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The helium (*He) component of the primary particles in the galactic cosmic ray spectrum
makes significant contributions to the total astronaut radiation exposure. “He ions are also
desirable for direct applications in ion therapy. They contribute smaller projectile
fragmentation than carbon (2C) ions and smaller lateral beam spreading than protons.
Space radiation protection and ion therapy applications need reliable nuclear reaction
models and transport codes for energetic particles in matter. Neutrons and light ions ("H,
°H, 3H, 3He, and “He) are the most important secondary particles produced in space
radiation and ion therapy nuclear reactions; these particles penetrate deeply and make
large contributions to dose equivalent. Since neutrons and light ions may scatter at large
angles, double differential cross sections are required by transport codes that propagate
radiation fields through radiation shielding and human tissue. This work will review the
importance of “He projectiles to space radiation and ion therapy, and outline the present
status of neutron and light ion production cross section measurements and modeling, with
recommendations for future needs.

Keywords: helium projectile cross section measurements, space radiation cross sections, ion therapy cross
sections, helium projectile ion therapy, helium projectile space radiation
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1 INTRODUCTION AND REVIEW

The International Biophysics Collaboration' (IBC) was recently
formed at the GSI Helmholtzzentrum fiir Schwerionenforschung,
with the aim of utilizing the future Facility for Antiproton and
Ion Research (FAIR) and other accelerators for biophysics
studies relevant to space radiation protection, ion therapy,
and other biophysics applications. Within the IBC, a cross
section working group has been formed to study what cross
section measurements and modeling need to be performed to
support the broad aims of the IBC. Membership of the cross
section working group is open, and other colleagues are
encouraged to participate: An important objective for the
cross section working group is to have broad support within
the international scientific community.

Previous analyses of experimental data [1-4] focused on
measurement gaps for space radiation. The highest priority
measurement recommendations were double differential cross
sections for the following ion” reactions,

He, C,0,Si,Fe + H,C, O, AL Fe —» "*H>*He + X, (1)

where X is anything, thereby denoting an inclusive reaction,
where a particular nuclide, say *H, is measured’ along with
anything (X) else. The projectiles He, C, O, Si, and Fe were
chosen® because of their prominence in the free space galactic
cosmic ray (GCR) spectrum. The targets H, C, O, Al, and Fe
were chosen as being representative elements in the human
body and spacecraft. For applications in ion therapy,
projectiles ranging from H to O interacting with targets
composed of H, C, and O as main constituents of the
human body are typically considered crucial. Therapy
facilities employing H and '>C in the energy range of a
few hundred MeV/n have been in use for many vyears
around the world, whereas ions such as “He and '°O are
considered important extensions of the currently offered
treatments [6]. Consequently, the needs of space radiation
protection can be seen as a superset encompassing the needs
of therapy applications in most cases, due to the significantly
larger range of projectile, energy, and target combinations of
interest for the space radiation community [7].

The aim of the present study was therefore to consider whether
further cross section measurements are necessary for space

'Spokesperson: Vincenzo Patera (Universita’ di Roma “Sapienza”, Roma, Italy).

*The very first ion collision experiments [5] were carried out more than 100 years
ago by Ernest Rutherford, who scattered helium (He) projectiles (alpha particles)
from gold (Au) targets. Of course, no accelerators were available, and the helium
projectiles were produced from the radioactive decay of radium. The helium
projectile kinetic energy was only 5 MeV (about 1 MeV/n) and the scattering was
elastic (no fragments could be produced), but some of the helium projectiles
suffered large deflections from the incident direction, which indicated scattering
from a tiny atomic core. This was the discovery of the atomic nucleus, with a size of
order 10 m. Helium projectiles are also the subject of the present work.

*An exclusive measurement would mean that 2H is measured as well as all other
possible reaction products. Note that an inclusive measurement is the sum of all
exclusive measurements.

'He(Z = 2), C(Z = 6), O(Z = 8), Si(Z = 14), Fe(Z = 26).

Helium Projectile Cross Section Measurements

radiation protection or ion therapy applications, define
overlaps in interest for both disciplines, and prioritize needed
experiments and measurement quantities.

1.1 Importance of Light lon Fragments

In the context of space radiation protection, light ion fragments
L23H and 3'He were emphasized [1-4] for future double
differential cross section measurement recommendations in
Eq. 1 for the following reasons:

(1) Neutrons and light ion fragments dominate dose
equivalent [8-10] for realistic spacecraft shield
thicknesses (> 20 g/cm?). This can be seen in Figure 1,
which shows the contribution to blood-forming organ dose
equivalent for free space, simple geometries, and various
spacecraft locations.

(2) Because they have small charge and mass, neutrons and
light ion fragments are scattered at large angles, and
therefore require full 3-dimensional transport [11]
methods (as opposed to 1-dimensional straight-ahead
scattering approximations). Full 3-dimensional transport
methods, in turn, require nuclear physics double
differential cross sections [12, 13] as input.

(3) Transport code (GEANT, FLUKA, MCNP, PHITS,
HZETRN, and SHIELD) comparisons [14] show the
largest differences for light ion fragment production.
The disagreements are mainly due to inaccurate light
ion nuclear physics models and lack of experimental
data to be used to improve these models. As an
illustration of this, Figure 2 shows large disagreements
for numerous transport code comparisons for the
production of *H and He.

(4) An experimental double differential cross section
measurement program was recently completed at
the NASA Space Radiation Laboratory (NSRL),
located at Brookhaven National Laboratory (BNL),
using oxygen and iron beams on several targets,
with the production of light ion fragments [16].
Large differences were seen between measurements
and the light ion cross-section models used in the
PHITS [17] transport code.

