechanisms must be overcome if permanent radiation damage is
to be delivered. It appears now that this possibility is connected to the exis-
tence of a "critical energy deposition"; if the particle is able to deposit enough
energy over a distance of the order of the size of the DNA molecule, permanent
DNA damage will result and the cell will most likely lose the ability to repro-
duce. These considerations lead naturally to the introduction of the Linear
Energy Transfer (LET), a quantity which is expected to measure more or less
accurately the biological effectiveness of ionising radiation. LET is denned as

ax

where dJ5^b
c
s is the amount of energy that the medium absorbs locally for a

radiation path length da;; it is usually measured in keV//um. The term "locally"
translates the concept that high-energy S electrons do not contribute to DNA
damage, since they travel very far from the particle track and deposit their en-
ergy elsewhere; a maximum secondary-electron energy can then be chosen, and
only 6 electrons below that value be considered for energy absorption (restricted
energy loss). Common choices are 100 eV or 200 eV; if no maximum at all is
chosen, one talks about unrestricted energy loss; the corresponding LETs are
usually denoted as LETjoo, LET200 or LEToo- Summarising, LET is defined
as the amount of energy per unit path length that the medium absorbs from
secondary electrons with energy lower than, say, 100 eV.

As we expected, it is an experimentally verified fact that the RBE of a given
radiation type is an increasing function of its LET, for low LET (see Figure 1.2).
At about 20 keV/^m the curve becomes much steeper because of the "critical
energy deposition" effect we have discussed above; above this threshold value,
the biological effectiveness of radiation increases very fast. Above a certain
LET value (about 200 keV//zm), however, the amount of energy delivered to
the DNA molecule exceeds the amount required to damage it permanently; the
particle traversal still causes maximal damage to the cell, but the energy depo-
sition spent to do so is higher (overkill): this means then that the RBE, being
inversely proportional to the test radiation dose, decreases as LET increases
above 200 keV/^m.

1.1.2 Therapy with protons
The idea of treating cancer using an ion beam is based on the considerations
above. As the Bragg curve shows, the dose deposition increase along the parti-
cle track, which means that protons deliver less dose to the healthy tissue than
photons; besides, the simple fact that protons carry electric charge makes it
easy to shape a very narrow and collimated pencil beam, in contrast to pho-
tons. However, the LET of protons does not exceed 20 keV/fim but in the last
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few micrometers of their tracks (Amaldi and Kraft 2005), which means (see Fig-
ure 1.2) that protons show only a marginal increase in biological effectiveness
with respect to photons; an RBE value of 1.1 is commonly used.

We have shown then that proton beams have the potential to be used as a
cancer-therapy device. Of course, the actual treatment planning is much more
complicated and involves a number of calibration steps before the actual irradi-
ation can be performed. For example, different tissues slow down protons differ-
ently; this must be taken into account if the Bragg peak position is to be fixed
with an accuracy of a few millimetres. For this purpose, Computer-Tomography
(CT) scans of the cancer region are taken and the data are used to calculate
a water-equivalent cancer depth — see for example §3.1 and Kanematsu et al.
(2003) for more details; some calibration is required for such methods to work,
and some uncertainty is introduced in the process.

Moreover, the whole tumour volume must be properly irradiated, which re-
quires the peak position to be adjustable, both along the beam direction and in
the transverse directions. The superposition of all the dose-deposition distribu-
tions is arranged in such a way to cause uniform biological effect throughout the
cancer region; see Figure 1.1 for a sketch of the Spread-Out Bragg Peak (SOBP)
which is actually used in proton treatment. Several techniques are available to
produce this effect: see for example Chu et al. (1993) for a review on passive
beam-spreading methods and Haberer et al. (1993) or Pedroni et al. (1995) for
active methods.

Finally, we should also mention that the usual irradiation schedule is to
deliver the total amount of dose over many fractions; this is done in order to
allow the tumour cells to move away from radioresistant phases of the cell cycle
and the healthy cells to repair some of the radiation damage they have inevitably
taken. As an additional benefit, fractionation allows to choose different entrance
channels for the different fractions, thereby reducing the dose to the healthy



INTRODUCTION

tissue. Fractionation is also especially important for the case of photon therapy,
where the dose deposition is high in healthy tissue.

For general reviews about proton therapy, the reader is referred to Pedroni
(2000) and Goitein et al. (2002).

1.1.3 Therapy with heavy ions

Several alternative hadron1 beams have also been investigated (Amaldi and
Kraft 2005). Neutrons have a depth-dose distribution that closely resembles the
almost-exponential decay of photons, but offer also a higher RBE because of
the different energy deposition mechanisms involved; however, the poor shape
of the depth-dose distribution makes it very difficult to deliver little damage to
the healthy tissue, causing strong side effects that have led most countries to
terminate neutron therapies in the last few years.

Negative pions were also considered for therapy, since their decay at the end
of the track is expected to release additional energy and boost the biological
effect. Clinical trials were conducted (Tsujii et al. 2004) and about 800 patients
were treated, but no improved cure rate was found; pion treatment was therefore
terminated due to the additional costs it carries with respect to proton therapy.
Antiprotons have also been proposed for therapy, the idea being similar to that
for pions; however, expensive and complicated equipment is required to create
an antiproton beam of suitable current.

The last possibility (which we are about to describe in deeper detail) is
represented by heavy ions. The first clinical treatments with heavy ions were
performed in 1975 at Berkeley, USA (Lawrence et al. 1976), where much pio-
neering work was done about the interaction of heavy ions with biological tissue
(Llacer et al. 1984, BHB 1985, Schimmerling et al. 1989). There are some ad-
vantages in using heavy ions for external radiotherapy with respect to protons
(Amaldi and Kraft 2005); for example:

• heavy ions have a more favourable LET-depth profile. For example, 12C
ions exceed the "critical" LET value of 20 keV//xm in the last 40 mm of
their range (Amaldi and Kraft 2005), leading to boosted RBE values in the
target region; this effect is almost negligible for protons, since it takes place
only in the last few micrometres of the particle range. Heavy ions are thus
even more effective biologically than protons, making them particularly
suitable to cure those tumours that have a high repair capability and
grow slowly (which are also the most radioresistant);

• the Bragg peak is much sharper for heavy ions than for protons, both
in the longitudinal and in the transverse direction, since heavy ions are
scattered less than protons from their initial trajectory and suffer less
energy straggling (see also §2.1); this allows a larger degree of conformation
of the dose profile to the target volume;

• it is possible to use Positron Emission Tomography (PET) to monitor
on-line the actual stopping point of the heavy-ion beam. This is possible
because some of the accelerated ions undergo nuclear reactions with the
target tissue and are transmuted into 0+ emitters while their range is

: A hadron is a particle that consists of quarks; example of hadrons are protons, neutrons,
pions or nuclei.
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only marginally affected; therefore, they stop approximately at the same
position as the stable beam particles and can be detected via the positrons
they emit;

• clinical trials at HIM AC, Chiba (Tsujii et al. 2004) have shown that the
number of fractions in carbon therapy can be reduced below ten and that
the total dose can be reduced even more, yielding better tumour-control
rate and less side-effects that conventional, high-dose photon treatment.
This is a typical feature of ions heavier than protons and is related to the
increased RBE at the end of the carbon-ion tracks. A smaller number
of fraction reduces also the costs of therapy, allowing a larger number of
patients to be treated within the same time span, even though, at the
same time, the energy deposition in healthy tissue is concentrated in a
smaller volume.

However, there are also some disadvantages about therapy with heavy ions
with respect to protons or photons; among these we should quote that:

• nuclear reactions between the beam particles and the target nuclei can
contaminate the beam, by introducing ions with lower charge and longer
range than the primaries (fragments), which will in turn cause an un-
wanted "tail" in the dose-depth distribution which extends beyond the
Bragg peak, in the region where protons beams deliver almost no dose;

• a carbon-ion treatment centre requires a total investment of about 100 M€,
about 40% more than a proton-therapy centre (Amaldi and Kraft 2005);
photon therapy is even cheaper, about 35-50% of the cost of proton ther-
apy (Goitein and Jermann 2003). We should mention, anyway, that the
possibility to reduce the number of fractions in heavy-ion therapy allows
more patients to be treated, thus effectively reducing the therapy costs.

Summarising, heavy-ion therapy is preferable to photon and proton therapy
for the treatment of very deep-seated, radioresistant tumours, provided that
fragment tail do not deliver unnecessary dose to sensitive organs. Presently,
there are three cancer therapy centres in the world capable of using heavy-
ions: the GSI (Gesellschaft fur Schwerionenforschung) laboratory at Darmstadt,
Germany (Haberer et al. 1993), the HIMAC (Heavy Ion Medical Accelerator in
Chiba), located at the National Institute for Radiological Sciences, at Chiba,
Japan (website: http://www.nirs.go.jp/) and the HIBMC (Hyogo Ion Beam
Medical Center), at the Harima Science Garden City, Hyogo, Japan (website:
http://www.hibmc.shingu.hyogo.jp/). All these facilities have at least two
points in common:

• they have all chosen to use 12C beams; the reason is that ions lighter than
carbon show a significant increase in RBE only in the very final part of the
track, while ions heavier than carbon show it too early, causing unwanted
damage to the healthy tissue;

• the HIBRAC code (Sihver et al. 1998, Sihver et al. 2006) is used as part of
the treatment-planning system. HIBRAC will be described more accurately
in §3.
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1.2 Radioprotection in space

"Space. The final frontier."

STAR TREK

The radiation environment in space is radically different from what we expe-
rience every day on the surface of the Earth, mainly thanks to the protective
influences of the geomagnetic field and of the atmosphere. The human race has
evolved in a low-background-radiation environment and our bodies are proba-
bly adapted to it; the high radiation fluxes in space, on the other hand, can
be seriously harmful to space-vehicle or space-station crews as well as have
deleterious effects on sensitive electronic equipment on board. This might well
represent a limiting factor to future manned interplanetary space exploration;
radiation has in fact been identified by the US National Academy of Sciences
as the major hazard for crews on interplanetary missions2 (National Academy
of Sciences 1997). It is thus necessary to devise means to shield spacecrafts
appropriately and protect crews and equipment. This is not at all a trivial
task, since the influence of shields on the radiation field is very complex and
sometimes even counter-intuitive: particular radiation-shield combination can
even increase the biological effectiveness of the radiation field with respect to
the unshielded radiation source.

Heavy ions are important in this context because of their presence in the
space radiation environment and the major contribution they bring to dose ab-
sorbed by astronauts. Since they are also more biologically effective than other
types of ionising radiation, their contribution must be weighted appropriately
to estimate the risk. This is usually done by defining the equivalent dose H:

R

where DR is the dose delivered by radiation of type R and WR is a radiation
weighting factor, whose values have been recommended by the International
Commission on Radiological Protection (1991) and are reported in Table 1.1.
In space, however, the heavy-ion radiation field has a very broad energy and
charge spectrum. However, the weighting factors WR include no such dependence
and thus they cannot be used reliably; use is made instead of the old definition
of dose equivalent (International Commission on Radiological Protection 1991):

H = JQ(L)D(L)dL,

where D(L) and Q(L) are dose and quality factor for radiation of LET L; Q(L)
is given by

{1 if L < 10

0.32L - 2.2 if 10 keV/,um < L < 100 keV//im;
300/\/L if L > 100 keV//um.

2The physiological effects of microgravity and the psychosocial effects of prolonged con-
finement follow.
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Radiation type
7
e, fi

n, E < 10 keV
n, 10 keV < E < 100 keV
n, 100 keV < E < 2 MeV
n, 2 MeV < E < 20 MeV
n, E > 20 MeV
p, E > 2 MeV
a, heavy ions

WR
1
1
5

10
20
10
5
5

20

Table 1.1: Radiation weighting factors, as recommended by the International
Commission on Radiological Protection (1991).

In what follows, we will give a brief description of the various radiation
sources in space, with special focus on the role played by heavy ions. The
reader can consult Benton and Benton's (2001) or Durante's (2002) reviews for
more details about radiation sources, dosimetry and radioprotection in space.

1.2.1 Galactic Cosmic Rays
The quality of the radiation environment encountered during a space mission
depends on the time and the location of the mission; solar wind, solar activity
and the geomagnetic field are but some of the factors that modulate the intensity
and composition of the radiation field. For simplicity, however, we will start by
describing the Galactic Cosmic Rays (GCRs), the type of ionising radiation
environment which is believed to be present in interstellar space, i.e. where
perturbations induced by the Sun or the Earth are absent.

The GCRs (Benton and Benton 2001) are completely isotropic and consist
of 98% protons and heavier ions (baryon component) and 2% electrons and
positrons (lepton component). The baryon component in turn consists of 87%
protons, 12% a particles and 1% ions of charge higher than 2; elements with
charge 28 < Z < 92 are present but very rare; elements with charge higher
than 92 are typically unstable and not present. The energy spectrum of the
baryon component peaks around 600 MeV/n, with a long tail on the high energy
side that extends all the way up to 1012 MeV; such high energies make the
ions extremely penetrating3 and potentially very dangerous for the biological
damage they can deliver. Iron ions are especially abundant (compared with
the other heavy ions) and their high charge (Z = 26) makes them very heavily
ionising. Such high-energy and charge particles are collectively referred to as
High-Z-and-Energy particles (HZE) and are one of the main concerns for
radioprotection in space; it can be estimated (see Figure 1.3) that protons,
helium and iron give approximately the same contribution to the dose deposition
of the GCRs (about 15% each), even though their abundances are very different
(Durante 2002).

Within the solar system, the intensity and the energy spectrum of the GCRs
are not constant in time: the Sun, in fact, goes through an eleven-year cycle
that affects more or less all aspects of the solar activity, like sunspots, solar

3For example, a 500 MeV/n Fe ion has a range of about 10 cm in water.
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wind, solar magnetic field, etc. The solar magnetic field actually reverses every
eleven years, so the full length of the cycle is twenty-two years. Since the
solar wind and magnetosphere modulate the GCRs entering the solar system,
the intensity of the latter varies during the solar cycle; at solar maximum,
cosmic rays with energy < 1 GeV/n are sensibly attenuated with respect to
solar minimum conditions.

1.2.2 Solar Particle Events

The GCRs originate from outside our solar system, and the mechanisms that
generate them are partially still unknown. However, there are other sources
of radiation within our system: the Solar Particle Events (SPEs) are solar
emissions of energetic charged particles, which usually take place during solar
flares or coronal mass ejections. Electrons, heavy ions and protons are emitted
during SPEs, but the latter are the most dangerous from the point of view
of radioprotection (see Figure 1.3) because of their abundance and their high
energy.

Heavy ions
_ _ ^ _ 10%

Others

Mg, Al, Si

GCR SPE

Figure 1.3: Relative contributions of the different components of GCRs (left)
and SPEs (right) to the equivalent dose, evaluated at the skin, assuming ex-
posure at the solar minimum behind a 5 g/cm2 aluminium shield. Taken from
Durante (2002).

SPEs are considered to be a threat for the health of astronauts because, even
though they are quite rare, they are characterised by dose rates hundreds of
times larger than the GCRs; besides, they are almost completely unpredictable.
They are more frequent during the maximum phase of the Sun's 11-year cycle
and their appearance is correlated to the number of sunspots, but no prediction
can currently be made on their duration, intensity or emission angle.

