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Abstract. Protons and carbon ions have been extensively used for radiotherapy treatments, and in compari-
son to conventional radiotherapy, they allow a more conformal dose to the target tumor, especially in case of
deep-seated tumors. However, the accuracy of hadron therapy treatments is affected by uncertainties in the
particle range calculations. Several techniques are under development for in-vivo range verification, one of
which consists on measuring the activity distributions of positron emitters, such as '°C, 'C and 'O, which are
produced in the patient body during proton and carbon ion treatments. A comparison between measured and
expected positron emitter activity distributions can provide information on the quality of the delivered treat-
ment and accuracy of the particle range calculations. In this work the FLUKA production cross sections for
10C, 1C and O originated from proton and carbon ion beams in carbon and oxygen targets were compared

with experimental data, at low and therapeutic energies.

1 Introduction

Unlike photons, the depth-dose profile of light ions is char-
acterized by an initial low plateau and a so called Bragg
peak at the end of the particle range. As a result, especially
in the case of deep-seated tumors, hadron therapy can offer
an improved dose conformation to the tumor and a better
sparing of the surrounding healthy tissues in comparison
to conventional radiotherapy. Furthermore, heavier ions
possess a higher biological effectiveness; this makes car-
bon ions particularly suitable for treating radio-resistant
tumors [1].

To assure a full coverage of the target with the prescribed
dose, safety margins are considered around the tumor, to
take into account, among other factors, uncertainties on the
patient positioning and particle range calculations [2]. Par-
ticle ranges are calculated based on the information pro-
vided by the patient x-ray CT image acquired for treatment
planning for each patient. However, uncertainties in the
calibration of the CT scan, physics models, patient posi-
tioning, organ motion and heterogeneities (e.g. in the nasal
cavity or in the bladder) reduce the accuracy of the parti-
cle range estimation. Moreover, secondary fragments are
produced as a consequence of non-elastic reactions in the
patient tissues’ nuclei. These fragments represent in gen-
eral an issue, as they can be particularly damaging for the
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healthy tissues surrounding the tumor [3]. However, they
can also be exploited for in-vivo range verification. For in-
stance, '°C, ''C and 13O are produced along the path of the
primary protons and carbon ions; being 8t emitters, their
activity profile can be measured by positron emission to-
mography (PET). PET measures the anti-parallel 511 KeV
photons that are produced as a result of the annihilation of
a positron, emitted in the 8 decay, and an electron, present
in the patient body.

In the case of proton beams, range estimation is more chal-
lenging; as shown in [4], the 50% distal level of the activ-
ity profile measured by PET may differ up to 6 mm by
the proton range. This is due to the absence of projectile
fragments contributing to the distal part of the activity dis-
tribution. Moreover, target fragments are produced only
above the energy threshold of the fragmentation reaction.
As a result, the end of the activity profile is shifted by few
mm with respect to the position of the Bragg peak. Instead,
for carbon ion beams, '°C and ' C are produced both from
the target and the projectile, and the correlation between
the end of the activity distribution and the primary particle
range is much closer [5].

A comparison between positron emitter activity distribu-
tions measured by PET and predicted by Monte Carlo sim-
ulations provide information on the accuracy of the parti-
cle range and dose calculations [6]. This procedure allows
real time treatment monitoring, or verification of the deliv-
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ered dose with respect to the planned dose after the treat-
ment delivery. Indeed, '°C and O have rather short half
lives (19.29 s and 122.24 s, respectively) and can therefore
be measured in-beam (online), whereas !'C has a longer
half life (20.334 min) and it is mainly used for measure-
ments after the treatment delivery (offline).

Range monitoring techniques rely on accurate modeling
of nuclear interaction and ion fragmentation in the used
Monte Carlo code. In the present work, the FLUKA
production cross sections of PET isotopes ('°C, ''C, and
150) were benchmarked against experimental data recently
measured at the Marburg Ion-Beam Therapy center [7] and
against available literature data.

2 Material and Method
2.1 The FLUKA code

FLUKA [8, 9] is a general purpose Monte Carlo code de-
veloped by a CERN-INFN collaboration, for simulations
of particle transport and interactions with matter. FLUKA
follows the so called "microscopic" approach whenever
possible, i.e. particle production data at a single inter-
action level are used as reference. Nucleus-nucleus col-
lisions at energies below 125+25 MeV/u are handled in
FLUKA by a model based on the Boltzmann master equa-
tion (BME) [10]. Depending on the impact parameters,
collisions are medeled as complete fusion (low impact pa-
rameter), three body mechanism (more peripheral colli-
sions), and single nucleon mode break-up/transfer (high
impact parameter) [11]. For nucleus-nucleus collisions
at energies between 125+25 MeV/u and 5 GeV/u an ex-
tensively modified and improved version [12] of the rel-
ativistic quantum molecular dynamic rQMD-2.4 (original
code from [13]) has to be linked in FLUKA for accurate
modeling of the dynamic part of the nucleus-nucleus col-
lisions. At the end of the reaction, the excited nucleus
can dissipate the residual energy by means of evaporation,
fission, de-excitation and Fermi break-up processes. In
case of proton (hadron) induced reactions, the production
of secondary composite fragments, like deuteron, tritium,
helium-3 and alpha particles, is described in FLUKA first
by coalescence, followed by evaporation or Fermi break-
up equilibrium stages, which are common to the nucleus-
nucleus case [11]. Coalescence is activated by means of a
PHYSICS card.