(5) An experimental thick target program was also recently
completed at the NSRL, using unique combinations of
double thick targets where incident beam particles
scattered from the first target and secondary
fragments subsequently scattered from a back target.
This simulated the scattering geometry in a spacecraft,
where fragments are produced when GCRs interact with
a spacecraft wall and more scattered products are
produced from the far, back, and surrounding walls.
These measurements show significant discrepancies [18]
compared to transport codes (MCNP and PHITS) for
light jons. Further cross section measurements of light
ion fragments have been recommended to resolve these
discrepancies.

(6) Mars Science Laboratory Radiation Assessment Detector
(MSL-RAD) light ion flux measurements highlight the

Frontiers in Physics | www.frontiersin.org

November 2020 | Volume 8 | Article 565954


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Norbury et al.

Helium Projectile Cross Section Measurements

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
& N G O,Q% N P o)g"a \o{}' \o{,’) '&") '&& '& N, 6,
£ &7 2 o7 & & 87 F F O &S
& ¢ & ’ ’ S K97 7 & & & & &7
¢ R R e Y NN 8
4 N
KX K &
MZ=0 WZ=1 mZ=2 m3<Z<10 m11<Z2<20 m21<Z<28
FIGURE 1 | Calculated percent contribution to blood-forming organ (BFO) dose equivalent for free space (far left), simple spherical geometries in free space, and
detector locations inside the space shuttle (STS) and the International Space Station (ISS) in free space. The vehicles included three aluminum spheres with areal
densities 1, 5, and 30 g/cm? where the body was placed at the center of the sphere (sphere_1g, sphere_5g, and sphere_30g) and three spheres of the same areal
densities where the body was placed against the wall of the sphere (sphere_ off_1g, sphere_off_5g, and sphere_off_30g). For the latter cases, the spheres were
constructed so that they would each have the same habitable volume as the Multi-Purpose Crew Vehicle (MPCV), 316 cubic feet (8.95 m®). Thus, each sphere had an
inner radius of 1.288 m. Also, six locations were studied in the STS (shuttle) where detectors have historically been placed (sts_dloc1-6). Five locations in the ISS 6A
configuration were also used: two points in the Destiny (Lab) module laboratory area (Liulin_103, Liulin_107); two points in the Unity (Node1) module (Liulin_104,
Liulin_108); and one point in the Zvezda (SM; service module) module on panel number 327 (TEPC-sm_p327). Reprinted from Walker et al. [8].

need for improved nuclear interaction models. Light ion

model results show moderate to large discrepancies

[19-21] over the MSL-RAD energy range,” with model

errors mainly attributed to inaccurate light ion nuclear

physics models.

Calculations with the HZETRN transport code

underpredict dose measurements from the International

Space Station [22, 23], at high latitudes where GCRs

contribute most. The cause of the discrepancy has yet to

be fully clarified, but improvements to the underlying cross
section models will help remove some measure of
uncertainty.

Light ion cross sections represent the largest physics

uncertainty in space radiation.

(9) Light ion cross section measurements [1] are needed
to improve inaccurate light ion nuclear physics
models.

(10) Light ion cross section measurements represent the

largest gap in the cross section database [1].

7)

8)

*In this particular case, the observed discrepancies did not contribute significantly
to dose-equivalent, but improvements would yield better agreement with MSL-
RAD.

The importance of light fragments, and nuclear
fragmentation in general, follows a similar rationale in ion
therapy as for space radiation and was already discussed
previously [24-26].

(1) Base data used for treatment planning are typically
generated using either Monte Carlo [27, 28] or dedicated
deterministic [29, 30] transport codes. Therefore, the
physical models used in each transport code directly
translate to the quality of a treatment, especially for
“novel” ions [31-33].

Inter-code comparisons of Monte Carlo transport codes
show important differences for the spatial distributions of
prompt gamma rays, light charged fragments, and
neutrons [34].

Heavier projectiles, like '>C, undergo significant amounts of
nuclear fragmentation along their beam path, and the
lighter fragments produced deposit a significant dose
behind the Bragg peak (fragment tail) [35].

Light fragments are of special interest for online monitoring
purposes in ion beam therapy [36].

If the projectile fragmentation cross sections are not precisely
modeled, then dose calculation algorithms become
inaccurate, which can lead to inhomogeneous dose
distributions and underdosage or overdosage of tumor
sites [37].

2

3)

(4)
(©)
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(6) In addition to projectile fragmentation, fragmentation of the
target is also highly relevant for precise dose calculations in
ion therapy [38].

As emphasized above, light ions make large contributions to
dose equivalent and are essential for treatment planning, but the
physics of their production remains poorly understood. One
would hope to compare theoretical nuclear physics models to
cross section measurements to resolve these issues, but the largest
gap in the cross section database occurs for light ions. This is why
a further cross section measurement program is recommended
for space radiation and ion therapy applications.

1.2 Importance of Double Differential Cross

Sections

Neutrons and light ion fragments are scattered at large angles
because they have small charge and mass. They therefore require
full 3-dimensional transport methods, which need double
differential cross sections [12, 13] as input. This is why double
differential® cross sections are highlighted in the present work,
with emphasis on isotopic production cross sections, d?¢/dEdQ,
where E is the total energy of a fragment given” by E = T + m,
where T is the kinetic energy and m is the rest mass.® The
fragment solid angle is .

Other reasons for emphasizing double differential isotopic
cross sections are as follows. Single differential spectral, do/dE,
and angular, do/d0, cross sections can be obtained from
d?s/dEdo by integrating over angle or energy as in do/dE =
IdQ(dZU/dEdQ) and do/da = jdE(dza/dEdQ). Total cross

°Other double differential cross sections, such as Lorentz-invariant double
differential cross sections or double differential cross sections written in terms
of momentum, transverse momentum, etc., are equivalent to d*o/dEdQ.
"Unless specified otherwise, standard particle physics units are used in the text,
with the speed of light defined as unity, ¢ = 1. This is why the total energy is written
as E=T+mand not E = T + mc>.