1.2.3 Trapped-radiation belts

At low latitudes, the Earth's magnetic field shields the surface of the planet
from a good deal of the low-energy cosmic rays, which are deflected back into
space; some of them, however, get trapped in the field and start to move in
a very complex manner along the field lines, forming two trapped-radiation
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flares or coronal mass ejections. Electrons, heavy ions and protons are emitted
during SPEs, but the latter are the most dangerous from the point of view
of radioprotection (see Figure 1.3) because of their abundance and their high
energy.

Heavy ions
10%

Others

Mg, Al, SI

GCR SPE

Figure 1.3: Relative contributions of the different components of GCRs (left)
and SPEs (right) to the equivalent dose, evaluated at the skin, assuming ex-
posure at the solar minimum behind a 5 g/cm2 aluminium shield. Taken from
Durante (2002).

SPEs are considered to be a threat for the health of astronauts because, even
though they are quite rare, they are characterised by dose rates hundreds of
times larger than the GCRs; besides, they are almost completely unpredictable.
They are more frequent during the maximum phase of the Sun's 11-year cycle
and their appearance is correlated to the number of sunspots, but no prediction
can currently be made on their duration, intensity or emission angle.

1.2.3 Trapped-radiation belts

At low latitudes, the Earth's magnetic field shields the surface of the planet
from a good deal of the low-energy cosmic rays, which are deflected back into
space; some of them, however, get trapped in the field and start to move in
a very complex manner along the field lines, forming two trapped-radiation
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belts (or Van Allen belts). The lower belt starts right above the atmosphere
and extends up to about 2.4 Earth radii; it consists of electrons (with energy
< 5 MeV) and protons (1 MeV < E < 1000 MeV, with a broad peak between 150
and 250 MeV). The outer belt extends from 2.8 to 12 Earth radii and consists
mainly of electrons with energies up to 7 MeV.

Trapped electrons have too little energy to penetrate the structural materials
of the space vessels that traverse the radiation belts or to initiate x-ray produc-
tion by Bremsstrahlung (see §2.1.2); thus, they are of little concern for human
health. Most of the trapped protons lie at altitudes above those traversed by
Low-Earth Orbit (LEO) vehicles like the Space Shuttle or the International
Space Station (ISS); however, since Earth's magnetic axis is slightly tilted
and shifted with respect to the rotation axis, there is a region outside the coast
of Brazil (the South Atlantic Anomaly - SAA) where the field lines drop
unusually close to the surface and partly intersect the LEO orbits mentioned
above, irradiating them with the trapped protons; this effect can be so severe
that, for example, for the ISS orbit (~350-400 km altitude, 51.56° inclination)
about half of the ionising radiation dose equivalent comes from trapped protons
in the SAA.

The intensity of the radiation belts is also modulated by the solar cycle, the
maximum of the fluxes corresponding to the minimum of the solar cycle; strong
solar activity, in fact, expands the atmosphere and increases losses of protons
in LEO.

1.2.4 Albedo radiation

A fourth source of radiation is only present at low altitudes, close to the at-
mosphere, and is generated by nuclear reactions between the primary cosmic
radiation and the atmospheric molecules; some of the reaction products, es-
pecially neutrons and protons, can then irradiate space vessels in LEO; this
phenomenon is called albedo. Albedo neutrons and protons, however, have
typically low energy and fluxes and are not considered to be major contributors
to the total dose equivalent4.

1.2.5 Shielding and secondary interactions

As we have seen, the exact composition of the field that irradiates a space ve-
hicle depends on its position and on the solar activity; however, the structural
materials of the space vessel further influence the nature of the field inside
the spacecraft through e.g. nuclear reactions with the primary radiation; the
secondary particles produced in such interactions greatly modify the radiation
environment and make dose and risk assessments much more complicated. For
example, reactions between highly energetic cosmic rays and nuclei in the space-
craft structure add an intense secondary-neutron component which is absent in
the primary field and, for an ISS-type orbit, is estimated to be responsible for
30-60% of the total dose equivalent (Benton and Benton 2001).

The detailed characteristics of the inner radiation field depend on the geome-
try and composition of the spacecraft structure that surrounds the measurement
point; it is obvious that reliable dose/risk estimation must be based on a cor-
rect evaluation of the effect of the shielding of the space vessel and even of the

4However, they must be taken into account when evaluating skin or eye dose, for example.
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astronaut's body, and that this cannot be achieved on an analytical or on an
empirical basis. Several numerical codes have been developed to aid space en-
gineers in the design of more efficient shielding materials and geometries; some
of them will be mentioned in §2.3 and §2.4.



Chapter 2

Transport of heavy ions in
matter

This chapter deals with the description of the transport of heavy ions in matter. A
phenomenological outline of the main physical processes involved will be given in
§2.1; §2.2 will then mention the most general analytical approach to the problem,
while §2.3 and §2.4 will describe the approximations and/or techniques required to
solve the problem numerically and develop suitable computer codes.

2.1 Phenomenological description of the trans-
port phenomenon

The physics of the interaction of a heavy ion (or, more generally, of a hadron)
with matter is quite complex; we will try here to give a phenomenological and
qualitative description of the processes involved. The reader can consult Knoll's
(2000) book for further details.

The interactions a charged particle undergoes when traversing matter can
schematically be subdivided in electronic (i.e. with the electrons of the medium)
and nuclear (i.e. with the nuclei in the medium). Electrons are e.g. responsible
for

• energy loss of the charged particle;

• energy straggling of the beam, i.e. fluctuations in the energy lost by parti-
cles in a given material thickness; equivalently, one can talk about range
straggling, i.e. fluctuations in range for particles of a given energy;

• angular straggling of the beam, i.e. fluctuations in the direction of motion
of the particle after a given material thickness. As a consequence of this
phenomenon, the actual path length s travelled by the particle is somewhat
larger than the penetration depth t;

• emission of Cerenkov radiation.

The nuclei in the medium, on the other hand, can cause phenomena as

• elastic or inelastic Coulomb scattering;
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• Bremsstrahlung;

• elastic or inelastic nuclear scattering.

Not all these processes are equally important in the particle transport; for exam-
ple, Fano (1963) estimated that the average difference between the path length
s and the penetration depth t can be given approximately by

<s - t)/s = XmZt/M,

where A lies between 0.3 and 0.6, m is the electron mass, Zt is the atomic number
of the target and M is the mass of the projectile. The effect of angular straggling
becomes thus decreasingly important with increasing particle mass. Of course,
it is not possible to make a general statement about how large M should be for
angular straggling to be negligible: that depends on the type of application one
has in mind. The development of a general-purpose transport algorithm that
can be applied to fields with very different requirements must include models to
estimate all the significant quantities and avoid case-specific approximations; on
the other hand, an algorithm dedicated to a specific application can be written
without bothering about processes considered to be unimportant.

2.1.1 Interactions with electrons
We have already mentioned several times that one of the most important ef-
fects that charged particles have on matter is ionisation. For charged particles,
ionisation is caused by the Coulomb interaction between the naked charge of
the fast particle and electrons in the medium; the latter are attracted along
the electric field generated by the former and acquire some momentum at the
expense of the energy of the fast particle. The momentum acquired by a single
electron is quite small but, since the Coulomb force has a very long range, a
large number of electrons are brought to interact with the fast particle and to
slow it down.

In order to quantify the ability of a given material to stop radiation, a
quantity called stopping power is introduced. It is defined as

where E represents the particle energy and x is the path length; stopping power
is therefore the amount of energy the particle loses per unit path length; the mi-
nus sign is necessary to make S positive. This definition resembles the definition
of LET given above, Eq.(l.l); the essential difference is that LET refers to en-
ergy absorption by the medium (possibly local), while stopping power represents
the energy lost by the radiation. Stopping power is therefore always larger than
or equal to LET, even in the case of LETQQ, because there are other energy-
loss mechanisms besides ionisation: for example, Bremsstrahlung or emission of
Cerenkov radiation (see below).

As a fast particle loses energy to the electrons in the medium, its velocity
drops as well; the slowed-down particle therefore spends more and more time
interacting with the electrons as its energy diminishes. This observation leads
to understand qualitatively the experimental fact that the contribution of ion-
isation to stopping power increases as energy decreases (this is also the reason
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of the existence of the Bragg peak — charged particles become increasingly ion-
ising as they approach the end of their range) . Below a certain energy (about
1 MeV), however, charged particles start to pick up electrons from the medium
and lose some ability to induce ionisation; above about 200 MeV, on the other
hand, their ionisation capacity starts to slowly raise again because of relativistic
effects.

It might be trivial to remark that, since stopping power is the result of a
large number of small interactions, definition (2.1) can only be intended in the
sense of an average value; identical particles will experience different stopping
powers, because of the stochastic nature of the process. Because of this effect,
even a monochromatic beam will exhibit some energy distribution after some
thickness of traversed matter (energy straggling).

Likewise, the amount of transverse momentum that each electron taps from
the fast particle is not fixed but varies stochastically. This means that the fast
particle will suffer no deviation from its initial trajectory only on the average;
on the contrary, a single particle will always experience a finite transverse "kick"
which will deflect the particle from its initial trajectory (angular straggling).

Finally, emission of Cerenkov radiation is observed when a particle has
a velocity greater than the speed of light in the medium. Photons are emitted
at a given angle with the direction of motion of the particle, which is related to
the refractive index of the material and to the velocity of the particle. Cerenkov
radiation gives a small contribution to the energy loss of fast particles and is
rarely important for particles heavier than electrons.

2.1.2 Interactions with nuclei

An atomic nucleus has two interesting properties:

• it is electrically charged, making it capable of interacting electromagneti-
cally with other charged particles;

• it is composed of hadrons, which can interact with other hadrons through
the strong interaction.

Obviously, non-hadronic particles (such as electrons) can only be affected elec-
tromagnetically; neutral hadrons (such as neutrons) can only be affected by the
strong interaction1. Nuclei can also respond to the weak interaction (like all
hadrons and leptons), but the relevant cross sections are very small in the en-
ergy range of interest for radiotherapy and/or radioprotection in space, so this
is usually neglected.

Electromagnetic interaction

As experiments have shown ever since Rutherford's discovery of the structure of
the atom, the Coulomb field of a nucleus is capable of deflecting charged particles
from their initial trajectory. In the simplest case, both the incoming particle
and the target nucleus move along conical trajectories (in the centre-of-mass
system) and leave the collision with the same kinetic energy they had when

1This is not rigorously true, because neutrons have e.g. a non-vanishing magnetic dipole
moment and thus can respond to strong magnetic-field gradients; this effect is anyway very
small and can be neglected in all our following considerations.
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they entered it; such scattering is called elastic. However, it is possible that
the Coulomb field excites some of the inner degrees of freedom of the projectile
and/or the target; some kinetic energy is then transformed into potential energy
and is subsequently released through some sort of deexcitation mechanism2; in
this case, the collision is called inelastic. It is hardly necessary to remark that, as
far as only the projectile is concerned, all collisions are "inelastic" when viewed
in the laboratory frame; the target nucleus always enters the scattering event
with zero momentum but gains some in the collision, which means that the
projectile always loses some energy. Scattering on the target nuclei, therefore,
gives a contribution to the total stopping power; however, the lower density and
higher mass of nuclei usually make their contribution negligible with respect to
the electronic one.

Bremsstrahlung (German for "braking radiation") is the emission of radi-
ation caused by the acceleration of a fast charged particle in the Coulomb field
of a nucleus; the stronger the field, the more intense the emission of radiation
becomes. It has two main effects: the production of a continuous spectrum of
photons and a corresponding energy loss of the radiating particle. Even though,
in principle, every charged particle undergoes Bremsstrahlung to some extent,
it is usually observed only for highly energetic electrons (or muons) on heavy
targets; in such cases it becomes the dominant energy loss mechanism. The
photon spectrum produced can also be relevant for applications: for example,
x-ray tubes produce photons by exploiting exactly this interaction.

Strong interaction

If the projectile is a hadron, it can react with the target nuclei through strong
interaction. In order for this to happen, it is necessary that the two particles
be able to come close enough to each other (since nuclear forces have very short
range); however, positively charged particles are repulsed by the positive charge
of the nucleus, which means that the projectile must possess enough energy to
penetrate the Coulomb barrier. For a medium-sized target nucleus and a singly
charged projectile, the height of the barrier is of the order of a few MeV; thus,
energies at least of this order of magnitude are necessary to initiate nuclear
reactions.

If this condition is satisfied (or if the projectile is not positively charged),
a nuclear reaction can take place. As in the case of Coulomb scattering, it is
possible that both projectile and target leave the collision in the same state as
they entered it and with the same kinetic energy (in the centre-of-mass system);
again, this is called an elastic collision. However, the nuclear interaction is
much more intense than the electromagnetic one, making it easier for nucleons
to transfer energy to each other; nuclear collisions are therefore often inelastic
and can lead to many different exit channels.

A collision between two nuclei which results in loss of some nucleons by one
or both of the participants is called a fragmentation reaction; it constitutes
obviously an example of an inelastic nuclear scattering process. Fragmentation
is important in many high-energy heavy-ion applications because it alters sub-
stantially the composition of the initial radiation field; the fragments themselves

2For example, an ion that has absorbed some excitation energy can emit a gamma ray (and
thus return to the ground state) or even heavier particles, like nucleons; the latter process is
called Electromagnetic Dissociation (EMD).
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can then naturally undergo further nuclear reactions as well, introducing higher
generations of reaction products.

It is apparent that there are a great deal of degrees of freedom in the exit
channel of a fragmentation reaction: the outgoing state is defined completely
by

1. the number of outgoing particles;

2. their nuclear species;

3. their directions of motion and kinetic energies.

If one considers, additionally, that there are a large number of possible projectile-
target combinations, it immediately becomes clear that fragmentation can hard-
ly be described with accuracy by semiempirical interpolations of measurements,
even though some systematic regularities can be exploited to model the inclusive
cross sections (Sihver et al. 1993). Alternative approaches have been developed
(Niita et al. 1995), whose advantages and disadvantages will be discussed in the
following.

2.2 Mathematical tools
Particle transport is a stochastic phenomenon: for example, it is not possible to
predict whether a given particle will undergo a nuclear reaction or not, where
reactions will take place along the particle track, what particles will be produced,
etc. Therefore, the most complete description we can give of it is in terms of
master equations, i.e. equations that describe the time evolution of the joint
probability density functions

Pn(t, U>i,X1,Vl,U)2,X2, V2,...,Wn, Xn,Vn\W0,X0, V0), (2.2)

i.e. the probability (per unit phase-space volume) that, at time t, n particles
are present in the system, the particle of species u>i being in Xi with velocity Vi,
given that at time t = 0 there was an wo-particle in xo with velocity VQ. The
normalisation condition is written as

/
n=0 a>i

Pn(t,U>l,Xl,Vl,. . . ,Wn,Xn,Vn\u)Q,Xo,Vo) = 1.

The function Pn allows to calculate any macroscopic observable: for example,
any flux can be expressed as a function of Pn, as well as any correlation among n
particles at different points. A time-evolution equation for Pn could in principle
be written; however, the huge amount of information contained in Pn requires
a great deal of knowledge about the transport processes, e.g. we would need to
know the exact shape of functions like

pn(t, WO, 330,̂ 0 -»Wi,Wi,...,Wn,l>n), (2-3)

that describe the probability that an u>o particle, with velocity vo, produces par-
ticles cji,...,uin (with velocities Vi,...,vn) through a reaction in XQ. It should
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be obvious that we have no hope of even getting hold of all the elements neces-
sary to formulate the problem properly; an alternative approach must therefore
be devised.

