INEN Y

Developing software for Inverse
kinematic cross sections

Matilde Dondi
FOOT Meeting
16 June 2026, Roma

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

CENTRO RICERCHE |

“NRICOFERMI 14



Paper GSI21 0 + C2H4,0 + H

First some updates

16/06/2026 Matilde Dondi - FOOT General Meeting 2



Paper GSI21 0 + C2H4,0 + H

First some updates

Nuclear fragmentation cross section measurements for a 400 MeV /nucleon 0 beam
on polyethylene and Hydrogen targets with the FOOT experiment
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I. INTRODUCTION

Nuclear fragmentation eross-section measurements
have a significant impact across various scientific fields,
particularly in particle therapy (PT) and space radio-
protection (RPS) for the safety of human space mis-
, as well as in cosmic-ray physics
interactions of primary ion beams with the hu-
man body leads to the production of secondary frag-
ments. The availability of fragmentation cross section
measurements is fundamental for having accurate predic-
tions of dose distribution within human tissue, thereby
minimizing damage to healthy cells and determining the
biological effectiveness of therapies Similarly, accu-
rate fragmentation data are essential for assessing radia-
tion risks to astronauts from Galactic Cosmic Radiation
(GCR) and Solar Particle Events (SPEs), f: ating the
development of effective shielding strategies against these
complex radiation environmen
Although these two fields of study are quite different,
they exhibit some overlap in the types of beams, targets,
and energy ranges of interest. In PT, attention is focused
on the fragmentation of light ions with Z < 10 interacting
with elements that constitute the human body, mainly H,
C, and O, in the energy range 100-600 MeV /nucleon [I].
Studies of fragmentation in RPS extend the investigation
from Hydrogen (*H) to Iron (*°Fe) over a broader energy
interval, 100-1000 MeV /nucleon For RPS, the tar-
gets of interest are those employed in the optimization of
astronaut shielding, which mainly consist of Hydrogen-
rich materials However, the limited availability and
insufficient pr on of fragmentation cross section mea-
surements prevent achieving the level of accuracy
required for the calculation of the biological dose deliv-
ered by secondary fragments in PT and RPS applica-
tions
While some key measurements have been already per-
formed they still cover only a limited set of
beam-target-energy configurations. In order to measure
the missing fragmentation cross sections for these appli-
cations, dedicated experimental campaigns are needed to
fill these gaps. A systematic measurement of the missing
fragmentation cross sections would provide the necessary
benchmarks to validate and improve the nuclear models
currently implemented in Monte Carlo (MC) and deter-
ministic transport codes, which are extensively used for
dose evaluations in these contexts
Fragmentation cross sections on a H;
essential to compute the dose deposited by fragments in

ogen target are
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both patients and astronauts with the required accuracy,
as Hydrogen, alongside Carbon and Oxygen, is one of
the most abundant elements in the human body. While

further data on Hydrogen fragmentation for various ion
beams are still needed, the fragmentation of 90 is of par-
ticular interest. This ion is increasingly utilized in PT

facilities alongside p,'He and '*C Simultaneously,
160 is the most abundant species among the HZE (high
atomic number Z and energy ) components of cosmic
rays after carbon

and it contributes significantly to
the total dose, exceeded only by *Fe and 2Si [2]. Since
measuring '°0 fragmentation directly on a liquid Hydro-
gen target is experimentally challenging (see Sec. [[TTB),
the cross sections can be derived via stoichiometric sub-
traction from measurements on CoH, and C targets

Notably, fragmentation cross sections of 10 on CoHy are
also of direct interest for RPS applications. In this con-
text, light materials seem to be particularly effective as
shields against space radiation and liquid Hydrogen
has the maximum performance as shield material. How-
ever, Hydrogen is not a practical shield material, being
a low temperature liquid, so polyethylene (CsHy) can be
a good compromise The better shielding per-
formance of light materials arises from their ability to
maximize energy loss per unit m minimizing the pro-
duction of secondary particles, which constitute a signif-
icant portion of the dose equivalent behind thick shields
‘While aluminum shielding can lead to an increase in
dose equivalent beyond approximately 20g/cm? due to
secondary particle build-up, polyethylene has been shown
to monotonically reduce the dose equivalent with increas-
ing thickness [10]. As shown in [10], significant discrep-
ancies remain in the calculated dose beyond the shielding
when different nuclear interaction models are employed.
Accurate fragmentation cross sections for these specific
beam-target combinations are essential to constrain and
reduce such uncertainties.