®Note that dE = dT. Most experiments measure differential cross sections as a
function of T.

sections are obtained via ¢ = IdEdQ(dzo/dEdQ). Therefore,
from a theoretical point of view, if one would measure a
complete set of double differential cross sections, then one
could generate all necessary single differential and total cross
sections. In practice, this is typically not feasible. However,
there are examples of systematic measurements of double
differential fragmentation cross sections of light projectiles
on different thin targets, for example, with 50 MeV/n (3°-39°)
and 95 MeV/n (4°-39°) '2C beams [39-41] performed at
GANIL. As usual, this experimental setup does not cover
the entire spectrum of fragment information (mass, charge,
energy, and angle). Especially for heavier projectile, there are
large gaps in the published data. Therefore, future
experimental programs should focus on measuring double
differential cross-section data sets as completely as possible
(covering all angles, energies, and fragments including
neutrons) to be able to cross-check them against measured
total and single differential cross sections. The single
differential data could be efficiently measured by
accompanying experiments.

Similar reasoning applies to isotopic fragment cross sections
vs. elemental or charge changing cross sections. Consider light
ions: An isotopic measurement would provide double differential
production cross sections for each 'H, 2H, *H, *He, and *He,
whereas elemental measurements only provide cross sections for
H and He. Yet, the elemental cross sections can all be obtained
from the isotopic cross sections by adding the individual isotopic
contributions. Isotopic cross sections cannot be obtained from
elemental measurements. Again, some applications require only
elemental or charge changing cross sections, and some require
isotopic cross sections. It therefore makes sense to focus future
measurements on attaining isotopic resolution so that the cross
sections are useful for all possible future applications. Of course,
isotopic double differential cross sections are more difficult to
measure than, for example, charge changing total cross sections.
However, given the very broad range of future applications of
cross section measurements covering both space radiation and
ion therapy, it is deemed worthwhile to focus future
measurements on isotopic double differential cross sections.
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All of the above discussion in this subsection has centered
on measurement issues, but the same is true for theoretical
modeling. At the most fundamental level, a particle physics
Feynman diagram gives the quantum mechanical amplitude
for a given process which is inserted directly into a formula for
the double differential cross section. Spectral, angular and total
cross sections are obtained by integrating as described above.
Even if one is not using Feynman diagrams directly, the
quantum mechanical amplitude, obtained by some
theoretical model, is the most fundamental quantity. In
other words, double differential cross sections are most
fundamental. Another matter concerns comparing
theoretical model results to experimental measurements.
Comparisons of double differential cross section models
with double differential cross section measurements is the
most precise sort of validation test of a theoretical model.
Comparing theoretical models for single differential spectral or
angular cross section measurements is less precise: The models
might get these correct, even though the underlying double
differential cross sections might be incorrect. Comparing total
cross section models with experiment is the least precise. In
summary, the most precise test of a theoretical model is
comparison of double differential cross sections with
experiment. If these are correct, then single differential
spectral and angular cross sections, as well as total cross
sections, will automatically be correct. The reverse situation
does not hold; for example, comparing total theoretical model
cross sections with experiment will not guarantee that the
double differential cross sections are correct. The
considerations are the same for isotopic vs. elemental cross
sections. If all the theoretical model isotopic cross sections
agree with experiment, then the elemental and charge changing
cross sections will automatically be correct as well. The reverse
situation does not hold.

However, it is important to note that in many modern
Monte Carlo transport codes, the removal of primary ions and
the fragment production are treated separately. The
interaction probability is typically sampled according to
parameterized total reaction cross sections for which semi-
empirical models fine-tuned to experimental data are used,
while the fragment production and their double differential
distribution is obtained from nuclear event generators and
coalescence/evaporation models. Therefore, to optimize such
transport codes, experimental data on both the total reaction
cross section and the double differential fragment
distributions are required.

The conclusion of this subsection is that the most useful and
precise types of cross sections are isotopic double differential
cross sections. This is true for both experimental
measurements and theoretical models. If these types of cross
sections give good comparisons between models and
experiment, then all other types of cross sections will
automatically also give good comparisons. Also, all other
types of cross sections (both theoretical and experimental)
can be obtained from isotopic double differential cross
sections. This behavior should be exploited to cross-check
total and single differential datasets.

Helium Projectile Cross Section Measurements

1.3 Measurements
Previous measurement studies [1-4] will now be summarized, for

all types of projectiles, emphasizing double differential cross
sections for light ion fragment production. Figures 3-7 show
where isotopic double differential cross section data have been
measured for light ion production. The following conclusions can
be stated:

e In the low energy region below the pion threshold (< 280
MeV/n), double differential cross sections for light ion
production mainly exist for H, He, C, O, Ne, and Ar’
projectiles.

¢ In the medium energy (280-3,000 MeV/n) region, double
differential cross sections for light ion production mainly
exist for H, He, C, Ne, and Ar projectiles.

¢ In the high energy (3-15 GeV/n) and very high energy (>
15 GeV/n) regions, there are no double differential cross-
section data'® for light ion production.

¢ Even though there are a moderate number of experimental
measurement articles dealing with helium projectiles,
further detailed analysis of He data below 3 GeV/n
reveals significant problems and flaws with the data,
leading to the conclusion that there is almost no high-
quality double differential data for helium projectiles over
the entire energy region."' This is discussed in more detail
later in this article.

¢ No double differential cross section data exist for light ion
fragment production from helium projectiles above 3 GeV/n.

¢ No double differential cross section data exist for light ion
fragment production from oxygen projectiles'? above the
pion threshold (> 280 MeV/n).

e No double differential cross section data exist for light ion
fragment production from silicon (Si) projectiles in any
energy region.

¢ No double differential cross section data exist for light ion
fragment production from iron (Fe) projectiles'> in any
energy region. This is particularly surprising, given the
prominent role of Fe projectiles in space radiation
biophysical studies [44].