There are essentially two roads one can follow:

• simplify the equations that describe the system, introduce some approxi-
mations and hope that the resulting problem becomes solvable, at least by
numerical means; of course, this means that it will not be possible to ex-
tract the full amount of information from the calculation. This approach
leads to the development of the so-called deterministic codes (§2.3);

• abandon the idea to write and solve the master equation for Pn and re-
sort to some other technique. This approach leads to the development of
Monte-Carlo codes (§2.4).

2.3 Deterministic codes

In order to make the transport problem treatable, a number of approximations
must be applied to the most general transport equation.

First of all, we will drop our purpose to describe the evolution of the full
probability density Pn and limit ourselves to its average value, i.e. the number
of particles per unit phase-space volume of type w present at x with velocity v,
which we will indicate3 with N(t,u,x,v). This step essentially means that we
will not be able to calculate higher moments of the distribution, i.e. fluctuations
around the mean value or correlations between particle densities.

Next, a transport equation must be written for N(t,u>,x,v); this is the well-
known Boltzmann equation, an integro-differential equation that depends on
functions which describe the nuclear and electronic interactions mentioned in
§2.1. Fragmentation, for example, is described by the set of (macroscopic) frag-
mentation cross sections T,(u>,x,v -> u',v'); compared to Eq. (2.3), this cross
section is simpler in the sense that it does not take into account all the reaction
products and their correlations, but focuses only on one reaction product at a
time. We lost anyway all information about the correlations, in fact, when we
decided to write an equation for N.

An example of Boltzmann equation, that includes fragmentation and stop-
ping power, is the following:

—- + v • WXN - —(w>x,v)v-VvN =
at ax

Y, [ di/ [E(o/, x, v' -> u, v)N' - E(w, x, v -» w', v')N], (2.4)

where v is the velocity unit vector, N = N(u>,x,v) and N' = N(w',x,v').
The left-hand side describes the variation in the number of particles u> in the
phase-space volume dxdi; due to streaming (i.e. movement) or stopping power;
the right-hand side describes reactions between particles and target nuclei and
the production of fragments.

3From here on, we will drop the notation on species, position and velocity of the initial
particle
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Ideally, we would want to solve Eq. (2.4), at least numerically. In order to
do so, we would of course need models to describe the coefficients of Eq. (2.4),
i.e. the stopping power ^(w,x,v) and the cross sections E(w,a:, v —> UJ',V');
such models can be developed on a semi-empirical basis, as we will discuss in
more detail in the §3. However, even though Eq. (2.4) carries already a great
deal of simplifications, it is still too involved to be solved numerically because
of its three-dimensional nature. The one-dimensional version of Eq. (2.4),

dN dN dEdN
dt dx da; dv

Y, I dt;' [E(u/, x, v' - UJ, v)N' - S(w, x, v -> w', v')N],

can instead be solved numerically. This approach, i.e. to simplify the Boltzmann
transport equation in such a way that it becomes numerically integrable, is
usually referred to as deterministic approach; a computer code which integrates
the resulting equation numerically is a deterministic code.

Different deterministic computer codes are of course based on different ap-
proximations to the full Boltzmann equation and/or on different models for
the quantities which are considered to be relevant for the transport calculation.
In this respect, it should be remarked that many existing codes are actually
tailored to a specific application and take advantage of this fact by applying
the relevant simplifications. Some well-known deterministic computer codes are
HZETRN (Wilson et al. 1995) and HIBRAC (Sihver et al. 1998, Sihver et al. 2006).

2.4 Monte-Carlo codes
Some physical phenomena induced by the passage of radiation in matter cannot
be simply described by the deterministic approach; an example is given by the
single-event upsets of electronic devices by highly ionising radiation.

2.4.1 Single-event upsets

We have all experienced that electronic devices are becoming smaller and smaller
every day, thanks to the steady miniaturisation of the electronic components.
The reduction of the dimensions of the components is accompanied by a re-
duction of the amount of charge that store information in the circuits; we have
actually reached such small dimensions that the amount of charge that carries
a bit of information is comparable to the amount of free charge that can be cre-
ated by the passage of densely ionising radiation. It is therefore possible that an
energetic particle react with the electronic circuit and upset the digital state the
circuit stores, destroying the information therein contained. This phenomenon
is of special concern in space, where dependence on the electronic equipment on
board is total and where the radiation background is highly energetic.

The occurrence of such events is not directly related to the mean energy
deposition (i.e. to the flux) of the radiation in consideration; for example, in
the case of high-energy neutrons, the mean energy deposition will be very low,
because most of the neutrons will not deposit any energy in the silicon wafer;
however, the remaining neutrons have the possibility to react and create a large
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amount of free charge by secondary ionisation. The fraction of neutrons that
produce an amount of free charge in excess of the critical value or the circuit
upset cannot be calculated if one has access only to the neutron flux, i.e. to
their mean energy deposition.

This example teaches us that in some cases the knowledge of the mean value
only is not sufficient to answer all the questions. However, in §2.3 we underlined
the fact that limiting ourselves to treat the mean value N(t,ui,x,v) is the only
way to make the transport equation treatable; how do we solve this impasse
then?

A possible way out is offered by the Monte-Carlo approach. What we want is
a way to estimate the joint probability density function, Eq. (2.2). However, we
know that this probability function describes the propagation of a large number
of particles, i.e. a stochastic process; if we could simulate a large number of
particle histories, taking care to reproduce all the processes involved in the
transport of radiation, then we could "measure" Pn as a result of this large
number of events. The only complication here is that, due to the stochastic
nature of transport, we cannot simulate a given particle history: we do not
know if a given particle is going to react with the target material or not, nor,
if so, what type of reaction it will undergo nor what the products will be. All
we can actually do is to simulate plausible particle histories: since we do not
know if a particle is going to react or not, we can decide it randomly. Thus,
"Monte-Carlo approach" means trying to solve the problem at hand with the
help of random numbers (hence its name).

2.4.2 A simple example

An example here will probably help to clarify the idea: let us imagine to have a
monoenergetic neutron beam that traverses a target of thickness d; for simplicity,
let us take the problem to be one-dimensional and let us neglect all processes
but elastic scattering, which we take to be described by an energy-independent
macroscopic cross section E. We want to estimate the energy distribution of
the neutrons after the target. In order to do that, we send one neutron on the
target; the probability that the neutron undergoes a scattering event is

To simulate the stochasticity of the nuclear reactions, we draw a random number
r, uniformly distributed between 0 and 1, and compare it with pScat- If r > pscat>
we assume that no scattering event occurs; the neutron leaves the target with
the same energy it had when it entered it. If r < pScat> we assume that the
neutron undergoes scattering at depth

for simplicity, we assume that the neutron can be only scattered backwards,
so that its energy is completely determined by energy conservation with the
recoiling nucleus. We now know that the neutron is at depth x and moving
backwards; it has therefore a probability

Pscat = 1 - n-Ex
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of undergoing a second scattering event. We iterate the procedure, drawing
random numbers as necessary, until the neutron leaves the target from either
side. When it does, we score it and we start another event.

After running a very large number N of events, we will have counted n(E)
neutrons with energy E after the target; the ratio n(E)/N will therefore give
an estimate of the probability p(E) of observing a neutron of energy E after the
target. Conceptually, this is not more complicated than throwing a coin N times
to estimate the probability of getting heads; the only difference is that a coin is
a very simple system (it has only two possible outcomes) and, in a manner of
speaking, it is possible to trace directly the influence of the stochastic element
on the final state of the system. The simple neutron problem we have presented,
although probably solvable directly by analytical means, nevertheless contains
the basic idea of the Monte-Carlo approach and suggests how it could be useful
in cases where it might be impossible to derive an analytical solution.

2.4.3 Monte-Carlo transport codes
The simple Monte-Carlo transport algorithm we have described contains in a
nutshell all the concepts on which more sophisticated transport codes are based
upon. A general Monte-Carlo transport calculation can be subdivided in two
main steps:

• transport;

• collision.

The transport step handles the propagation of particles between collisions and
the decision as to whether and where collisions should take place; the collision
step describes not only scattering events, but also decays, absorptions, etc. It is
perhaps worthwhile mentioning that some processes (like energy loss of charged
particles to electrons in the medium) fit in both categories: stopping power
is actually the result of a large number of particle-electron collisions, but this
number is so large that it is better treated as a transport process, reducing the
particle energy as a function of its path length.

We should mention here that the structure of the calculation need not re-
semble the real-world transport phenomenon; many different Monte-Carlo algo-
rithm yield the same results, as long as one considers only the average values.
Many forms of importance sampling have actually been introduced to exploit
the computing resources more efficiently and reduce the statistical fluctuations
on certain output quantities. However, such techniques usually destroy one of
the great advantages of Monte-Carlo codes, i.e. the ability to yield meaningful
results on a event-by-event basis, and not only on the average of a large number
of events.

There are many Monte-Carlo transport codes. The best known is probably
MCNP (Forster et al. 2004, and refs. within), along with its many variants; many
other codes have been developed as a response to NASA's call for development
of a transport code to be used for radioprotection in space; among these we
should mention FLUKA (Fasso et al. 2005, Fassd et al. 2003), GEANT (Agostinelli
et al. 2003, Allison et al. 2006), SHIELD-HIT (Gudowska et al. 2004), HETC
(Townsend et al. 2005) and PHITS (Iwase et al. 2002). The PHITS code will be
described in detail in §4.
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2.5 Deterministic vs. Monte-Carlo
What are the main differences between the deterministic and the Monte-Carlo
approach to particle transport? Among the general advantages and disadvan-
tages of a deterministic code we should mention that:

+ it is usually easier to write, maintain and use;

+ calculations are usually not very time consuming, with respect to a Monte-
Carlo code. The reason is that a large number of events is required for a
Monte-Carlo calculation to achieve satisfactory convergence, while a de-
terministic calculation has no uncertainty associated with it (besides the
error intrinsic to any numerical method and the approximations intro-
duced), since it represents the solution of a differential equation;

- it is usually only one-dimensional; thus, it cannot treat properly reactions
that are characterised by broad angular distributions of the products;

- it can only calculate average values, but can give no hint about how event-
by-event values be distributed around the average.

Concerning Monte-Carlo codes, on the other hand, we can say that:

- they can become quite bulky and cumbersome; development and mainte-
nance must usually be performed by large teams of researchers;

- calculations can become very time consuming;

+ they can handle transport of particles in very complicated geometries;

+ they can be used to calculate very elaborate quantities, like e.g. energy-
deposition distributions, fluctuations around mean values, time-of-flight
spectra, etc.

The choice between a deterministic and a Monte-Carlo code for a particular
application depends primarily on the points mentioned here. In treatment-
planning systems, a deterministic code is usually preferred because of the need
for fast calculations of depth-dose distributions. For radioprotection in space,
on the other hand, there is no general agreement about the suitability of one-
dimensional deterministic codes; development has been carried out (Shavers
et al. 2001) and HZETRN is one of the standard NASA tools for the estimation
of the effect of shielding. However, it can be argued that a three-dimensional
is necessary to evaluate correctly the dose-equivalent contribution of radiation
species characterised by wide angular distributions (like e.g. neutrons); thus,
Monte-Carlo codes are also well-represented in this field.



Chapter 3

The HIBRAC code

This chapter will give an outline of the characteristics, structure and applications of
the HIBRAC code, a one-dimensional deterministic code developed by Sihver et al.
(1998). The details of its structure are described in Paper I of the present thesis
(Sihver et al. 2006).

3.1 Treatment planning

Why do we need a computer code for cancer-treatment planning? In this section
we will try to describe the problems encountered in the design of a heavy-ion-
treatment-planning system.

The goals of the treatment are to achieve a constant dose-equivalent distri-
bution in the tumour volume and to spare the surrounding tissue from radiation
damage. In the case of proton therapy, the requirement of constant biological
dose (dose equivalent) translates almost directly in a requirement for constant
physical dose; for carbon ions1, however, the situation is complicated by the
fact that the RBE changes along the particle track. On the other hand, car-
bon scatters sensibly less from the beam direction with respect to protons, and
this effect can generally be neglected. All in all, heavy-ion-treatment planning
shares some points with proton-treatment planning but the peculiar properties
of the HI beam must be taken into consideration.

In order to localise the tumour, Magnetic-Resonance- (MR) and CT-scans
are normally used. The latter allows also to analyse the structures that surround
the tumour and estimate their composition; different biological tissues, in fact,
slow down the carbon ions differently: it is important that these differences be
taken into account properly, since the Bragg-peak position in the human body
must be determined within millimetre accuracy.

Unfortunately, CT-scans do not provide any direct information about where
carbon ions are stopped: the reason is that CT-scans, which are based on the
attenuation of x-rays, are sensitive to the electron density of the material, its
atomic composition, the photon energy spectrum, the geometrical configuration
of the system, the detector sensitivity and possibly even the reconstruction algo-
rithm (Kanematsu et al. 2003). It is then evident that the CT-scan measurement

1We will focus on carbon hereafter, since all existing heavy-ion treatment facilities use 12C
ions.
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has no simple, direct relation to the stopping power of the medium. However, it
is possible to calibrate the CT-scan results and convert them to stopping power;
Kanematsu et al. (2003) propose to perform CT-scans of fat-, bone-, muscle-
and air-equivalent materials and use the output to fit the composition of the
biological tissue under consideration; this is the procedure currently in use at
HIMAC, Chiba.

Once the CT-scan matrix has been converted to water-equivalent thick-
nesses, the real treatment-planning session begins: uniform irradiation of the
tumour requires that:

• the small pencil beam that is extracted from the accelerator must be
broadened up to the tumour size;

• the sharp monoenergetic Bragg peak must be broadened so that the tu-
mour can be wholly covered along the beam direction, too.

As we have already mentioned in §1.1.2, there are different methods to achieve
these results. The so-called passive methods rely on the insertion of appropriate
scatterers and filters in the beam line to achieve the desired energy spread of the
beam (Chu et al. 1993); the spread in the transverse direction can be achieved
e.g. by means of wobbler magnets, a beam-shaping technique that transforms
the accelerator pencil beam in a ten- or twenty-centimetre wide beam, which is
then subsequently tailored to the tumour size by the insertion of appropriate
collimators. Active methods, on the other hand, are based on the idea that the
pencil beam can be magnetically deflected and modulated in energy to irradiate
the whole tumour volume consistently (Haberer et al. 1993, Pedroni et al. 1995).
Passive beam-shaping methods have the disadvantage that no conformation is
possible for the proximal end of the target volume.

Regardless of the beam shaping technique chosen, it is obviously necessary to
calculate the energy and charge distribution of the beam in the shaping devices
(for passive methods) and in the body of the patient; this information is used,
together with the known dependence of the RBE on the particle charge and
energy, to estimate the biological dose delivered by the beam; the beam fluence
and (when possible) energy are then adjusted to achieve the best fit to the
desired dose distribution.

3.2 A one-dimensional deterministic code in can-
cer-treatment planning

The calculation of the energy and charge distribution of the beam in the pa-
tient's body needs to be carried out in a short time as a part of the treatment
planning; this rules out the application of Monte-Carlo codes. One-dimensional
deterministic codes, on the other hand, seem to be very appropriate for the
solution of this problem, since they do not require very long calculation times
and they take directly advantage of the fact that carbon ions scatter little from
the beam direction.