The FOOT (FragmentatiOn Of Target) experiment was
designed to address these data gaps, by measuring nu-
clear fragmentation cross sections from interactions be-
tween various ion beams and targets relevant to both PT
and RPS A detailed description of the FOOT exper-
im E h some preliminary results, can be found
in The data analyzed in this work were
acquired during the same data taking campaign at the
GSI Helmholtz Center for Heavy Ion Research in Darm-
stadt analyzed in where the measurements of the
fragmentation of a 400 MeV /nucleon '*Q beam interact-
ing with a graphite target are described. At that stage,
onlv a portion of the final FOOT detector. namelv. the

Important Abstract and Introduction revision (editor’s request)

More focus on Hydrogen cross
section importance

Added cosmic-ray physics as
field of interest
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Added some new plots requested by the reviewer
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plots, nice addition ;
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Inverse kinematics: how it works

* Event-by-event reconstruction of direct kinematics quantities: fragment
momentum and mass

* Beam direction and beta as boost vector
* Lorentz boost of fragments kinematics quantites

* Kinetic energy distribution in inverse kinematics -> extraction of
differential cross section in inverse kinematics
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Inverse kinematics: how it works

* Event-by-event reconstruction of direct kinematics quantities: fragment
momentum and mass

* Beam direction and beta as boost vector
* Lorentz boost of fragments kinematics quantites
* Kinetic energy distribution in inverse kinematics -> extraction of

differential cross section in inverse kinematics

* To get H+C: first C+C in inverse kinematics and C2H4 + C, then subtract

16/06/2026 Matilde Dondi - FOOT General Meeting 7



From last year meeting

MC inverse kinematics (MC truth) vs Fluka H + O
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Comparison with true quantities just to check Lorentz boost
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Missing steps: mass identification
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Z=2 A=4 (p

Missing steps: momentum bias

Z=3 A=7 (preco-pprod)/p
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Missing steps: momentum bias
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E Kkin cross section closure test: true mass
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E Kkin cross section closure test: true mass
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E Kkin cross section closure test: true mass
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Inverse E_kin cross section closure test: true mass
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Inverse E_kin cross section closure test: true mass
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Inverse E_kin cross section closure test: true mass
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Conclusions

Next steps:

+ Check with FLUKA cross section to validate the procedure

« Algorithm to identify isotopes

« While momentum bias under study, apply simple AP correction?

+ Be ready with the inverse kinematics when everything is ready :)
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Thank you for
the attention!

mdondi@bo.infn.it
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Paper GSI21

Target journal: PRC

Nuclear fragmentation cross section measurements for a 400 MeV /nucleon 0 beam
on polyethylene and Hydrogen targets with the FOOT experiment

I. Introduction IV. Results
A. Polyethylene target
I. Materials and methods B. Hydrogen target
A. Experimental setup
B. Datasample V. Comparison with literature

C. Monte Carlo simulation
V. Comparison with nuclear interaction

II. Analysis strategy models
A. Polyethylene target
B. Hydrogen target V. Conclusions

C. Systematic uncertainties
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Paper GSI21 0 + C2H4,0 + H

Important Abstract and Introduction revision (editor request)

The measurement of fragmentation cross sections for nuclei up to *°Fe on light elements found
in the human body (e.g., H, C, and O) is of fundamental importance for particle therapy (PT) and
radioprotection in space (RPS), as well as for advancing cosmic-ray physics. These measurements
can significantly improve the accuracy of dose calculations for patients during PT treatments and
for astronauts exposed to cosmic radiation during deep-space missions. Among the many ions
of interest, '°0 is used in PT and is the most abundant species within the HZE component of
cosmic rays. This paper presents the results of angular nuclear fragmentation cross sections for
the production of He, Li, Be, B, C, and N nuclei in the interaction of a 400 MeV /nucleon o)
beam with a Hydrogen and polyethylene target. The fragmentation on the Hydrogen was measured
by combining the results on polyethylene with recent measurements on a graphite target. While
the fragmentation on Hydrogen is fundamental for improving nuclear interaction models, allowing
more accurate predictions of dose distributions in PT and RPS, polyethylene has proven to be a
promising shielding material in radiation protection models. The data analyzed were collected in
2021 at the GSI Helmholtz Center for Heavy Ion Research facility in Darmstadt (Germany) by the
FOOT collaboration. All results were compared with different Monte Carlo models for light ion
fragmentation physics in the energy range of interest implemented in FLUKA and Geant4.
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