1.3.1 Measurement Strategies and Experimental
Setup

When planning and setting up measurements of double
differential cross sections, there are a number of factors to be
considered, ranging from detector system, detection efficiency,

°Ne(Z = 10), Ar(Z = 18).

'Except for proton + target — proton + X.

A set of total cross sections for helium ions in the therapeutic energy range was
recently measured within the scope of their application in ion therapy [42, 43].
">This situation is currently being partially addressed. An article describing a new
set of measurements for O projectiles at 300 MeV/n is currently in
preparation [16].

PThis situation is currently being partially addressed. An article describing a new
set of measurements for Fe projectiles at 600 MeV/n is currently in
preparation [16].
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FIGURE 3 | Available isotopic double differential cross section measurements for 'H fragment production. The symbol D represents where a measurement has
occurred. Projectile kinetic energies, T, are listed at the top of each panel. Reprinted from Norbury et al. [1].

statistics, beam monitor, acceptance angles, data acquisition
system, target thickness, and time resolution for TOF (time of
flight) techniques.

In order to measure the angular distributions, several different
configurations are possible. One standard option is a TOF setup
with a fast counting detector (e.g., plastic scintillator, silicon
detector, and diamond detector) that provides trigger
information, that is, the start signal, before the target, and a
plastic scintillator, for example, some distance downstream from
the target, providing the stop of the TOF, and measurements of
the energy loss. After this, a thick dense crystal calorimeter (e.g.,
BGO and Nal) can be located to provide the projectile fragment
residual energies. Additional detector systems can be added to
this general setup to improve its capabilities. Tracking detectors
in front and after the target allow vertexing and different magnet
configurations, and large-area drift chambers behind the target
can be employed to increase particle identification performance.
Silicon detectors in different configurations, for example, silicon
micro-strips or silicon pixel detectors, or emulsion chambers, can
also be used. Time resolution between the start detector and the
stop detector and the angular acceptances are important. To

obtain the double differential cross sections, in addition to the
angular distributions, the energy distributions also need to be
determined at each point of the angular distributions.

In principle, all cross sections should be measured in targets
with infinitesimal thickness, which are, however, not optimal
from the experimental point of view since targets which are too
thin increase the beam time requirements and increase
susceptibility to systematic errors. The target thicknesses are
therefore a trade-off between thick enough to give acceptable
statistics when exposed during a reasonable time, but not so thick
to give rise to substantial corrections for secondary and higher-
order interactions in the targets. Targets should also not be thick
enough to cause a significant decrease of the projectile energies in
the target, since the cross sections are energy dependent.
Measured fragment yields need to be converted to cross
sections and require correction for the finite depth target
which is applied to the cross section values of each fragment.
The corrections are typically of the order of half the fraction of an
interaction length presented by the target to the primary. For
example, for a target depth of 20% of an interaction length, about
20% of the incident primary particles undergo a charge-changing

Frontiers in Physics | www.frontiersin.org

November 2020 | Volume 8 | Article 565954


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Norbury et al.
Isotopic, Double, T<280MeV/n
10
2H
pP D
so P D D D D
D D D
D
o 60
Q
20
& P BD .
N 0|8 D
BBB D D
20
pBp D
B DD
olPPD
0 5 10 15 20 25 30
Z Projectile
Isotopic, Double, 280MeV/n<T<3GeV/n
0
2H
DD D D
80BP D D D
b
w60
5]
g0
s
= D D
N 40
D
DD D D D
D
20, B
D D
D D
2 B D
oLDD D
0 5 10 15 20 25 30
Z Projectile
Isotopic, Double, 3GeV/n<T<15GeV/n
2H
D
80
w60
Q
on
s
] D
N 40
20
D
0
0 5 10 15 20 25 30
Z Projectile
FIGURE 4 | Available isotopic double differential cross section
measurements for 2H fragment production. The symbol D represents where a
measurement has occurred. Projectile kinetic energies, T, are listed at the top
of each panel. No measurements are available above 15 GeV/n, which is
why the bottom right panel is blank. Reprinted from Norbury et al. [1].

interaction in the target, and therefore about 10% of the
fragments within a few charge units of the primary will
undergo  secondary  charge-changing interactions. For

Helium Projectile Cross Section Measurements

experiments with a heavy projectile, the corrections for lighter
fragments are more complicated, because they are both depleted
by interactions in the target and are also produced as third- and
higher-generation fragments by interactions of heavier fragments
as they traverse the target.

It is always important to certify that particles created in other
materials in the beam line are not measured. It is therefore
essential that the beam never hits anything other than the
target. When measuring neutron energy distributions, this is
especially important since the neutron detectors are also
picking up neutrons that scatter around the room before
striking the detectors. Because their flight paths are unknown,
those neutrons must be subtracted from the data. Measurements
of the room-scattered neutrons should therefore be performed
and subtracted from the total detected neutrons. Depending on
the setup, this can be done by placing a shadow bar (a long, solid
piece of iron, or other material, thick enough to stop the neutrons
that enter it) directly between the target and the neutron detector,
so that all neutrons originating from the target are blocked, and
only room-scattered neutrons are detected. By subtracting the
neutrons measured during the shadow bar run from the non-
shadow bar run, the neutrons originating from the target can be
determined. It is important to note that all of the previously
mentioned experimental techniques do not scale well with
increasing primary particle energy due to, for example, the
inability to stop the light fragments in a crystal calorimeter or
the increasing demands on TOF resolution and distance.