HIBRAC (Sihver et al. 1998) is a one-dimensional deterministic transport code
that was designed in the beginning of the 90s and optimised for use in heavy-ion
radiotherapy; in slightly different versions, it is included in treatment planning
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Proiertile Nominal energy Input energy Range spread
projectile ( M e V / n ) (MeV/n) (g/cm2) ^ U t i m e

4He
1 2 C

12C
1 2 C

150
290
350
400

144.43
278.12
339.31
390.01

0.0190
0.0195
0.0255
0.0315

< I s
~ 20 min
~ 20 min
~ 20 min

Table 3.1: Energies, energy spreads and CPU times for the calculations.

at HIMAC in Chiba, Japan, at HIBMC in Hyogo, Japan and at GSI in Darm-
stadt, Germany. The detailed description of the structure of the HIBRAC code
is the goal of Paper I (Sihver et al. 2006) of the present thesis, that also deals
with the comparison between the official version of HIBRAC (Sihver et al. 1998)
and an unofficial, preliminary and modified version which is currently in use at
HIMAC. The reader is referred to the paper for more details; only a very brief
outline will be given here.

HIBRAC relies on a number of semiempirical codes to estimate the quantities
it requires to carry out the transport calculations. Improved versions of Sihver
et al.'s (1993) models are used for reaction and fragmentation cross sections;
stopping power can be calculated using several different codes, among which
ATIMA (Scheidenberger and Geissel 1998, Geissel and Scheidenberger 1998), SPAR
(Armstrong and Chandler 1973) and a revised version (Heinrich et al. 1991)
of Salamon's (1980) code; Payne's (1969) model is used to estimate energy
straggling; energy loss in nuclear collisions is estimated according to a model
developed by Tsao et al. (1995). The outputs of these models are combined to
solve the problem of transport of a heavy-ion beam in matter.

We include here some results from Paper 1 (Sihver et al. 2006). Simula-
tions of depth-dose and fluence distributions for 290 MeV/n, 350 MeV/n and
400 MeV/n 12C and 150 MeV/n 4He in PMMA targets have been compared
with experimental data (Kanai n.d., Matsufuji et al. 2003). For each beam,
the experimental setup was considered in order to calculate the energy of the
beam at the entrance of the target, which will be lower than the nominal energy
because of energy loss in the beam delivery and monitoring devices placed up-
stream of the target. Furthermore, we assumed the relative energy spread to be
the same, independently on the beam; a value of O.72%o was assumed from the
result of a calculation carried out for 12C, 290 MeV/n. The energy spreads were
then converted to range spreads using HIBRAC's range-energy lookup tables; all
calculations were performed using the stopping-power model developed by Sala-
mon (1980) and Heinrich et al. (1991), with a nominal ionisation potential of 74
eV. Table 3.1 reports the entrance energies and the range spreads which have
been used as input for the calculations, along with the duration of the calcula-
tion (measured on a medium-range laptop PC, with a 2.13 GHz processor and
512 MB RAM).

The PMMA target thicknesses were converted in water-equivalent thick-
nesses (with the application to radiotherapy in mind); the conversion was per-
formed as follows: if the PMMA thickness d is expressed in g/cm2, for instance,
the water-equivalent thickness is calculated as

(mmw.eq) = 10 • j
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where 1.19 is the PMMA density (in g/cm2) and 1.16 is the ratio of the stopping
power of PMMA to the stopping power of water according to Salamon's (1980)
and Heinrich et al.'s (1991) code.

The simulated distributions were then shifted along the x-axis to match the
calculated Bragg-peak (or range, in the case of fiuence distributions) positions
with the experimental ones; the distributions were then rescaled with an overall
normalisation factor Ndose chosen to minimise the sum of squares

= E
Xi<0.7-x

Vi - Nf(Xi)
JVi

where (x^yi) are the experimental points, aVi is the error on the measurement,
x is the Bragg-peak (range) position and f(x) represents the simulated dis-
tribution; the sum extends to 70% of the peak (range) position to avoid the
region where the distributions vary very quickly. Setting dx2/dN = 0 yields
the following formula for N:

N =
E (/(*«)
E (/(

In the case of fiuence distributions, a normalisation factor was calculated for
the primary distribution and was applied to all the fragment fluences.

Figures 3.1-3.3 show some calculated depth-dose distributions, along with
some experimental data.

* 3

a

290 MeV/n 12C, simulation
1 290 MeV/n 12C, measured

400 MeV/n 12C, simulation

» 400 MeV/n 12C, measured

50 100 150 200
Depth ( m m ^

250 300 350

Figure 3.1: Depth-dose distribution, as calculated by HIBRAC, for 290 and
400 MeV/n 12C in PMMA in comparison with measurements performed at HI-
MAC (Matsufuji et al. 2003).

Figure 3.4-3.7 show some calculated fluence distributions, in comparison
with experimental data.
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5 •

290 MeV/n 12C, simulation

» 290 MeV/n 12C, measured

350 MeV/n 12C, simulation

* 350 MeV/n 12C, measured

400 MeV/n 12C, simulation

• 400 MeV/n 12C, measured I
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Figure 3.2: Depth-dose distribution, as calculated by HIBRAC, for 290, 350 and
400 MeV/n 12C in PMMA in comparison with measurements performed at HI-
MAC (Komori n.d.).
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Figure 3.3: Depth-dose distribution, as calculated by HIBRAC, for 150 MeV/n
4He in PMMA in comparison with measurements performed at HIMAC (Komori
n.d.).
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Fluence vs. depth curve for fragments Z=3, 4, 5
Normalization to fragment Z=6, chl-square norm, up to 70% of the range
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Figure 3.4: Fluence distribution for Z = 3,4,5, as calculated by HIBRAC, for
290 MeV/n 12C in PMMA in comparison with measurements performed at HI-
MAC (Matsufuji et al. 2003).
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Figure 3.5: Fluence distribution for the primary beam, as calculated by HIBRAC,
for 290 MeV/n 12C in PMMA in comparison with measurements performed at
HIMAC (Matsufuji et al. 2003).
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Fluence vs. depth curve for fragments Z=3,4,5
Normalization to fragment Z=6, chl-square norm, up to 70% of the range
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Figure 3.6: Fluence distribution for Z = 3,4,5, as calculated by HIBRAC, for
400 MeV/n 12C in PMMA in comparison with measurements performed at HI-
MAC (Komori n.d.).
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Figure 3.7: Fluence distribution for the primary beam, as calculated by HIBRAC,
for 400 MeV/n 12C in PMMA in comparison with measurements performed at
HIMAC (Komori n.d.).
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Chapter 4

The PHITS code

This chapter deals with the description of the PHITS code and with the problem of
benchmarking its many elementary components to assess the quality of the calcula-
tion results. Partial charge-changing cross sections have been calculated as a part
of an ongoing comprehensive benchmarking program and have been compared with
some measurements. The content of this chapter is meant as an introduction to
Paper II (Mancusi et al. 2006) of the present thesis.

4.1 History of the PHITS code

The PHITS (Particle and Heavy-Ion Transport System) code (Iwase et al. 2002)
is a three-dimensional Monte Carlo code that is able to simulate the transport of
nuclei and other particles in complicated geometries and calculate fluxes, doses,
energy-deposition distributions and many other observables. The development
of the PHITS code started as NMTC (Nucleon Meson Transport Code) in the 1950s
at Oak Ridge; it evolved subsequently into NMTC/JAERI in 1983, NMTC/JAERI97
(1997), NMTC/ JAM (2001) and finally into PHITS in 2002; older version of the code
were geared towards neutron transport, while the latest years have seen an effort
in the direction of introducing heavy-ion transport and generally enlarging the
applicability base of the code. PHITS is presently maintained by a cooperation
among RIST (Research Organization for Information Science and Technology,
Japan), JAEA (Japan Atomic Energy Agency, Japan), GSI (Gesellschaft fur
Schwerionenforschung, Germany) and Chalmers University of Technology (Swe-
den).

4.2 Structure of the code
"The devil is in the details."

The PHITS code makes use of a number of existing models and/or nuclear data
to estimate all quantities necessary to the transport calculation (e.g. stopping
power, reaction cross sections, energies and momenta of the reaction products);
the outputs of these models are then combined to simulate radiation transport.
Sometimes, more than one model is available for the same purpose (e.g. reaction
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cross sections can be calculated using Shen et al.'s (1989) or Tripathi et al.'s
(1996) (Tripathi et al. 1997, Tripathi et al. 1999) models)

The basic structure of particle transport in PHITS is actually very simple:
for the sake of exemplification, let us take a high-energy carbon ion traversing
water and let us describe how the calculation proceeds. First, a reaction cross
section for the ion in water is calculated; the distance to the next collision is
computed as

lnr

where r is a uniform random number between zero and one and Sreac is the
macroscopic reaction cross section. At the same time, the range XR of the
carbon ion in water is calculated using a suitable model. By comparing XD
with XR, PHITS decides if the carbon ion undergoes a reaction (XD < XR) or is
barely stopped in water (XD > XR). In the former case, a nuclear reaction must
be simulated: the target nucleus involved in the collision is determined randomly
by the material composition; the energy the carbon ion has when entering the
collision is calculated from the residual range XR — XD- The nucleus-nucleus
collision is then simulated by an appropriate subroutine and produces, as an
output, species, direction and energy of the reaction products, which are queued
for transport: a particle cascade is initiated. When a particle has been stopped
in matter, has escaped the geometrical boundaries of the system or has spent
too much time in the system (as denned by an appropriate cutoff value), its
transport is terminated and the next particle to be transported is considered.
When all the particles in a cascade have been terminated, a new one is started
by injection of the desired source particle.

This is, of course, just a very general description of how the code works; the
actual implementation of the transport algorithm is complicated by the presence
of, for example:

• angular or energy straggling;

• decays;

• energy dependence of the reaction cross section;

• existence of boundaries between different materials;

nevertheless, the skeleton of the algorithm stays essentially intact, even after
introducing all these refinements.

4.3 Models
As we have mentioned above, sometimes more than one model is available within
PHITS to simulate a given physical process: in this section we will mention which
these models are.

Table 4.1 gives an overview of the models included in PHITS. It is hardly
necessary to mention that the accuracy of the simulation results depends on
the the reliability of these "building blocks"; in order to guarantee that the
outcome of a complex transport calculation be trustworthy, it is necessary to
verify (possibly directly) that the sub-models involved are accurate in their
predictions. If the code is to be used for simulation of experiments and/or
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Component
Stopping power

Event generator
Particle-induced collisions

Heavy-ion induced collisions
Evaporation and fission

Reaction cross section

33

Models available
SPAR, ATIMA

JAM
JQMD

GEM, SDM, DRES
Tripathi, Shen

Table 4.1: Some of the components of the PHITS code; the models in italics are
the default choices. References: SPAR (Armstrong and Chandler 1973), ATIMA
(Geissel and Scheidenberger 1998, Scheidenberger and Geissel 1998), JAM (Nara
et al. 2000), JQMD (Niita et al. 1995), GEM (Furihata 2000), SDM (Niita et al. 1995),
DRES (Guthrie 1970), Tripathi (Tripathi et al. 1996, Tripathi et al. 1997, Tripathi
et al. 1999), Shen (Shen et al. 1989).

shields, in fact, it is important that the reliability of the code be certified by
extensive comparisons with available experimental data. The easiest way to do
this is obviously to validate the single components of the code separately.

For example, stopping power can be calculated using the SPAR (Armstrong
and Chandler 1973) or the ATIMA (Geissel and Scheidenberger 1998, Scheiden-
berger and Geissel 1998) codes, but no extensive benchmarking has ever been
performed of their relative merits. However, a good deal of experimental data
are available: stopping power models can be benchmarked directly, e.g. using
range measurements, or indirectly, e.g. using measurements of LET distributions
induced in a pure heavy-ion beam by the presence of some thickness of shield-
ing material. Another example is given by nucleus-nucleus fragmentation cross
sections, which can in principle be calculated using the JQMD (JAERI Quan-
tum Molecular Dynamics) model (Niita et al. 1995) and the GEM (Generalised
Evaporation Model) code (Furihata 2000) included in PHITS. Such cross sections
have also been measured directly, using many different experimental techniques
(passive or active detectors); a systematic comparison with these experimental
data would allow us to estimate how good JQMD/GEM are at reproducing the
data, while at the same time give important information about the different
experimental techniques, their range of applicability and their reliability.

As a part of an ongoing quality-verification and benchmarking project of the
components of the PHITS code, we have investigated the possibility of calculat-
ing partial charge-changing cross sections for a 400 MeV/n 40Ar beam colliding
with carbon, polyethylene, aluminium, copper, tin and lead; we have analysed
different calculation strategies and then compared our results with some mea-
surements performed at the HIMAC (Heavy Ion Medical Accelerator in Chiba),
Chiba, Japan in February 2000. This is the object of the second paper included
in the present thesis (Mancusi et al. 2006); its contents will be outlined in the
following section.

4.4 Benchmarking

First of all, we have investigated the possibility of using different strategies for
the cross-section calculations: the first possibility we explored consisted in using
a very simple setup to obtain cross-section values (method A); we would regard
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these results as "pure", i.e. unaffected by the details of the experimental setup
and related to a very well-defined system. The advantages of this approach are
obvious: it allows to extract information about the event generator directly, and
very few corrections are needed in the analysis process. The other possibility
(method B) consists in trying to reproduce the full setup of a given experiment
and extract from the calculation the same information that the measurements
give access to; these "raw data" can then be processed as if they were laboratory
data (i.e. taken in a real-world experiment) to yield the charge-changing cross
sections. If results from such a calculation are compared with a "pure" calcu-
lation like the one described above, the latter approach can be regarded as a
benchmark for the experimental technique.

The comparison among the simulated data indicates that the two approaches
give consistent results, as Figure 4.1 shows; we can then focus on method A for
the comparison with the experiment.

i

•D
O

100 -

Method-A cross section (mb)

Figure 4.1: Partial charge-changing cross sections obtained with method B as a
function of the same cross sections obtained with method A. The straight line
represents perfect agreement.

4.4.1 Comparison with the experiment

When compared against measured data, our calculated partial charge-changing
cross sections show a very interesting trend: they seem to underestimate the
measurements by a factor independent on the fragment charge (see Figure 4.2-
4.4). This can be interpreted as an underestimation of the reaction probability,
which can be related to an underestimation of the reaction-cross-section by the
model used by PHITS or in the experiments performed to measure reaction cross
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Figure 4.2: Partial charge-changing cross section for the carbon target, thickness
1.3 g/cm2.
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Figure 4.3: Partial charge-changing cross section for the aluminium target,
thickness 1.08 g/cm2.



36 THE PHITS CODE

10'
11

o Experiment
T Method B
A Method A
A Method A (renormalised)

* i !
A

T A T

T

i
T <n
T T

A

A

A T T

T

12 13 14 15
Charge

16 17 18

Figure 4.4: Partial charge-changing cross section for the lead target, thickness
2.2 g/cm2.

sections, which have been used to benchmark the reaction-cross section models.
The dataset we are comparing with is quite small, so no definitive conclusion
can be drawn; these results, however, hint that the current reaction-cross-section
models should be put through thorough benchmarking and revision and, at the
same time, express the need for new experimental techniques.