FLUKA is used in hadron therapy to generate the basic
nuclear reaction database, and to validate the dose calcu-
lations as a support to the analytical treatment planning
systems [11]. Furthermore, FLUKA is used at CNAO as
reference for the PET activity measurements [14].

2.2 Cross section studies in FLUKA

The FLUKA production cross sections of the PET isotopes
10C, 1C and 30 originated from protons and carbon ions
in carbon and oxygen targets at energies of interest for
hadron therapy, were benchmarked against experimental
data. The natural composition of '2C and 'O was con-
sidered in FLUKA to model the targets. Only target-like

fragments were considered, for a direct comparison with
the experimental data. The most recent FLUKA develop-
ment version (2018.1) was used.

3 Results and Discussion
3.1 Proton beams

Figure 1 shows the FLUKA production cross sections of
10C, 1C and O produced by protons in carbon and oxy-
gen, as a function of energy, compared to experimental
data. Some differences were found for the short-lived iso-
topes. In particular, FLUKA underestimates (up to 25%)
the production cross sections of '°C for beam energies be-
low 100 MeV (figure 1(a)), and overestimates (up to 27%)
the production cross sections of >0 above 140 MeV (fig-
ure 1(c)). For ''C (figure 1(b)), the agreement between
FLUKA and experiments is satisfactory for all energies of
interest for hadron therapy. Improvements in the FLUKA
physics models will be carried out, in order to reduce the
differences observed between experiments and simulations
in the case of '°C and 0.

This work complements the results shown in [11], where
production cross sections for the channels '>C(p,pn)''C,
and '°0(p,pn)'>0 were shown with a previous FLUKA de-
velopment version and with less experimental data. Valu-
able comparisons between FLUKA predictions and 8* ac-
tivity depth profiles produced by protons in PMMA targets
at therapeutic energies were carried out in [4, 15]; FLUKA
was shown to be a valid tool for calculation of the activ-
ity distributions for offline PET measurements for proton
therapy.

3.2 Carbon ion beams

The production cross sections of PET isotopes produced
by carbon ion beams have not been as extensively investi-
gated as for protons. Figure 2 shows the FLUKA produc-
tion cross sections of '°C and !'C produced by carbon ions
in carbon as a function of energy, compared to the avail-
able experimental data. The experimental data are in rather
good agreement among them, except for the data points in
[16], which are significantly higher with respect to [7] at
similar energies. Regarding FLUKA, the production cross
sections of '°C are in good agreement with the data in
[7] for beam energies below 100 MeV/u, whereas differ-
ences of about 50% can be observed for energies above
100 MeV/u. For ''C, a satisfactory agreement between
FLUKA and the data in [7, 17] was found for energies be-
low 160 MeV/u, whereas for higher energies FLUKA un-
derestimates the production cross sections by about 25%.
The observed differences do not have a critical impact
on the delivered dose calculations, for which FLUKA
has been demonstrated to satisfy the clinical require-
ments [11]. Moreover, good agreement between measured
and simulated B* activity distributions produced by 260
MeV/u carbon ion beams in PMMA targets was found in
[18]. Nevertheless, based on the findings shown here, re-
finements of the FLUKA physics models will be carried
out, and their effects on PET monitoring technique will be
investigated.
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Figure 1. Production cross sections for '°C, ''C and 'O originated from proton beams in carbon and oxygen targets as a function of
energy. The black filled dots are FLUKA simulations, the green empty symbols are data from the Experimental Nuclear Reaction Data
(EXFOR) library, and the blue empty circles are data from [7]. For the reaction '>C(p,pn)'' C the experimental error bars are not shown

for the sake of image clearness.
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Figure 2. Production cross sections for '°C and ''C originated from carbon ion beams in carbon targets as a function of energy. The
black filled dots are FLUKA simulations, the empty symbols are experimental data [7, 16, 17, 19, 20].
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4 Conclusions

Benchmarking of FLUKA against cross section data is
crucial for the development of the physics models embed-
ded in the code. General results and predictions are nat-
urally derived by the physics models, with minimal free
parameters. In this work, the FLUKA cross sections for
the reactions 12C(p,p2n)10C, 12C(p,pn)“C, 16O(p,pn)150,
2c(2¢,x)19C and *C(2C,X)''C were compared with
experimental data. Such reactions are important as the
activity distributions of '°C, ''C and 'O, measured by
PET scanners either during or shortly after the radiother-
apy treatment, can be used for in-vivo range verification.
FLUKA has been shown to predict satisfactorily well the
activity distributions of PET isotopes, both for protons and
carbon ions in PMMA targets [4, 15, 18]. The present
level of agreement is sufficient for semi-quantitative pre-
dictions, and it can already be suitable for comparing
the shape of predicted and measured activity distribu-
tions. This work highlights that some improvements in

the FLUKA physics models can be performed in order to
achieve an even better agreement with the experimental

production cross sections. The effects of such improve-
ments on the activation yields and profile distributions
should finally be assessed in clinical scenarios. This re-
search will contribute to improve the radiotherapy treat-
ments at CNAQO, where FLUKA is used as reference for
the PET measurements.
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