2 IMPORTANCE OF HELIUM PROJECTILES
2.1 Space Radiation

A discussion of the importance of helium projectiles in the galactic
cosmic ray environment now follows."* Subsequent to the analyses
of measurement gaps [1-4] discussed in Section 1.3, an important
work was published by Slaba and Blattnig [46], which analyzed the
contributions of each external boundary condition GCR ion to
effective dose. Not only was the charge number (Z) contribution
specified but also the energy range contributing to effective dose.
Previous studies [1-4] emphasized measurement gaps, but the
study of Slaba and Blattnig [46] enabled one to prioritize which
measurement gaps were the most important ones to close for space
radiation. Figure 8 shows how helium projectiles dominate the
effective dose contribution compared to heavier projectiles over the
GCR energy region. For Al shield thickness of 20 g/cm?, the study
of Slaba and Blattnig [46] showed the following results at solar
minimum:

e 86% of effective dose is contributed from GCR ions with
kinetic energy > 500 MeV/n.

e 50% of effective dose is contributed from GCR ions with
kinetic energy > 1.5 GeV/n.

"“Helium projectiles are absent from the geomagnetically trapped radiation
environment. They are present in solar particle events [45], but are of
insufficient flux to make any significant contribution to the space radiation field.
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® 32% of effective dose is contributed from ions with Z > 1.
e He contribution to effective dose is 30% of the total ion (Z >
1) effective dose.
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e He contribution to effective dose is 12% of the total effective
dose (from all Z).

For Al shield thickness of 40 g/cm?,

e 90% of effective dose is contributed from GCR ions with
kinetic energy > 500 MeV/n.

e 60% of effective dose is contributed from GCR ions with
kinetic energy > 1.5 GeV/n.

e He contribution to effective dose is 46% of the total ion (Z >
1) effective dose.

e He contribution to effective dose is 14% of the total effective
dose (from all Z).

Using the calculations of reference [46], Table 1 shows the
percent contribution of each energy range to total He effective
dose from the external GCR spectrum. For a shield thickness of 20
g/cm?, all energy regions need to be covered, whereas for thicker
40 g/cm? shielding, only energies above 250 MeV/n are
important. The following important conclusions can now be
stated.

e More than half of the effective dose delivered by all GCR
ions (including protons, i.e., Z > 1) is in the high energy
region > 1.5 GeV/n. Yet, this is the energy region with the
largest measurement gaps.

e Of all external GCR ions heavier than protons (Z > 2),
helium contributes more than any other individual ion to
effective dose, with almost half of the contribution in the
high energy region > 1.5 GeV/n.

Also, similar results have been obtained by Bocchini et al.
[47] obtained using Geant4. In particular, for Al thickness of
20 g/cm?:

® 57% of male effective dose is contributed from GCR ions
with kinetic energy higher than 1 GeV/n and about 24% of
the dose is delivered by ions with E > 3 GeV/n.

e About 55% of the male effective dose due to GCR He
particles is delivered by particle with energies greater
than 1 GeV/n.

¢ GCR proton contribution to the male effective dose is about
57%, while the He contribution is about 19%, and all other
ions (up to *°Fe) contribute 24% of the total dose.

e He contribution to the male effective dose is 43% of the total
ion Z > 1 effective dose.

However, at 40 g/cm? shielding thickness, the He particle with
energies greater than 1 GeV/n represents 67% of the total male
effective dose deposition due to GCR He particles, and most of the
dose is deposited by particles in the energy range 1.5 GeV/n to 3
GeV/n. For thickness greater than 40 g/cm?, the contribution of
He particles with energies above 3 GeV/n also becomes
significant. Differences in results can be due to the different
simulations methods between the two works: HZTREN for [15,
23] and GRAS [48] in the latter case.
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Extensive simulations have been performed by Bocchini et al.
[47] to iteratively characterize the GCR contribution to the
effective dose with Geant4, and here, results for He are
reported. An aluminum spherical shell was modeled in GRAS
[48], with varying thickness (i.e., from 10 up to 100 g/cm?), and
interplanetary GCR particles were isotropically generated, using
the Badhwar-O’Neill 2010 model in 1977 solar minimum
condition, with energies up to 100 GeV/n. Geant4 QGSP_BIC
physics list was used, and a sensitivity study varying the physics
list has been conducted. Effective dose has been calculated on a
virtual scoring volume placed in the middle of the spherical shell,
ICRP Publication 123 fluence to dose conversion factors [49]
have been used, with NASA quality factors.

Figure 9 shows the male effective dose deposited by primary GCR
He (including its secondary particles), while the percentage
contribution of the different particle species to the dose is
shown in Figure 10. The increase in the dose with thickness is
in line with results reported in 50 for dose reduction of 1 GeV/n
He particles against different spacecraft materials. At 30 g/cm?,
about 60% of the male effective dose is provided by secondary
particles, mostly neutrons and protons, as shown in Figure 10.
While in a low shielded scenario, representative for the first
manned mission in the Lunar gateway, most of the He
contribution to the dose is delivered by primary alpha
particles, characterized by higher RBE values.

Geant4 simulations were also carried out to calculate the
GCR He contribution to the dose in terms of energy range of
the primary particle responsible for the dose deposition, to
better prioritize testing activities. Figure 11 shows the dose
delivered by GCR helium particles in Sv/y per different
thicknesses, considering both primary He and its generated
secondary particles. For all thicknesses, the majority of the
dose delivered by He is in the following energy ranges:
200-500 MeV (20-28% of total He dose) and 1.5-3 GeV/n
(17-25% of total He dose), contributing overall to about 50%
of the dose. Based on these results, availability of nuclear
interaction cross section data for He in the 500 MeV/n-3 GeV/n
energy range interacting with spacecraft materials should
be a priority for space research, allowing transport code
optimization.