Chapter 5

Conclusions and future work

This thesis concerns the application of deterministic and Monte-Carlo transport
codes to heavy-ion radiotherapy and radioprotection and the development and
benchmarking necessary for the accuracy of the code.

In particular, we have described the purpose and role of the HIBRAC code
in a treatment planning system and shown some comparison between measured
dose and fluence distributions and the calculated ones. We have described the
general structure of the PHITS code and mentioned the need for a careful bench-
marking of the code components; as a first step, we have calculated partial
charge-changing cross sections for a 400 MeV/n 40Ar beam colliding with car-
bon, polyethylene, aluminium, copper, tin and lead; we have analysed different
calculation strategies and then compared our results with some measurements.
The results show the need for further benchmarking of the reaction-cross-section
measurement techniques and the models that interpolate them.

We will continue in our PHITS benchmarking program: a large number of
partial charge-changing cross sections will be systematically compared against
measurements; LET distributions of fragments produced in a heavy-ion beam
colliding with shielding material will also be calculated. At the same time, we
will start to apply the PHITS code to the simulation of space-radiation experi-
ments (like ALTEA, ALTEINO (Narici et al. 2004) and Matroshka) and to new
proposed forms of heavy-ion radiotherapy (e.g. the use of radioactive beams,
like 9C, which should show a better peak-plateau ratio in the Bragg curve).
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1. Introduction

In order to estimate biological effects of high-energy-and-charge (HZE) particles,
accurate knowledge of the physics of interaction of HZE particles is necessary. This
knowledge is especially important when using hadrons for radiotherapy, where the
main purpose is to maximise the conformation of the delivered dose to the prescribed
target volume while at the same time minimising the amount of damage sustained
by the healthy tissue and other surrounding critical structures. These objectives are
easier to accomplish with a therapeutic heavy-ion beam than with any other beam; the
former, in fact, offers the advantage that the dose delivery increases as a function of the
penetration depth in the material, culminates in a sharp maximum (the Bragg peak)
and falls off rather quickly at larger depths; photon or neutron beams, on the other
hand, show an exponentially decreasing dose deposition while electron beams exhibit a
broader maximum. In addition to that, HZE particles exhibit more precise physical dose
distributions than protons (since lateral and range straggling decreases quadratically
with atomic number) and their relative biological effectiveness (RBE) coefficient is much
more favourable than for conventional radio-therapeutical beams, allowing treatment
of radio-resistant tumours with a high repair capacity against photon beams, even in
hypoxic conditions.

Increased interest on the use of high-charge particles for radiotherapy in the 80s
resulted in the construction of the Japanese HIMAC (Heavy Ion Medical Accelerator)
(Kawachi et al. 1989, Sato et al. 1992, Hirao et al. 1992, Kanai et al. 1992) clinical facility
at the National Institute for Radiological Sciences (NIRS) in Chiba, near Tokyo, and
the Hyogo Ion Beam Medical Centre (HIBMC, http://www.hibmc.shingu.hyogo.jp) in
Harima Science Garden City, Hyogo, Japan. The Gesellschaft fur Schwerionenforschung
(GSI) heavy-ion physics research facility in Darmstadt, Germany, initiated clinical
treatments also with carbon ions in 1997 (Kraft 1990, Kraft et al. 1991, Kraft
et al. 1995, Kraft 2000) and a clinical facility is presently under construction in
Heidelberg. Since light ions (Z < 10) achieve the best compromise between therapeutical
effectiveness and preservation of the healthy tissue, carbon has dominated the clinical
applications at HIMAC, HIBMC and GSI. When developing the treatment planning
system for radiotherapy there is a need for a physical beam model, which can calculate
the dose, dose-averaged-LET, track-averaged-LET, fiuence and energy distributions with
short CPU time in both the tumour and the healthy tissue.

This paper describes HIBRAC, a 1-dimensional deterministic computer code
designed, developed and optimised by Sihver et al. (1998) in the beginning of the
90s to be implemented in the treatment planning system when using HZE particles
for radiotherapy. Versions of the code were also implemented in the treatment planning
systems for the heavy ion radiotherapy at HIMAC in Chiba, Japan, at HIBMC in Hyogo,
Japan and at GSI in Darmstadt, Germany. However, in addition to the published and
benchmarked version of HIBRAC, there has been one unofficial, preliminary and modified
version of code, which has also been implemented in the treatment planning system in



HIBRAC: a 1-D deterministic heavy-ion transport code 3

use at HIMAC. The preliminary version of HIBRAC was based on a preliminary version of
Sihver et al.'s (1993) nuclear reaction cross-section model, neglected prompt decay of e.g.
8Be and other short lived nuclei, neglected momentum loss in nuclear collisions, etc. The
published version of HIBRAC (Sihver et al. 1998) includes an improved version of Sihver
et al.'s (1993) nuclear reaction cross-section model and takes into account all prompt
decays of nuclei. Simulations using this unofficial version have previously been compared
to measurements performed at HIMAC (Matsufuji et al. 2003) and some discrepancies
between the measured and the simulated distributions were reported. However these
discrepancies were due to a combination of incorrect evaluation of the experimental
results and the use of the unofficial, preliminary and modified version of code.

The major goal of this paper is to describe the structure of the official version of
the HIBRAC code, the physical models included in the code, and show comparisons with
measured and simulated depth-dose and fluence distributions using the two different
versions of the code. The details of the actual implementation of the code in the
treatment-planning system are outside the scope of this paper. Conversion of CT data to
water-equivalent thicknesses, however, has already been described by Kanematsu et al.
(2003); see also Mizota et al. (2002) for a description of the verification technique used
for the irradiation system.

2. Code description

HIBRAC is a 1-dimensional deterministic computer code designed and optimised to be
implemented in the treatment planning system when using heavy charged particles for
radiotherapy. HIBRAC is able to calculate dose, dose-averaged-LET, track-averaged-LET,
fluence and energy distributions as a function of the penetration depth of light ion beams
in any solid and fluid target material. The code was developed by Sihver et al. (1998),
in the beginning of the 90s and implemented in the treatment planning systems for the
heavy ion radiotherapy at HIMAC (Heavy Ion Medical Accelerator), NIRS, in Chiba,
Japan, at HIBMC (Harima Science Garden City) in Hyogo, Japan and at Gesellschaft
fur Schwerionenforschung (GSI), in Darmstadt, Germany.

In HIBRAC, the beam axis is divided into a number of small bins and the physical
quantities of interest (e.g. delivered dose, beam attenuation, fragment fiuences, range
straggling, etc.) are computed in each of the bins; these calculations require knowledge
of the stopping power of the material, of reaction- and partial fragmentation cross
sections, etc. for all the particles which enter the beam composition at all depths. This
is accomplished by using a number of theoretical and/or semi-empirical models, which
will be described in detail in §2.2. The general code structure is described in the next
subsection.
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2.1. Code structure

The contributions to e.g. dose from the primary beam and from the fragments are
included in the code, even though they are treated in a somewhat different fashion
because of their different relative importance for typical radio-therapeutic beams. By
default, two generations of fragments are included in the code, but one of them or
both can optionally be turned off to save CPU time. In any case, the primary beam
contributions are evaluated first.

2.1.1. Primary beam The range in the target for the primary beam is calculated using
stopping-power-energy and range-energy lookup tables, which are built at the beginning
of program execution (§2.2.1); interpolation on the tables is performed to estimate
intermediate values. The bin size can be chosen by the operator, but the default value
is set to 1/1100th of the primary beam range. As the primary beam penetrates in
the target, its average energy is reduced using the range lookup-table "backwards", i.e.
regarding energy as a function of residual range.

Nuclear reactions between the primary beam and the target atoms are taken into
account; the total reaction cross-section is evaluated (see §2.2.2) and the primary beam
fluence is attenuated (with respect to the fluence in the previous bin) according to the
relation

where </>frim is the primary fluence in the i-th. bin, cr£p is the reaction cross section in
the n-th bin, N& is Avogadro's number, As is the bin mass thickness and Mt is the
molar mass of the target; for compounds, the ratio «r^p/Mt is uniquely determined by
the stoichiometry of the substance and is independent of how the base compound unit
(i.e. molecule, base unit of the polymeric chain, crystalline cell) is defined. The primary
fluence is normalised to 1 at zero target depth.

At a fixed depth, not all primary beam particles need have the same energy: even if
the initial beam is exactly monochromatic, there will be finite fluctuations in the energy
loss after a given target thickness; equivalently, one can speak of range fluctuations for
particles at a given depth. As described in §2.2.4, the distribution H{R, s) of ranges
R for primary particles at depth s can be expressed as a Gaussian with a width that
depends on the penetration depth s:

r (n _ c\z~\
dR.

The energy distribution F(E, s) can be expressed as

_ H(R(E),s).
>- dE/dx(E)'

if H(R, s) is narrow enough, the stopping power can be considered to be independent
on the energy and F(E, s) is then Gaussian, too.
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Once the fluence and the energy distribution have been calculated, the primary
beam contribution to dose can be estimated using the following relation:

oo

TOrim = ^ n _ / ?fL(E)F(E, s{n))dE.
p J dx

o

Since </>£nm is only a relative fluence, the quantity D%rim actually represents the dose per
unit incoming fluence.

2.1.2. Fragments Two generation of projectile-like fragments are accounted for in the
calculation: secondary fragments are produced by nuclear reactions involving primary
projectiles; tertiary fragments are produced in nuclear reactions induced by a secondary
fragment. Target-like fragments (i.e. fragments which originate from the target nuclei)
are neglected due to their short ranges and limited contribution to the overall dose.

Attenuation of the secondary beam fluence is taken into account by use of the
appropriate reaction cross section, but attenuation of the tertiary beam component is
disregarded (since no quaternary fragment production is included). It is not assumed
that on the average fragments are produced with the same energy-per-nucleon as
the projectile that induced the reaction; the distribution of the fragment energies is
assumed to be Gaussian and estimated according to a model conceived by Tsao et al.
(1995, see also §2.2.5); the distribution is divided into one hundred intervals which are
propagated independently. The effect of energy straggling on higher-generation particles
is considered small with respect to these fluctuations and is therefore neglected.

Since the energy distributions of fragments are expected to be much broader than
the primary one, the fragment contributions are calculated in larger bins (with respect
to the primary bin size) to save CPU time: by default the secondary bin size is set to four
times the primary bin size, while the tertiary bin size is set to six times the secondary
bin size. This simply means e.g. that the calculations for second-generation particles
are not performed in every primary bin, but only every fourth bin; the secondary bin
size can optionally be changed.

Secondary fluences are described by the following formula:

Jsec(f,s',s)ds', (1)
0

where the quantity

exp
NAar>f(s",sf)ds"

ds'

represents the fluence at s of the fragments / produced at (s',s' + ds') (s' ^ s). Here
0prim(s') is the primary fluence, ap~*f(s') is the partial fragmentation cross section!

% The dependence on s' of the partial fragmentation cross section is actually an alternative way (more
convenient, in this context) to describe its energy dependence. The cross section should anyway depend
on another variable: the energy of the secondary fragment produced, or rather the interval in the
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aT>f(s", s') is the reaction cross section§ for fragment species / . Equation (1) describes
the fact that at each depth (s', 5' + ds'), a secondary fluence

is created, while the exponential factor takes into account the attenuation that the
secondaries undergo to reach depth 5; the total fluence at depth s is then given by the
integral over all values of 5'.

The discrete version of (1), which is actually implemented in the code, is given by

where </^ec(/) is the fluence of fragment species / in the j-th. secondary bin;
given by

Mt ^

where 0 ^ A is the primary fluence in the n-th (primary) bin||, Assec is the secondary bin

mass thickness, ajf
 J is the partial fragmentation cross section for the primary beam

j

in the j ' - th secondary bin and a*',;• y is the reaction cross section for fragment species /
in the j"- th bin f̂. Equation (2) represents the fluence in the j-th bin of the fragments
/ produced in the j ' - th bin (f ^ j).

The secondary contribution to the dose (per unit incoming fluence) is estimated
according to the following formula:

(3)

the quantity D^°Af) is the contribution to the dose due to fragments / produced in the
ji'-th bin, given by

>sec / n _

where E™d(f) and E°)^(f) are the fragment energies at the entrance and at the exit of
the j-th bin, respectively.

Gaussian energy spread for the fragments (as mentioned above). This dependence has been suppressed
everywhere in the notation, even though it is considered in the code and treated appropriately.
§ The cross section exhibits a dependence on s' because the energy of the secondary fragment (and thus
its reaction cross section) depends on the energy of the primary beam in the fragmentation reaction
that generated the fragment.
|| Since the primary binning is, by default, tighter than the secondary, the primary bin index n is
chosen to match the position of the secondary bin f. For example, n = 4 / by default; thus, in (2), the
primary fluence is sampled only from every fourth bin.
t The dependence on the index j ' is analogous to the dependence on s' in the continuous case (see
previous footnote).
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Tertiary fluences are calculated according to the following equations:

#*(/') = £ £ E <t>?,Uf,f\
i%i f j'&U')

t̂ert (fi n_J,sec ( tV^^
<Pj>,l>,l{J ' J ) ~ Yj'Ji

Equation (5) describes the fluence in the Z-th tertiary bin of tertiary fragments of species
/ ' produced in the I'-th tertiary bin by secondary fragments of species / which had been
produced in the j'-ih secondary bin; the index j(l') relates the tertiary bin I' with the
secondary bin j . Upon comparison with (1), (5) shows that no attenuation is included.

The tertiary contribution to the dose is calculated in a fashion analogous to the
secondary contribution (Eqs. (3), (4)):

ntert _ V"̂  V^ V^ ntert
ul - 2_/ l l ^'l'

tert (ft f \ _ E?,V,lW' f) ET$',l(fi f) ,tert
AJ J) ^ i i ^ V

The term Dffi ;(/ ' , / ) represents the contribution to dose deposition in the l-th tertiary
bin of tertiary fragments (of species / ') produced in the I'-th tertiary bin by secondary
fragments of species / which had been produced in the j'-th secondary bin.

The total dose is calculated as
n,tot 7~)Prini i nsec i r^tert
^n •L/n ' j(n) ' J^l(n)'

The bins indices j and I are chosen to match the position of the primary bin n.
The total fluence (as a function of depth and particle charge) is calculated as

with the same caveat about the bin indices.
The track-averaged LET is calculated as

Dtot

TLETn =

z
Finally, the dose-averaged LET is evaluated as:

DLETprim + DLETsf x +
DLETn = —-p^

/ jZOXt

where
(AEVn i (dE\0Ut

im \dx Jn \dx In nprim

\ dx Jj',j(n) \J > '"V da; )j',j(n) V >
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/MVn (P f\4-(iM\out (p f\
V ^ V dx )j',l',l(n) U 'U^Kdx Jj',l',Hn) ^ ' J >
/ j 2_

2.2. Models

This section gives an overall description of the models included in the code.

2.2.1. Stopping power HIBRAC allows the user to choose among four different stopping-
power sub-codes: ATIMA (Scheidenberger and Geissel 1998, Geissel and Scheidenberger
1998), SPAR (Armstrong and Chandler 1973), a code developed by Salamon (1980) and
later refined by Heinrich et al. (1991) and, finally, a simple code written by us which
uses the Bethe-Bloch formula with correction terms for relativistic effects, density effect
and effective charge at low velocities. It has been shown (Sihver and Kanai 1992) that
the most important parameter for these stopping-power models is the mean ionisation
potential / and that it can be adjusted to achieve agreement between the calculated and
the measured ranges. However, no systematic benchmarking and cross comparison have
(to our knowledge) ever been performed and it is therefore difficult to state which of the
models included in the code is the best one; more accurate measurements are probably
needed to assess the merits of these codes with respect to each other.

