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INTRODUCTION

Proton therapy for cancer treatment gained sig-
nificant attention due to its high conformity towards
dose deposition. Proton therapy is performed by
utilizing high-energy proton beams up to 250 MeV.
The dose conformity in proton therapy is achieved
by the benefit of the Bragg peak. The dosimetric
calculations for the treatment are performed by the
stopping powers based on the Bethe-Bloch formal-
ism. However, the Bethe-Bloch formalism is limited
to electronic energy losing mechanisms and energy
loss in the nuclear electric field. However, in practice,
the high energy proton beam initiates many nuclear
reactions while interacting with the nuclei present in
the tissue. The ejectiles in the reaction and reaction
residue carry a significant amount of kinetic energy,
with a momentum path different from that of the pri-
mary beam and produce a significant amount of dose,
besides the primary dose produced by the Coluomb
interaction. The ejectiles and residues carry a differ-
ent LET than the primary proton beam, which spoils
the conformity and other criteria in the radiotherapy.
Hence the dose is unjustified[1].

To the best of our knowledge, no measurements
are existing for the dose contribution by the nuclear
reaction component in tissue during proton therapy,
due to the experimental challenges. Currently, the
dosimetric calibrations for protons are performed
on water, which is considered tissue equivalent at
the atomic level. While, in nuclear level, water and
tissue are entirely different, as the tissue has more
elements and its isotopes.

Further, based on the Monte Carlo simulations,
some analyses existing on the nuclear reaction com-
ponents of proton therapy[2]. However, due to the

adoption of empirical models for calculating the
cross sections and angular distributions, they are
not much successful in addressing the exact energy
and angular distributions of the reaction products.
Further, these studies hold only the compound nu-
clear reaction component, which is inappropriate to
explain the exact energy and angular distributions of
the produced secondary particles at higher energies.
Further, the experimental energy and angular distri-
butions are not available to optimize the theoretical
(empirical and statistical) models for high energies
and this limits the simulations in predicting the dose
distributions accurately.

This limitation has been attempted in the
present study by utilizing the optical models fol-
lowed by statistical calculations for estimating the
cross sections and the ejectile spectrum. The current
study incorporated the direct and pre-equilibrium
components of nuclear reactions, along with the com-
pound nuclear component. The statistical calcula-
tions are optimized based on the available experi-
mental residue cross sections. The details are in the
following sections.

MATERIALS AND METHODS

The out of field dose distribution by the sec-
ondary reaction products were calculated by simu-
lating the condition in Geant4. The ejectile spec-
trum corresponding to each element on p-natC, p-
natO, p-natN, p-natCa and p-19F are estimated us-
ing Talys statistical model calculations. The avail-
able residue cross sections for proton induced reac-
tions were used to optimize the Talys-1.96 model
parameters corresponding each projectile target com-
bination. The residual cross sections available in
the energy range of 0-120 MeV has been used[3].
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Figure 1: : Experimental and Talys calculated residue
cross section of interaction of proton of energy
range 1-120 MeV with a)12C, b)16O, c)14N and
d)19F.

Figure 2: : Calculated particle spectra of α, γ, d, p and
n from ICRU-A150 tissue, induced by 100 MeV
protons.

The ejectile particle spectrum in lab frame corre-
sponding to proton induced reactions on ICRU-A150
tissue is calculated for proton energy of 100 MeV
based on the optimized model parameters in dσ/dE
units. This is then converted into yield per particle
energy bin accounting the elemental weight fraction
in ICRU-A150 tissue, Number density and beam
current. These particle yield spectra corresponds
to proton, neutron, deuteron, alpha and gamma are
loaded into Geant4 and the angular distribution is
defined. The practical beam profile, in the form of a
Gaussian, with FWHM of 3 mm is also accounted.
The spatial dose distribution in the 100 MeV plane
has been calculated and analysed.

Optical potential by Koning and Delaroche has
been used for the calculations. The potential pa-
rameters were taken from RIPL-3 compilation.The
microscopic level densities based on HFB model
calculations using Gogny force were used for the
compound nuclear part. The pre-equilibrium is ac-
counted by the exciton model with optical model
based collission probabilities. The direct reaction
component has been optimized to reproduce the ex-
perimental data by adjusting the scaling parameters
for knockout reactions.

Figure 3: : Simulated spatial distribution of dose due to
the proton induced nuclear reactions on ICRU-
A150 tissue at 100 MeV plane.

RESULTS AND DISCUSSION

Talys-1.96 nuclear reaction model code has
been optimized for addressing p-natC, p-natO, p-
natN, p-natCa and p-19F excitation function with
accounting compound nuclear, pre-equilibrium and
direct reactions. The optimized cross sections along
with experimental data is presented in Figure.1 . The
theoretical spectrum of secondary particles at 100
MeV proton energy, corresponding the ICRU-A150
tissue is given in Figure.2. The final dose distribu-
tion by the secondary particles produced in proton
induced nuclear reactions on ICRU A150 tissue is
shown in Figure.3. This shows a significant con-
tribution of out of field dose due to the fragments
produced through nuclear reactions. Our study is
confined to nuclear reactions and Rutherford scatter-
ing is not accounted. However it is also contributing
much to out of field dose since it’s cross section is
high compared to the nuclear reaction cross sections.
The current study is limited to theoretical only, an
accurate measurement on double differential cross
sections is required for an accurate determination of
the out of field contribution.

REFERENCES

[1] Wayne D Newhauser and Rui Zhang 2015 Phys.
Med. Biol. 60 R155

[2] Saini J, Traneus E, Regmi R, Bowen SR, Bloch
C, Wong T.Advanced Proton Beam Dosimetry
Part I: review and performance evaluation of
dose calculation algorithms.Transl Lung Can-
cer Res 2018;7(2):171-179

[3] Experimental Nuclear Reaction Data Library
(EXFOR), IAEA Nuclear Data Section. See:
http://www-nds.iaea.org/exfor/

2

Proceedings of the DAE Symp. on Nucl. Phys. 66 (2022) 716

Available online at www.sympnp.org/proceedings