2.2 Heavy lon Therapy

After the treatment of more than 2000 patients with *He at the
184 inch synchrocyclotron and at the Bevalac in Berkeley [51],
the interest of the therapy community shifted to the technically
less demanding protons [52] and to the higher biological
effectiveness offered by carbon ions [53, 54] instead.
However, “He has physical and biological properties in
between the protons and carbon ions currently in use. It is
being considered as a clinical beam at the Heidelberg Ion Beam
Therapy Center (HIT). Preclinical evaluation studies showed
promising indications in the application of helium beam
therapy, especially in pediatric patients [55] and tumors
growing in close proximity to multiple organs at risk
(OARs) [56]. From a radiobiological point of view, helium
ions show a larger relative biological effectiveness (RBE) [57]
and smaller oxygen enhancement ratio (OER) than protons for

Helium Projectile Cross Section Measurements

similar penetration depths in water. Additionally, helium ions
undergo less multiple scattering than protons, leading to
reduced distal and lateral beam straggling, and less
projectile fragmentation than carbon ions, reducing the dose
delivered in the distal part of the target volume. Several studies
have been carried out investigating the possible advantages of
treating cancer by combining helium ions with other particles,
in order to exploit the radiobiological properties of different
ions simultaneously [58, 59]. Additionally, helium ions have
been identified as a good candidate for spatially fractionated
therapy applications, such as mini-beam radiation therapy,
due to their reduced multiple Coulomb scattering and reduced
nuclear fragmentation with respect to protons and heavier ions
[60]. Besides its direct application in therapy, helium is also
very interesting for radiography applications, due to its
favorable physical properties compared to protons [61].
Additionally, the possibility of directly mixing helium and
carbon beams for direct online monitoring (helium) of the
treatment (carbon) is currently being explored [62]. Based on
the current interest in embracing helium as a viable alternative
for proton and carbon beams, the following conclusion can be
stated:

e The availability of high-quality “He cross section data for
transport code optimization and validation in the energy
region of interest for ion therapy ( < 220 MeV/n) is crucial
for reestablishing helium as a safe alternative for proton
and carbon treatments and to enable novel medical
use cases.

2.3 Required Cross Section

Measurements

Having discussed the importance of He projectiles for space
radiation and ion therapy, the question of which reactions are
necessary to meet requirements is now addressed. A variety of low
to medium mass targets are needed as well as a range of projectile
energies.

¢ Inclusive, isotopic, double differential cross sections should
be measured for the complete set of neutron and light ion
fragments,
‘He + H, C, 0, AL, Fe — n,"*’H,*'He + X 2
for projectile kinetic energies ranging over 50 MeV/n-50 GeV/
n and fragment angles ranging over 0°-180°.

3 PRESENT STATUS

3.1 Measurements

Section 1.3 discussed the availability of measurements for all
types of projectiles. However, previous work [1-4] did not discuss
the quality or usefulness of the measurements, and it will be seen
below that when measurement quality is considered, there is an
even more pressing need for a new set of cross section data.
Another aspect that should be considered when the quality of a
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TABLE 1| Percent contribution of each energy range (MeV/n) to total He effective
dose from external GCR spectrum for Al shield thicknesses of 20 g/cm? and
40 g/om?.

MeV/ < 250 250-500 500-1,500 1,500-4,000 >4000

n (%) (%) (%) (%)

209/ 10 18 34 24 14%  100%
cm?

40 g/ 1 18 35 28 18% 100%
cm?

cross section dataset is evaluated is the target that was used for the
measurement. Thinner targets give better data (better defined
projectile kinetic energy, less elastic scattering, and less
probability of multiple reactions) but increase the required
beam time to collect data with appropriate statistical
uncertainty. There is no universal definition what is a thin
target. This should be judged based on the accuracy
requirements for the measured cross sections as well as the
ion species and energy used (see also section 1.3.1).

3.1.1 Total Cross Sections

Concerning total reaction cross sections for “He-induced
reactions, there exists a quite comprehensive database,
especially for light targets [42, 43, 63-80]. Figure 12 shows
an overview of this total cross section data set. Recently,
measurements of charge- and mass-changing cross sections
at therapeutic energies (70-220 MeV/n) were performed at
HIT, Heidelberg, because for this energy range there were
practically no data available in the literature [42, 43].
Accurate nuclear reaction models are required for precise
dose calculations and treatment planning in ion therapy [53]
and for transport code simulations of dose reduction in space
shielding materials [81].

The energy range of the “He component in galactic cosmic
radiation overlaps with the therapeutic energy range but also
reaches up to very high energies. Therefore, “He nuclear
interaction cross sections must be accurately modeled up to 50
GeV/n and above for radiation transport calculations related to
space radiation. *He ions are also produced as secondaries
through nuclear fragmentation of heavier ions of the GCR
spectrum within the structural and shielding materials of a
spacecraft. On the one hand, transport codes must consider
the dose contribution from these secondary “He ions in
human tissue (astronauts), and, on the other hand, their
transport through shielding materials should also be calculated
accurately. For these scenarios, “He reaction cross sections at
lower energies become crucial.

The measurement of helium fragments produced from the
fragmentation of heavier ions interacting with different
target materials is important for nuclear models developed
for space radiation transport models. NASA has specifically
been interested in these data for validation of the nuclear
fragmentation model NUCFRG. With this in mind, NASA
collected experimental total cross sections, as NUCFRG only
models the total cross section for production of isotopic
fragments. This data gathering effort was restricted to
projectiles with charge less than or equal to nickel. A total
of 157 cross section values were found in the open literature
at the time that work was performed [82-88]. The data are
concentrated in the medium projectile energy range
(280-3,000 MeV/n) with 135 cross sections. In the low
projectile energy range (< 280 MeV/n), there were 18
cross sections measured by 82, 83, while in the high
projectile energy region (3-15 GeV/n), there were only
three cross section measurements by 84 (and none for
energies larger than 15 GeV/n). Interestingly, the data
found only spanned projectiles between carbon (Z = 6) to
magnesium (Z = 12). For model development and model
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validation purposes, this dataset is limited. Additional
measurements at all projectile energies for projectiles with
atomic number less than six and larger than 12 are desired.
Also, more measurements are needed outside the medium

energy range to better understand model development needs.
For space research, He projectile measurements in the 0.2-3
GeV/n energy range should be prioritized, as indicated by the
results in Figure 11.
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3.1.2 Light lon Fragment Production
Partial (Non-Differential) Cross Sections
Cross sections for “He fragmentation reactions on H, C, and O
targets were recently collected for radiation transport modeling in
ion therapy [31]. Within the framework of this data collection,
only limited partial cross section data were found, some for 'H
targets [89] and some for 12C targets [90]. In [91], the cross
section for 'H production by 27 MeV/n *He impinging on '®*Ho
is reported.