Prom this point of view, the value chosen for the ionisation potential bears no
physical meaning but has only the function of fitting the calculated Bragg-peak position
to the measured one, since the effect of different values on the exact shape of the depth-
dose distribution has not been assessed and validated. Thus, for the sake of simplicity
we decided not to fit the ionisation potential to the peak position but instead to choose
a nominal value for / and shift a posteriori the calculated distributions along the depth
axis to match the peak position (see §3).

Figure 1 compares the ICRU recommendations (2005) for stopping power of 12C in
PMMA with the predictions of ATIMA, SPAR and Salamon et al.'s code. It can be seen
that the latter shows the best agreement with the ICRU recommendations above about
1 MeV/n, i.e. over most of the range of the therapeutical ions; for this reason the code
was chosen in the calculations performed.

2.2.2. Reaction cross sections Semi-empirical procedures have been developed to
calculate total reaction cross sections for proton-nucleus and nucleus-nucleus reactions;
a review on models of this type can be found e.g. in Townsend et al. (2002). In the case
of the models incorporated in HIBRAC, the algorithms rely on some refinements to the
well-known Bradt-Peters law (Bradt and Peters 1950):

where Ap and AT are the mass number of the projectile and the target nuclei,
respectively, 6Q is the overlap transparency parameter and r0 is the proportionality
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Figure 1. ICRU recommendations (2005) for the stopping power of 12C in PMMA
as a function of energy, compared with the calculations of ATIMA (Scheidenberger and
Geissel 1998, Geissel and Scheidenberger 1998), SPAR (Armstrong and Chandler 1973)
and Salamon's (1980) code. The latter shows the best agreement above 1 MeV/n.

constant in the geometrical nuclear radius formula r = roA1^3; all parameters are
assumed to be energy-independent.

The Bradt-Peters formula is quite adequate to describe very high energy reactions
(> 1.5 GeV/n), but becomes less accurate at lower energies, where the reaction cross
section shows some energy dependence. Many modifications have been made to this
formula to improve its predictive power (Townsend et al. 2002). Our attempts will be
shortly described hereafter.

Proton-nucleus reactions The formula to calculate proton-nucleus reaction cross
sections is a slightly modified form of the model developed by Sihver et al. (1993);
it can be written as follows:

o*faNtEp) = o*0(PtN)-f{EpiZT). (6)

The first factor is of the Bradt-Peters type:

ar
0(p, N) = 7rr0

2 [l + Alf - bo(AT) • ( l + A'l/*)~\*;

the transparency parameter &o(^r) is assumed to depend on the mass number of the
target nucleus as

bo(AT) = 2.247 - 0.915 • ( l + A;1/3) . (7)

The second factor f{Ep, ZT) is an energy-dependent function that modulates the
geometrical cross section for lower energies. Its shape depends on the charge of the
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target nucleus and is written as (E is expressed in MeV)

if E < 90

-E)/20 + f2(E)(E-9Q)/20 if 90 ^ ^ < 110

10

if 6 < Z < 8 and as

(8a)

if. 110

if E < 20

if 20 < E < 70

- E ) / 5 0 + / 2 (E) (E-70) /50 if 70 < £ < 120

if E ^ 120

if Z < 6 or Z > 8, where

fi(E) = (1.15 + A i e - ^ 2 ) [1 -0.62e-s /2OOsin(10.9£r0 '28)] ,

f2(E) = [l.07-0.75e-B/2oosin(10.9£;-a28)] ,

1.4 if Z ^ 8

0 if Z > 8

(86)

and

A2 =

1 if Z ^ 3

38 if Z = 4

25 if Z = 5

10 if 6 < Z < 8

Nucleus-nucleus reactions The model to calculate nucleus-nucleus reaction cross
sections is also based on the formula developed by Sihver et al. (1993) and is very
similar to (6):

ar(N, N', EN) = al(N, N1) • f(EN, Zheavy);

the factor &Q(N, N') is defined here as

o^N, N') = vrl [Af + A){? - bo(AN>AN,) • (A~1/3 + A^3)]",

bo(AN, AN,) = 1.581 - 0.876 • ( A ~ 1 / 3 + ^ / 3 ) ; (9)

the function f(EN,Z) is the same as in the proton-nucleus case (8a), (86); EN is
expressed in MeV/n and Zheavy is the charge of the largest of the two nuclei N, N'.

2.2.3. Fragmentation cross sections Projectile partial fragmentation cross section for
nucleus-nucleus reactions are estimated using an enhanced version of a semi-empirical
model originally developed by Sihver et al. (1993) which takes advantage of the
experimentally verified weak factorisation property (Olson et al. 1983), which can be
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stated as follows: the cross section for production of a fragment species / in a reaction
between a projectile P and a target T can be written as

aPTf =

the factor apf depends only on the projectile and fragment species, while JPT depends
only on the projectile and target species. Following Olson et al. (1983) and Sihver et al.
(1993), a semi-empirical parametrisation for the factor JPT was adopted:

lPT = Af + Alf - bo(AP, AT)

where the parameter boiAp^Ar) is given by (7) or (9).
If a reference target T is chosen, one can write

iPT
OpTf = ZaPTf>

IPT

which allows to calculate aprf if the reference cross section crPxf can be estimated. Given
the availability of semi-empirical codes for the computation of (target) fragmentation
cross sections in proton-nucleus reactions, hydrogen was chosen as a reference target: in
fact, a target fragment in a p+N reaction can be regarded as a projectile fragment in the
proton rest frame; however, the proton kinetic energy must be appropriately rescaled
(Sihver et al. 1993) to achieve the best agreement with the experimental data.

The scaling procedure described here, however, is not perfect and correction terms
have been included to compensate for some of the deviations observed. Our final formula
for the fragmentation cross sections reads as follows:

a{P, EP, TJ) = S- eh{EP) • sA(EP) • ex • a(p, EPt T, / ) .

Here c(P, Ep, T, / ) is the partial fragmentation cross section for production of a
fragment species / in a reaction between a projectile nucleus P (of energy Ep) and
a target nucleus T\ the quantity

Af + 4 / 3 - bo(AP, AT) • (A'113 + A'1'*)
g \ /

is the weak factorisation scaling parameter discussed above (see (10)); cr(p,Ep,T,f) is
the partial (target) fragmentation cross section for protons of energy Ep impinging on
target T and is calculated using the YIELDX code, developed by Silberberg and Tsao
(1990); the e parameters are enhancement factors for light fragments (e^), reaction with
a large value of A A = Ap — Af (SA; here Af is the fragment mass number) and single
nucleon stripping (s{). The factor £L is applied only if Zp ^ 8 and 3 < Zf < 5, and is
given by

f [1 + 0.7/B] • fA(E) if E < 2 GeV/n

the factor £A is applied only if Af < Ap/2, Zf > 5 and E < 2 GeV/n, and is given by

) = 4 • /
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Table 1. Channel-specific enhancement factors for the partial fragmentation cross
section model.

/

/

Reaction channel

/ = 12N
/ = 10B
/ = 8B

f _ 9p lOp

/ = 12c
T = N , / = C, B

/ = C, Ne
= Li, Be, E < 100 MeV/n
= Li, Be, E > 100 MeV/n

Enhancement factor

0.6

1.4

2.4

2.1

1.5

1.15
1.1

1.35elo°/E

1 . 3 5 ^

the factor e\ is applied only for A A — 1, Zp ^ 6 and E < 2 GeV/n and is given by

ei = 1 + 0.0088 • ZPZ£8;

the quantities /A(-E') and /B are defined as

/• (P1) — "*" 120-2000
1 + 120

fzP\2'
1 + 0.03 • -7f

\zf
There are also some reaction-channel-specific enhancement factors, which are reported
in table 1.

2.2-4- Energy straggling When fast charged particles pass through matter, they
undergo a number of electromagnetic interactions with the electrons and the nuclei in
the medium, which cause them (among other things) to slow down and lose energy.
However, the number and the intensity of the interactions in a given thickness of
target material are not fixed, but rather fluctuate around some average value (energy
straggling): therefore, the energy loss is not the same for all traversing particles. The
net effect of the stochastic nature of the slowing-down process is then that particles
emerging from a target will always exhibit an energy spread, even when the incident
beam is perfectly monochromatic.

Since the macroscopic energy loss is due to a large number of tiny contributions, it
is somehow natural to expect that the energy distribution of an initially monochromatic
beam after a target traversal will be Gaussian, by virtue of the central limit theorem
(Feller 1968). It turns out (Payne 1969) that this conjecture holds for intermediate target
thicknesses, i.e. when the target is thick enough that a sufficient number of collisions
took place but the energy spread is still small with respect to the mean energy. For
all our needs, a Gaussian energy distribution is quite adequate to describe the energy
straggling of the beam particles and its effects on e.g. dose deposition. It is shown in
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Payne's (1969) work that the second moment (i.e. the square of its width) P(s) of the
Gaussian range distribution evolves according to the following formula:

E(0)

P(s) = P(0) + 2 / M^E
E}dE, (11)

E(s) ^ '

where M<z{E) is a slowly varying function given by

M2(E) = ±Jp(E,t)t2dt.
o

The quantity P(E, t)dt represents the probability for a particle of energy E of losing an
energy t when traversing a thickness dt.

In the code, we assumed that M<2,{E) be equal to 27rNZ^(s)e4, where N is the
electron density of the target, e is the electron charge and Z^s) is the effective charge
of the particle (in units of e) at depth s. Equation (11) above can then be rewritten as

o

P(s) = P(0) + 4:nNe4J^

which is in turn computed discretely in the code as

\dxJn

For any further detail about the theory, the reader is referred to Payne's (1969) paper.

2.2.5. Momentum spread in nuclear collisions In highly energetic spallation reactions
(E > 2 GeV/n) it is more or less justifiable to assume that the projectile fragment
continues to move on the same trajectory with the same velocity as the projectile
(Ptuskin 1990); this assumption is usually referred to as "straight-ahead approximation"
and is essentially equivalent to the statement that the projectile fragment retains the
same energy per nucleon as the incoming primary particle. However, at lower energies
(E < 2 GeV/n) this approximation might not be valid; in this regime appreciable (and
possibly random) energy losses could take place. Tsao et al. (1995) developed a model
based on the participant-spectator picture and the Glauber scattering theory to estimate
deviations from the straight-ahead behaviour, i.e. to allow for non-zero and fluctuating
energy losses in nuclear collisions. The main structure of the model will be outlined
hereafter.

According to the participant-spectator picture, the nucleons involved in the
collision are divided in two categories: those who suffer direct collisions are called
"participants", while the rest of them (which remain relatively undisturbed) are classified
as "spectators". We denote the projectile spectator as A, the target spectator as B and
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the participant system as C. Impact-averaged estimates for the mass numbers of the
three sources are calculated using the Glauber scattering theory:

A ~ A

B ~

,2/3

1 -

1 -

A 1/3

A2/3

,1/3 < l M
I D \^ JXrp I

The total energy is then partitioned among the three available sources using the following
equations:

MA = A(mn + xq) •

MB = B(mn + xq)

MC = C <mn + <

VA,

•VB,

A + B
+ C

(l-x) 'C\

here mn is the nucleon mass, V{ is the ground state mass excess, q is the excitation
energy per nucleon and £ is a transport parameter (0 ^ x < 1) which measures the
fraction of heat that leaks into the spectators.

The total momentum in the centre-of-mass frame is partitioned as well, using
momentum conservation and two transport parameters, y and 2 ( 0 ^ y ^ l , 0 ^ 2 ^ 1 ) ,
which govern the longitudinal degradation of the spectator motion and the transverse
momentum transfer, respectively:

PAL = zA,

where PA\\ and PA± are the components of the momentum of the projectile spectator
A in the centre-of-mass frame respectively parallel and perpendicular to the beam axis;
Pp is the projectile momentum in the centre-of-mass frame. Similar formulas can be
written for the target spectator B:

PBL =

the participant momenta Pc\\ and Pc± are then chosen to satisfy momentum
conservation:

Pc\\ = - {PA\\ + Pan),

PCL = - {PAX + PBX) •

So far we have four free parameters: three transport parameters (x, y and z) and
the excitation energy per nucleon q. The former are replaced by estimates of their
impact-parameter averages, while q is determined by imposing energy conservation:

EP + ET = EA + EB + Ec- (12)
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all the kinetic energies of the sources A, B and C can then be calculated.
The next step in the model consists in assuming that the projectile source A

evaporates a number of nucleons (in form of light fragments) to transform into the final
projectile fragment / . Estimation of the energy required by this process allows to give
an explicit expression for the average energy loss (dKE) in the reaction P + T —> f + X,
which will not be reported here.

Finally, the spread around the mean energy loss in nuclear collisions is estimated
using Goldhaber's (1974) statistical theory of fragmentation; according to the latter, the
momentum spread is Gaussian and has the same variance in all directions (in the centre-
of-mass system); in particular, the momentum spread in the longitudinal direction in
the laboratory system is given by

, _ mnAf(AP-Af)
o - \ \ - SA kl,

where k is Boltzmann's constant and T is the temperature of the equilibrated post-
collision system, that (according to the Fermi gas model) can be written as

where A = Pcm/Po7o, Pcm and /?o are the center-of-mass and relative velocities and q is
again the excitation energy per nucleon (obtained from (12)). The factor s/X has been
introduced to account for the relativistic contraction.

Thus, (13) allows to calculate the fragment momentum (and energy) distribution
after a nuclear collision.

3. Comparisons with the experiment

Simulations of depth-dose and fluence distributions using HIBRAC have earlier been
compared with experimental data for a number of beams in tissue-equivalent targets
(PMMA). The experiments were performed at the RIKEN (Hirosawa, Wako, Japan;
see Kase et al. 2004), GSI (Darmstadt, Germany) and HIMAC (NIRS, Chiba, Japan)
(Sihver et al. 1998, Sihver et al. 1996). Unfortunately, an unofficial, preliminary
and modified version of HIBRAC is in use at HIMAC, including in the treatment
planning system for the radiotherapy, and several incorrect comparisons between
simulations using HIBRAC and experiments performed at HIMAC has been made
(Kanai n.d., Matsufuji et al. 2003). In this paper, we therefore compare the simulated
depth-dose and fluence distributions for 290 MeV/n, 350 MeV/n and 400 MeV/n 12C in
PMMA target, using both the correct (Sihver et al. 1998) and the unofficial (Kanai n.d.)
versions of HIBRAC, with measured distributions. These beam were chosen since they are
treatment beams at HIMAC. We have also made the same comparisons for 150 MeV/n
4He in a PMMA target, since there are ongoing discussions of using this beam, too, for
radiotherapy.

The density of the PMMA used both in the experiments and the simulations was
1.19 g/cm2. For each beam, the experimental setup was considered in order to calculate
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Table 2. Energies, energy spreads and CPU times for the calculations.

_ . ., Nominal energy Input energy Range spread _ m . ,.
Projectile / , , , , , -. ,-Mrin \ r i i\ CPU time

J (MeV/n) (MeV/n) (g/cm2)

"He
12C
1 2 C

1 2 C

150
290
350
400

144.43
278.12
339.31
390.01

0.0190
0.0195
0.0255
0.0315

< 1 s
~ 20 min
~ 20 min
~ 20 min

the energy of the beam at the entrance of the target, which will be lower than the
nominal energy because of energy loss in the beam delivery and monitoring devices
placed upstream of the target. Furthermore, we assumed the relative energy spread to
be the same, independently on the beam; a value of O.72%o was assumed from the result of
a calculation carried out for 12C, 290 MeV/n. The energy spreads were then converted to
range spreads using HIBRAC's range-energy lookup tables; all calculations were performed
using the stopping-power model developed by Salamon (1980) and Heinrich et al. (1991),
with a nominal ionisation potential of 74 eV. Table 2 reports the entrance energies and
the range spreads which have been used as input for the calculations, along with the
duration of the calculation (measured on a medium-range laptop PC, with a 2.13 GHz
processor and 512 MB RAM).

Figures 2-6 show HIBRAC's calculated depth-dose distributions, together with some
experimental data. First, all depths were converted to equivalent water thicknesses
(expressed in mmw_eq, water-equivalent millimetres) in order to take into account the
different stopping powers for the two mediums: if the PMMA thickness d is expressed
in g/cm2, for instance, the water-equivalent thickness is calculated as

1 1 fi
dw_eq (mmw_eq) = 10 • —— d (g/cm2),

where 1.19 is the PMMA density (in g/cm2) and 1.16 is the ratio of the stopping power
of PMMA to the stopping power of water according to Salamon's (1980) and Heinrich
et al.'s (1991) code.

The simulated distributions were then shifted along the x-axis to match the
calculated Bragg peak position with the experimental one and then rescaled with an
overall normalisation factor N^ose; the latter was chosen to minimise the sum of squares

(14)

where (xi, %) are the experimental points, aVi is the error on the measurement, xpea^ is
the Bragg peak position and f(x) represents the simulated distribution; the sum extends
to 70% of the peak position to avoid the region where the distributions vary very quickly.
Setting dx2/dNdose = 0 yields the following formula for iVdose:

iVdose =
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50 100 150 200
Depth (mmweq)

250 300 350

Figure 2. Depth-dose distribution, as calculated by the published version of HIBRAC,
for 290 and 400 MeV/n 12C in PMMA in comparison with measurements performed
at HIMAC (Matsufuji et al. 2003).

Fluence distributions are shown in figures 7-13. After converting the depths
to mmw_eq, the simulated distributions were shifted along the x-axis to match the
calculated range position with the experimental one; the shift was determined by-
matching the ranges of the primary particles and then applied to all the fragment
distributions. The distributions were then normalised in a way similar to depth-dose
distributions (Eqs. 14 and 15); the normalisation factor was calculated for the primary
fiuence and then applied to all the fragment distributions.

We decided not to report light-fragment (hydrogen and helium) fluences. There
seems to be no straightforward way of comparing the predictions of a one-dimensional
code like HIBRAC with experimental results that, inevitably and surreptitiously, imply a
defined (and limited) detector angular acceptance; heavier fragments are not strongly
affected because the typical transverse momentum transfer they suffer in nuclear
collisions is very small compared to their longitudinal momentum and gives rise to a
negligible angular straggling. Light fragments, instead, show wide angular distributions;
moreover, multiple electron scattering phenomena become increasingly important for
large target thicknesses. In such cases a one-dimensional code is probably inappropriate
and simulations should be performed using a three-dimensional code to take into account
the details of the geometry of the experimental setup involved.

Although fluences for hydrogen and helium fragments are not shown in figures 7-13,
their dose deposition is included in the depth-dose curves above (figures 2-6), in view
of the fact that their contribution (which scales roughly as the square of the charge)
is small compared with the primary beam and with the heavy fragments, respectively
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290 MeV/n 12C, simulation
A 290 MeV/n 12C, measured

400 MeV/n 12C, simulation
T 400 MeV/n 12C, measured

50 100 150 200
Depth (mmw_eq)

250 300 350

Figure 3 . Depth-dose distribution, as calculated by the unofficial version of HIBRAC,
for 290 and 400 MeV/n 12C in PMMA in comparison with measurements performed
at HIMAC (Matsufuji et al. 2003).
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Figure 4. Depth-dose distribution, as calculated by the published version of HIBRAC,
for 290, 350 and 400 MeV/n 12C in PMMA in comparison with measurements
performed at HIMAC (Komori n.d.).
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290 MeV/n, simulation
* 290 MeV/n, measured

350 MeV/n, simulation
r 350 MeV/n, measured

400 MeV/n, simulation
400 MeV/n, measured

50 100 150
Depth (mmw e q)

200 250

Figure 5. Depth-dose distribution, as calculated by the unofficial version of HIBRAC,
for 290, 350 and 400 MeV/n 12C in PMMA in comparison with measurements
performed at HIMAC (Komori n.d.).

• simulation
measured

20 40 60 80 100 120
Depth (mmw_eq)

140 160

Figure 6. Depth-dose distribution, as calculated by the published version of HIBRAC,
for 150 MeV/n 4He in PMMA in comparison with measurements performed at HIMAC
(Komori n.d.)-
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before and after the Bragg peak.
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Figure 7. Primary fluence distribution, as calculated by the published (a) and by
the unofficial (b) version of HIBRAC, for 290 MeV/n 12C in PMMA in comparison with
measurements performed at HIMAC (Matsufuji et al. 2003).

4. Conclusions

The structure and features of the code have been described, along with the semi-
empirical models employed for the physical quantities relevant for the calculation. We
have benchmarked the predictions of two versions of the code against experimental
data collected in experiments performed at the Heavy Ion Medical Accelerator in Chiba
(HIMAC) (Matsufuji et al. 2003, Komori n.d.). The distributions calculated by the
published version show rather good agreement with the data, especially concerning the
depth-dose profile, with the exception of two data points in the tail region of one of the
data sets (Komori n.d.); the results of the unofficial version exhibit generally inferior
agreement as well as some unphysical artifacts, probably due to bugs in the code.
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Figure 12. Fluence distributions for fragments Z=Z, 4, 5, as calculated by the
published (a) and by the unofficial (b) version of HIBRAC, for 400 MeV/n 12C in PMMA
in comparison with measurements performed at HIMAC (Komori n.d.).
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Abstract

The PHITS (Particle and Heavy Ion Transport System) code is a three-dimensional
Monte Carlo code that is able to simulate the transport of nuclei and other particles
in complicated geometries and calculate fluxes, doses, energy-deposition distribu-
tions and many other observables. Among its many possible fields of application, it
can be used e.g. to design and optimise radiation shields for space vessels. However,
the reliability of the predictions of the code depends directly on the certified accu-
racy of the code components, i.e. the models the code uses to estimate the quantities
necessary for the transport calculation. As a part of a comprehensive benchmarking
program, we have investigated the possibility of using PHITS to calculate partial
charge-changing cross sections and we have compared the results with measure-
ments performed by some of us (CZ, LH, JM, SG). The results, although limited,
suggest that the current reaction-cross-section models might be inadequate for use
in space radioprotection; we therefore claim the need for a thorough benchmarking
of the models and for new reaction-cross-section measurements and experimental
techniques.
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1 Introduct ion

The central problem of the transport of heavy ions in matter is essentially
the description of the generation and propagation of the mixed radiation field
that is created by inelastic collisions between the heavy-ion projectiles and the
target nuclei, yielding new nuclear species that have different charge, mass and
velocity than the parent nuclei; electrons in the transport medium play also
an important role in determining the energy-loss distribution and the angular
straggling of charged particles.

An accurate description of these phenomena is of capital importance in many
fields of nuclear science, like e.g. radio-protection in space [1], where the objec-
tive is to minimise the exposure of crews and equipment to the space radiation
field and, in particular, to high-charge-and-energy (HZE) particles, which con-
stitute one of the major contributors to the total dose delivery. The spacecraft
shields affect the composition of the radiation field in a very intricate way,
by e.g. slowing down charged particles or generating secondary products in
nuclear collisions with the primary cosmic radiation; the astronaut's body ef-
fects even some self-shielding. An assessment of the exposure risk must rely
on an accurate evaluation of this unknown mixed radiation field, which is only
attainable nowadays by means of a three-dimensional Monte Carlo code, due
mainly to the complicated influence that the details of the geometry have on
the flux inside the space vessel.

The PHITS (Particle and Heavy Ion Transport System) code [2] is a three-
dimensional Monte Carlo code that is able to simulate the transport of nu-
clei and other particles in complicated geometries and calculate fluxes, doses,
energy-deposition distributions and many other observables. It uses a number
of sub-models to evaluate the quantities necessary for the transport calculation
(e.g. cross sections, stopping power, etc.); for example, the JQMD model (JAERI
Quantum Molecular Dynamics) [3] is used to simulate nucleus-nucleus colli-
sions and estimate fragmentation cross sections. Table 1 summarises schemat-
ically the possible choices for the various code components. It is hardly nec-
essary to mention that the accuracy of the simulation results depends on the
the reliability of these "building blocks"; in order to guarantee that the out-
come of a complex transport calculation be trustworthy, it is necessary to
verify (possibly directly) that the sub-models involved are accurate in their
predictions.

As a part of a larger quality-verification and benchmarking project of the
components of the PHITS code, we have in this work investigated the possibility
of calculating partial charge-changing cross sections for a 400 MeV/n 40Ar
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Componen t

Stopping power

Event generator

Particle-induced collisions

Heavy-ion induced collisions

Evaporation and fission

Reaction cross section

Models available

SPAR, ATIMA

JAM

JQMD

GEM, SDM, DRES

TYipathi, Shen

Table 1
Some of the components of the PHITS code; the models in italics are the default
choices. References: SPAR [4], ATIMA [5,6], JAM [7], JQMD [3], GEM [8], SDM [3], DRES [9],
Tripathi [10,11,12], Shen [13].

beam colliding with carbon, polyethylene, aluminium, copper, tin and lead;
we have analysed different calculation strategies and then compared our results
with measurements performed by some of us (CZ, LH, JM, SG) at the HIMAC
(Heavy Ion Medical Accelerator in Chiba), Chiba, Japan in February 2000.

2 Description of the calculations

Partial charge-changing cross sections have been calculated for 400 MeV/n
40 Ar ions colliding with the following targets: carbon, polyethylene, aluminium,
copper, tin and lead. In what follows we will describe the different strategies
adopted and we will compare their outcomes.

2.1 Method A

The first possibility we explored consisted in using a very simple setup to ob-
tain cross-section values; we would regard these results as "pure", i.e. unaffected
by the details of the experimental setup and related to a very well-defined
system. The advantages of this approach are obvious: it allows to extract in-
formation about the event generator directly, and very few corrections are
needed in the analysis process; on the other hand, the question whether these
results can be directly compared to the experimental data should be posed.
We will try to address this point in §3.

The setup we chose to use for these "pure" calculations (method A hereafter)
consists of a thin, cubic (40 /xm on the side) slab of the target material, sur-
rounded by a vacuum sphere having a radius of 200 cm; the dimensions of
the target were chosen to be small in order to reduce any uncertainty possi-
bly introduced by the transport of the reaction products through the matter



which surrounds the reaction site. The beam was assumed to be an isotopically
pure, monochromatic pencil beam, with energy equal to the nominal energy
(400 MeV/n). For each fragment charge, we tallied the number of ions crossing
the spherical surface surrounding the setup. Furthermore, the spherical sur-
face was divided in four bands of different angular acceptance, in view of our
intention to compare the simulated results with experimental data relative to
setups where the angular acceptance of the detectors is an issue (see Figure 1).
Half-cone angular acceptances of 1.1°, 3.4° and 10.0° were considered.

Figure 1. Sketch of the setup for method A (not to scale).

Since the target thickness is so small, it is not necessary to correct the sim-
ulated data for higher-generation reactions in the target: even assuming a
worst-case scenario (taking the reaction cross section for fragments to be equal
to the reaction cross section of the primary 40Ar beam), the probability for
secondary reactions never exceeds l%o and is therefore at least one order of
magnitude smaller than the statistical uncertainty on our calculated values.
On the other hand, using such a thin target can be disadvantageous because
the probability that the projectile ions undergo a reaction with the target
nuclei is very small; only a very small fraction of all the events would result
in an inelastic collision and the calculation time would be employed very in-
efficiently. To solve this problem, we used a form of importance sampling to
improve the efficiency of the calculation: every time a projectile ion enters the
target region, it is split in two separate and identical particles. One of them is
forced to pass through the target without undergoing any reaction, while the



other one is forced to collide with a target nucleus; the two particles are given
different weights to keep the same mean number of fragments produced per
event as in the non-biased case. This procedure greatly reduces the statistical
uncertainty on the calculated cross sections: it can be easily checked that, for
the same number of events, the uncertainty on a given cross section is reduced
by the factor

<Xr — O

where

ar = total reaction cross section, a = fragmentation cross section,
M

ffmax = —rz—: M = molar mass of the target,
pNAd

p = mass density of the target, NA = Avogadro's number,
d = thickness of the target.

For the case of an intermediate-mass fragment and a 40-/im aluminium target,
for example, we can assume ar ~ 2000 mb, a ~ 100 mb and amax ~ 4 • 106 mb,
which gives a ĉ  0.02.

2.1.1 Projectile and target fragments

Another drawback of method A is that many slow target-like fragments will
escape the thin target along with the projectile-like fragments we are interested
in; it is thus necessary to discriminate between the latter and the former in
order not to overestimate the production of fragments.

Fortunately, the high energy of the beam (400 MeV/n) makes it very easy
to operate such a distinction; Figure 2 portraits the energy-differential-cross-
section curves for some typical cases. It is apparent that the energy spectrum
of the fragments consists of two clearly separated components: the high-energy
part corresponds roughly at velocities equal to the beam velocity and com-
prises the projectile fragments; the low-energy part is due to the target frag-
ments, which are slow in the laboratory frame. Therefore, we could always
choose a suitable threshold energy to eliminate the target fragments from the
computation of the cross sections; the relative uncertainty introduced in the
cross sections by the choice of this threshold is less than 10~6. It is hardly
necessary to remark that this thresholding needs to be applied only to certain
fragment species (Figure 2): for example, the fragment 34S can be produced
only as a projectile fragment in the reaction 40Ar (proj.) + 27A1 (targ.). We
should also mention here that this cutoff procedure cannot be applied to very
light fragments, for which it is not possible to operate a clear discrimination
between the high- and the low-energy component; however, we are not com-
paring with any experimental data for these fragments, so this difficulty is not
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Figure 2. Energy-differential partial charge-changing cross sections for the produc-
tion of sulphur, aluminium, neon and nitrogen from a polyethylene target. No target
fragments are present for sulphur, aluminium and neon.

a concern in our case.

2.2 Method B

Different experimental techniques are available to measure projectile partial
charge-changing cross sections [14, for example]. The problem of using a nu-
merical transport code with a Monte Carlo event generator (like PHITS) to
calculate the same cross sections can be naturally approached in the following
way: one tries to reproduce the experimental setup as faithfully as possible
and to extract from the calculation the same type of information that can be
accessed by the experiment; these data can then be processed according to the
same analysis procedure used for the experimental data to yield the numerical
values of the desired cross sections. This approach (method B) can then be
regarded as a benchmark for either the transport code (against the raw ex-
perimental data) or the experimental technique, whenever the computed cross
sections are compared with the result of a "pure" event-generator calculation,
like the one described in §2.1.