Additional cross sections for 'H, 2H, *H, *He, and *He production
by 400 MeV/n “He projectiles on U targets are presented in 92.
Inclusive *He production cross sections can be obtained by
subtracting *He charge- from mass-changing cross sections. This
method has been used to calculate *He production cross section data
for “He projectiles on 12C, 0, and 2Si targets [42, 43]. He
production cross sections for 630, 970, and 1,017 MeV/n “He
projectiles impinging on H targets were reported by 70, 93, 94.

Differential cross sections

The available helium projectile double differential data are listed in
Table 2. A high-quality data set is required, and therefore some
data are not useful. For example, many data do not include error
bars [92, 97], and other data have not been published in refereed
journals. Also, many data are for proton fragments only [91, 96,
99]. In addition, many data sets measured only large angles or only
very small angles. There are certainly no data sets covering all
the requirements of the necessary reactions of Eq. 2. Given
these problems, it is recommended that a new experimental
program be initiated that covers all the reactions listed in Eq. 2.
There might be a small amount of overlap with some of the

reactions on Table 2, but that will serve as a very useful
benchmark to check the accuracy of new measurements.

Some recent investigations in the scope of helium ion therapy
[102, 103] provided experimental data about double differential
fragment yields behind thick water and PMMA targets which can
also be useful for nuclear model validation.

3.1.3 Neutron Production

From Figure 10, it is possible to see how the neutron contribution
increases with spacecraft shielding thickness. From 104,
discrepancies are found when comparing neutron ambient
dose with PHITS and Geant4 simulations results. There is a
need to have better models to simulate neutron production from
space GCR.

Differential Cross Sections

There is a limited set of inclusive double differential cross-
sectional data available on neutron production from medium
and high energy *He ions, especially when compared to the
amount of data available from He interactions in thick
(stopping) targets. The last two rows of Table 2 list the
measurements taken and published to date. The quality of the
data from the 135 MeV/n He systems [105] is very good due to
the experimental setup at RIKEN that provides a low background
environment for time-of-flight measurements, as well as the
capability to measure neutrons at 0° relative to the beam axis.
Neutrons below 10 MeV were not measured in those systems,
however, in part to avoid contamination from background
neutrons in the measurement. The measurements at 230 MeV/n
[106] were taken at HIMAC and had a higher background

Frontiers in Physics | www.frontiersin.org

13

November 2020 | Volume 8 | Article 565954


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Norbury et al.

Helium Projectile Cross Section Measurements

% >z<><><x>gé “He mass-changing cross section data 90 4 X “He charge-changing cross section data
¥
80 1 § X XX X 80 1 X
x 70 1 X X
70 A
60 1 60 A
E 50 A
& 50 ¥ X XX & %
40 1 ¥ 40 1 ¥
30 1 § XX 3¢ XX x 301 ¥ X
20 4 X X XX 0] ¥ %
10 X ROXXKXK X X X g X 10 ] X X X X
« §€’§§£§x>§>«§xx gg& x X om x% X X X x X
01 X X X P X 0 X X X
10! 102 103 10! 102 103
Projectile kinetic energy / (MeV / u) Projectile kinetic energy / (MeV / u)
FIGURE 12| Overview of “He experimental cross section data for different target atomic numbers Z; as a function of kinetic energy for mass-changing (left panel)
and charge-changing reactions (right panel).

subtraction than the data taken at RIKEN. As a result, the 230
MeV/n double differential cross sections have fewer data points
with larger error bars in each spectrum than the RIKEN data. The
HIMAC data had lower neutron energy thresholds, however,
extending the spectra down to three-5.5 MeV, depending on the
angle of measurement. Measurements at 0° were not possible at
HIMAC. In total, six systems were measured. The RIKEN
measurements used C, Al, Cu, and Pb targets, and the
HIMAC measurements used Al and Cu targets. All targets
were composed of natural abundances of each element. There
are good data from both systems at forward angles that
characterize projectile fragmentation. For target fragmentation,
measurements extend to 110°, yielding an incomplete picture of
that process, especially given the relatively high neutron energy
thresholds.

3.2 Modeling

While it is relatively easy to develop accurate models for total
cross sections and more difficult to develop accurate single
differential spectral or angular cross sections, it is most
difficult to develop accurate double differential models. And
again, charge changing or elemental production models are
easiest, while isotopic models are the most difficult. Accurate
isotopic double differential cross section models are the most
difficult of all to develop, but once available, they automatically
generate accurate total and single differential cross sections
including charge-changing and elemental cross sections.

3.2.1 Applications in lon Therapy and Space Radiation
Research

Treatment planning systems (TPS) are standard applications in
ion therapy. The first TPS for scanned ion beams was the GSI
code TRiP98 [29, 107]. It has been used clinically in the carbon
ion pilot project at GSI [53]. Special emphasis has not only been
on dose calculation but also on dose optimization including
radiobiological effects. It features a built-in deterministic
transport model to create the base data necessary for

treatment planning, that is, depth dose profiles and particle
spectra which are necessary for radiobiological modeling.
TRiP98 is now further developed as a research prototype for
use with ion beams other than carbon, in particular oxygen [32]
and helium [31]. TPS predictions have been validated in
dosimetric and radiobiological experiments at HIT and KVI
Groningen.