We considered the possibility of applying this strategy to an experiment per-
formed by some of us (CZ, LH, JM, SG) in February 2000 at the HIMAC
(Heavy Ion Medical Accelerator in Chiba), Chiba, Japan. The experimental
technique and the analysis protocol have been described in detail elsewhere
[14] and only the essential points will be outlined here. Fully-depleted silicon
detectors were used in the arrangement schematically depicted in Figure 3;



typical target thicknesses range from a few tenths to a couple of g/cm2; the
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Figure 3. Schematic diagram of the experimental setup.

materials adopted as targets are the ones mentioned in §2. For each event (i.e.
each time a projectile ion hits the trigger detectors), the electronics attached
to the detector system collects the energy depositions registered in all the de-
tectors and stores them in an array; the raw data consist therefore of a table
of the energy depositions measured by any given detector during any given
event.

The analysis procedure relies on graphical cuts applied to scatter plots of the
energy deposition of the same event in neighbouring detectors, which are re-
quired to be well-correlated; failure of this to happen for a given event might
indicate that a fragmentation reaction has occurred in one of the detectors.
The information on the partial charge-changing cross sections is then extracted
from the detectors downstream of the target, which are grouped in pairs: the
events that survive all the cuts are partitioned among the possible fragment
charges according to their energy deposition in the detector pair considered
and then counted. The number of events for each fragment charge is then con-
verted to a partial charge-changing cross section after applying corrections for
e.g. attenuation of the fragment fluences in the silicon stacks, fragmentation in
the experimental apparatus (minus the sensitive volumes of the detectors) and
higher-generation reactions in the non-negligible target thickness. For further
details, the reader is referred to [14].

We have used PHITS to reproduce the setup of the experiment; a three-
dimensional picture of it is shown in Figure 4; we endeavoured to reproduce
as closely as possible the experimental conditions such as the details of the
geometry and the beam characteristics.

For each incoming 40Ar ion, the energy depositions in all the detector regions
were recorded and cast in the same format used for the real-world laboratory
data; the simulated raw data were then analysed by the same operator that
analysed the experimental data, according to the same procedure. The same
types of corrections were applied and numerical values for the cross sections
were derived.

It should be remarked that the only partial charge-changing cross sections that



Figure 4. Three-dimensional picture of the experimental setup used for the PHITS
calculation. Left: detector box; right: extra detector holder.

can be reliably determined by this experimental technique are those for heavy-
to intermediate-mass fragments (down to about half of the projectile charge
— see [14] for a detailed discussion); therefore, in all our following discussions
we will always disregard light fragments (unless explicitly stated otherwise)
and focus only on higher fragment charges.

3 Comparisons among the simulated data

As a first step, we focus on method A. It has been verified that transport
of the reaction products within the target volume has a negligible (less than
0.05%) influence on the inclusive (i.e. relative to the total 4TT solid angle)
partial charge-changing cross sections.

We can then compare the results of the two different calculation methods.
Figure 5 shows a scatter plot of the partial charge-changing cross sections
obtained with method B as a function of the ones obtained with the method
A. The agreement appears to be quite satisfactory. The average discrepancy
between the two values is lower than 10%, if one limits oneself to charges Z >
^primary/2. However, a closer inspection of the correlations between method-
A and method-B results reveals systematic deviations for certain charges: for
example, in the case of Z = 17 (Zprjmary = 18) we always have that amethod B <
^method A, independently of the target. This might be an indication of a bias in
method B, although no definitive conclusion can be drawn due to the limited
amount of data analysed.
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Figure 5. Partial charge-changing cross sections obtained with method B as a func-
tion of the same cross sections obtained with method A. The straight line represents
perfect agreement.

4 Comparison with the experimental data and discussion

We turn our attention now to the comparison between the simulated results
and the experimental data. Figures 6-8 report the partial charge-changing
cross sections for some carbon, aluminium and lead targets and the large-
acceptance detector pair; the experimental data are compared with results
from both calculation methods.

4-1 Underestimation of the reaction probability

It can be easily seen that both calculations seem to underestimate system-
atically the experimental cross sections, although the shapes of the curves
resemble each other to some extent. This indicates that the probability of
a charge-changing reaction in the target is underestimated; it can actually
be easily verified that a higher charge-changing-reaction probability would
renormalise all the calculated cross sections by the same constant factor, thus
preserving the branching ratios for different charges, i.e. the overall shape of
the curve. There are several possible reasons for an underestimation of this
probability; for example:

(1) the total-reaction-cross-section model used in PHITS [10,11,12] could yield
an underestimated value for the systems considered;
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Figure 7. Partial charge-changing cross section for the aluminium target, thickness
1.08 g/cm2. Renormalised cross sections are also included (see §4.2).

(2) the total-reaction-cross-section model and the measurements the model
was benchmarked against underestimate the non-charge-changing part of
the reaction cross section;

(3) the event generator used in PHITS (JQMD [3]) could have a bias towards
the non-charge-changing reaction channels.

We will hereafter discuss all these possibilities in detail.
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4-1.1 Reaction-cross-section measurements and models

The charge-changing-reaction probability is proportional to the total reaction
probability, the proportionality factor being the fraction of reactions that lead
the projectile to change its charge. For small target thicknesses, the total re-
action probability is in turn directly proportional to the reaction cross section
for the system considered; the simplest explanation for an underestimation
of the former quantity is then that the reaction-cross-section model used by
PHITS [10,11,12] underestimate the real reaction cross section. However, this
simple statement probably requires a more detailed discussion.

It is a trivial fact that it is always possible to separate the projectile-fragmentation
part o-Pr°J-fras of the total reaction cross section aieac:

reac _proj-frag , non-proj-frag.

the projectile fragmentation cross section crproj'fras describes all the reactions
where the projectile nucleus loses (or acquires) nucleons; the non-projectile-
fragmentation part (jnon-proj-fras comprises all the other processes, namely in-
elastic reactions where the outgoing charge and mass number of the projectile
are unchanged. Reactions of the latter type are typical of large impact param-
eters and include, for example, all the channels where the projectile does not
fragment but the target does, or the channels where the projectile nucleus re-
ceives some excitation energy from the collision which is subsequently released
by gamma-ray emission. The reason why we make this distinction is that it
is an experimentally difficult task to measure the latter part of the reaction
cross section, where the outgoing projectile nucleus cannot be distinguished
from an uncollided projectile by means of charge and mass.

11



The typical experimental approach consists in measuring the projectile-fragmentation
cross section more or less directly and to apply corrections to take into account
the non-projectile-fragmentation part (see for example [15]). These correc-
tions, however, are inevitably affected by uncertainties, which then naturally
propagate to the measured reaction-cross-section values and eventually to the
models [10,11,12,13, for example] that have been developed to interpolate the
measurements. So, even if the projectile-fragmentation part of the reaction
cross section is correctly predicted by our total-reaction-cross-section model,
the non-projectile-fragmentation part could be undershot and thus responsible
for the underestimation of the charge-changing reaction probability observed
in our simulation results. This discusses points 1 and 2 above.

4-1-2 Event-generator bias

On the other hand, it is possible that JQMD (PHITS' event generator) underes-
timates the proportion of projectile-fragmentation reactions to non-projectile-
fragmentation reactions; in what follows we will try to describe a possible
reason for this.

The JQMD code [3] is responsible for simulating inelastic reactions of heavy
ions up to 100 GeV/n. The JQMD subroutines are called when the transport
part of the code requires such an event to be run: after choosing the initial
impact parameter for the collision, projectile and target are boosted against
each other and the reaction dynamics is simulated. If the resulting collision is
deemed as inelastic, the reaction products are fed to an evaporation code (GEM
[8] by default) which takes care of removing any residual excitation energy
by letting the pre-fragments undergo fission and/or emit nucleons, heavier
particles and/or gamma rays; if instead the collision is elastic, a new impact
parameter is chosen and the collision is re-run until an inelastic outcome is
obtained.

However, there are some indications that the states the nuclei are initialised in
(which are supposed to resemble the ground states as closely as possible) are
too sensitive towards perturbations induced by the collision. For example, con-
sider a very peripheral collision: depending on the initial configuration of the
nuclei, it must be possible for such a collision to be elastic (since little energy
can be transferred at large impact parameters); it seems though that the nuclei
in JQMD tend to absorb too much excitation energy in such cases. The collision
is then considered to be inelastic (because one of or both the outgoing nuclei
are in an excited state) and is not re-run; the excited nuclei decay through
gamma-ray emission (since the excitation energy is below the threshold for
nucleon emission), the net result being that the charge and mass numbers of
the projectile and the target are left unchanged by the collision. We are then
led to an overestimation of the non-projectile-fragmentation part of the reac-
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tion cross section and, thus, to an underestimation of the
ratio. This discusses point 3 above.

4-2 Renormalised data

In what follows, we will concentrate on the comparison between method-A
results and real-world laboratory data. We have already mentioned (§4.1) that
the influence of an inaccurate value of the reaction probability on the partial
charge-changing cross sections is very simple: the reaction probability acts as
a multiplicative factor on the cross sections. In order to bypass our uncertainty
on the reaction probability and compare the calculated cross sections to the
measured values, we decided to renormalise the former by fitting a common
factor to the latter; explicitly, we multiplied all the calculated cross sections
in the same dataset by the following factor:

which minimises the sum of squares

2 _
X ~ \ 6o~*{Z) ) •

Here 6aexp(Z) represents the experimental error.

The normalisation factors are listed in Table 2 and some renormalised results
are shown in Figures 6-8. The agreement has now drastically improved, but

Target Normalisation factor

c
CH2

Al

Cu

Sn

Pb
Table 2
Y2 normalisation factors (method

1.112

1.228

1.213

1.209

1.385

1.462

A) for all the targets.

some residual deviations can still be seen for fragment charges very close to
the primary (especially for Z = 17); since these discrepancies seem to be a
general feature of the simulation results, we have excluded charge 17 from the

13



computation of the normalisation factor (Eq. (1)). The agreement is gener-
ally very good for all intermediate charges; the systematic underestimation
observed for the heavy fragments is probably of experimental nature, as can
be argued by inspecting Figure 9, which compares an experimental and a
simulated scatter plot of the energy deposition in PSDX versus the energy
deposition in PSDY. The shape of the primary cluster is markedly different

Figure 9. Left: experimental scatter plot of the energy deposition in PSDX versus
PSDY. Right: simulation.

in the two plots: while the simulated one appears to be round and regular,
the experimental one shows tails that extend in the direction of low energy
deposition. This hints that, for some events, the full energy deposition of the
primary Ar beam was not recorded properly, likely because of inefficient charge
collection in the detectors. For such events, the total energy deposition in the
detector pair (and thus the effective charge of the event) will therefore be
underestimated; we will then be led to misidentify these events as fragmenta-
tion events (instead of primary-particle events, as they should be) and thus to
overestimate the corresponding partial charge-changing cross section. In the
data analysis, we remove these events, and similar events with mis-measured
fragments, by requiring good correlations between the two detectors. If this
effect in the detectors occurs with equal probability for any incident parti-
cle, removing such events does not introduce any bias into the final charge
histogram.

Even if we allow for some systematic error in the measured values, we should
still mention that there is room for some uncertainty in the calculated cross
sections as well. Some fine tuning can actually be performed by varying the
algorithm to choose the impact parameter for collisions, which plays an im-
portant role in determining the non-projectile-fragmentation part. In JQMD,
in fact, the impact parameter b is chosen randomly from a circle of radius
bmax which by default is obtained from a semi-empirical formula; however, it
is possible that collisions with large impact parameters (i.e. b < imax) result
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in elastic collisions, just as well as collisions with b > 6max can lead to in-
elastic reactions: this happens because the radial density profile of the nuclei
does not drop sharply to zero at the geometrical radius but rather exhibits
a finite skin thickness. Introducing a sharp cutoff for the impact parameter
distribution has then the effect of suppressing soft peripheral reactions, i.e.
reactions that lead to removal of few nucleons from the projectile and/or the
target. The charge-changing reactions that lead to fragments close to the pro-
jectile are typically of this type: thus, the impact parameter cutoff induces an
underestimation of the corresponding partial charge-changing cross sections.

It would be possible to solve this problem by allowing impact parameters
larger than the sum of the geometric radii, thus taking into account the fi-
nite skin thickness of the colliding nuclei. However, as we mentioned above
(§4.1.2) the JQMD nuclei do not seem completely stable in very soft peripheral
collisions: an increase in the bmax value results eventually in a decrease of all
the partial charge-changing cross sections and a complementary increase of
the non-charge-changing cross section. Until these instabilities are removed,
any result which is sensitive to the details of the peripheral reaction dynamics
will be questionable.

4-2.1 Other reaction-cross-section models

As Table 2 shows, PHITS underestimates all partial charge-changing cross sec-
tion by about 20-30% on the average; our claim is that this discrepancy can
be ascribed to the reaction-cross-section model used. To support this state-
ment, we show in Table 3 the total reaction cross sections for the systems
we considered in this work, as calculated by a few different models. It can be

Target

H

C

Al

Cu

Sn

Pb

Tripathi

527

1440

1904

2690

3453

4394

Sihver

527

1435

1871

2647

3436

4409

Shen

487

1549

2110

3071

3987

5049

Wilson

559

1386

1824

2524

3270

4198

Nilsen

264

1082

1446

2393

3226

4136

Table 3
Reaction cross sections (in mb) for 400 MeV/n 40Ar on all the targets considered in
this work, as calculated by Tripathi's [10,11,12], Sihver's [16], Shen's [13], Wilson's
[17] and Nilsen's [18] models.

seen that deviations of the order of a few tens of percent are commonplace.
An uncertainty of the order of 20-30% in the reaction-cross-section models is
therefore, to say the least, a possibility that must be considered; moreover, as
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we have mentioned above, all these models might be underestimating the non-
projectile-fragmentation part of the reaction cross section, since it has never
been measured directly. A further, extensive and possibly direct benchmarking
of the several available cross section models might indicate if there is a need
to develop a totally new one to explain the experimental data observed; more
measurements are however needed, along with novel experimental setups ca-
pable of measuring the non-projectile-fragmentation part of the reaction cross
section.

5 Conclusions

We have used the PHITS code to calculate partial charge-changing cross sec-
tions for a 400 MeV/n 40Ar beam in the following target materials: carbon,
polyethylene, aluminium, copper, tin and lead. Different simulation methods
have been devised and compared: the results from both methods (i.e. "pure"
event-generator calculations and simulation of the experimental setup [14])
agree with each other within 10%.

We have also compared our calculations with measurements performed at
the HIM AC by some of us (CZ, LH, JM, SG). PHITS seems to reproduce
well the shape of the cross-section-versus-fragment-charge curve but under-
estimates all the cross sections by a common factor, which depends on the
target species. Such deviations could possibly be ascribed to inaccuracies in
the reaction-cross-section model used in the code and/or in the reaction-cross-
section measurements the model was benchmarked against; it would therefore
be extremely useful to have new reaction-cross-section data. However, new
measurement techniques would have to be employed to obtain them, since the
presently available datasets and techniques might be unreliable in determining
the non-projectile-fragmentation part of the reaction cross section.
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