TRiP98 is a deterministic code based on a set of tables
comprising single particle energy loss (dE/dx) for primary
and secondary ions, nuclear reaction cross sections
describing the loss of the primary ijon beam, and
fragmentation cross sections to compute the build up of the
produced secondary ions. In this respect, it needs the same basic
physics data as the various Monte Carlo codes. *He related cross
sections are important in two ways. First, they are important for
an accurate description of beam attenuation when *He is the
primary beam. Second, they are also important to properly
describe the “fragmentation tail” in case of heavier primary
beams, since helium fragments are the second most abundant
species after protons. “He cross sections are handled semi-
empirically, as described in 31.

For space radiation research, TRiP98 is being extended to
SpaceTRiP, in the framework of the ESA ROSSINI project. The
latter is designed to calculate the dose reduction due to different
space radiation shielding materials. The native TRiP98 transport
model is extended to more types of ion projectiles than in ion
therapy. This extension will allow the simulation of the multitude
of HZE particles found in GCR spectra, of which “He is one of the
most important ions.

Furthermore, the *He fragments are crucial for both ion
therapy and space radiation due to the high penetration in
various materials, compared to smaller penetration by heavier
fragments. In ion therapy, He fragments can travel past the
Bragg peak, which leads to undesirable dose to OARs, and in
space radiation research, these fragments contribute
significantly to dose buildup after the beam has traversed the
shielding material.
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TABLE 2 | He projectile double differential cross section measurement details. T, is the kinetic energy of the outgoing neutron.

Projectile Energy (MeV/n) Target Fragment
SHe 33 Ho 128H
SHe 67 Ag H
“He 27 Ho H
‘He 180 AlLAg,Ta 1234 34He
“He 383 C 123H,3He
“He 250 u 128H,34He
“He 400 U H
“He 400 u 128H,34He
“He 400 U TH,Li, “%1°Be,B
“He 400 C H
“He 1,010 H 3He
“He 1,050 2H,%4He “He
“He 1,050 C H
“He 1,050 c “He
“He 1,050 C 128H,3He
“He 1,050, 2,100 C H
“He 1,050, 2,100 C 128H 3He
“He 1,050, 2,100 C H
“He 2,100 C H
“He 2,100 H,C,Cu,Pb “He
“He 2,100 C H
“He 2,100 u “He
“He 135 C,Al,Cu,Pb n

“He 230 Al,Cu n

3.2.2 Total Reaction Cross Sections

An important quantity for light and heavy ion transport codes is
the total reaction cross section og, which is typically obtained
from a parameterization for the projectile-target combination
and kinetic energy of interest. Most of these parameterizations are
semi-empirical models that are fine-tuned to experimental cross
sections.

Figure 13 shows a collection of total cross section data for
4He-induced reactions [42, 43, 63-71] compared with two
different parameterizations. It can be observed that the
agreement of the models with the experimental data is better for
light targets. Toward heavier targets, the deviations of the models
from the experimental cross sections get larger, probably because the
models have been optimized mostly for light target data. It is clear
that for very light targets like H or He, the Tripathi parameterization
for light systems [108], which was specifically optimized for those
targets, is the one fitting the best for a broad range of energies, while
the Shen parameterization fails in reproducing very low energy cross
section data for H targets. For intermediate weight targets (from C to
Si), the general parameterization by Tripathi et al. [109], with
parameter optimizations described by Horst et al. [43], has been
used for the left panel because it has been specifically optimized for
targets in this atomic number range, while the Tripathi light system
parameterization [108] is optimized for very light targets. For very
heavy targets, on the other hand, the Shen parameterization [110,
111] seems to work better, especially at higher energies.
Nevertheless, none of the parameterizations can accurately
reproduce the cross section data for targets heavier than Si. More
experimental data points at high energy for heavy targets could help
to optimize the models.

The modified Hybrid Kurotama model [112] for proton +
nucleus and nucleus + nucleus total reaction cross sections can

Author Notes Comments
Motobayashi [95] 17°-120° Figure 1
Zhu [96] > 33° Figure 1
Shibata [91] 20°-140° FIGURES 1 and 2
Doering [97] > 60° Often no error bars
Anderson [98] 0° FIGURE 24, Unpublished
Gossett [92] > 20° Figure 10, No error bars
Westfall [99] > 30° Figure 3
Gossett [92] > 20° Figure 10, No error bars
Gossett [92] > 30° Figure 18, No error bars Figure 26
Anderson [100] 0° FIGURE 23 x¢ axis
Bizard [93] 1°-10° —
Banaigs [101] < 15° Elastic and inelastic
Anderson [100] 0° Figure 7
Anderson [100] p* axis Figure 10
Anderson [100] 0° Figure 3
Anderson [100] 0° FIGURE 23 xr axis
Anderson [98] 0° FIGURES 25 and 26, Unpublished
Anderson [100] 0° FIGURE 21
Anderson [100] pt axis Figure 8
Anderson [100] pt axis Figure 19
Anderson [98] pt axis FIGURE 28, Unpublished
Gossett [92] 90° Figure 6, No error bars
Sato [105] 0°-110° Ta> 10 MeV
Heilbronn [106] 5°-80° Th> 3-5MeV

handle complex targets containing different target nuclei with
both natural and unnatural abundances, for projectile energies
from below 5 MeV/n to well above 10 GeV/n, where limiting
fragmentation occurs. The model is based on the Black Sphere
(BS) cross section formula for proton + nucleus reactions and
extended to nucleus + nucleus reactions. However, the BS model
requires that the de Broglie wavelength of the proton is
considerably smaller than the nuclear size, and the BS model
therefore breaks down below around 100 MeV/n. In addition,
the Coulomb repulsion causes resonance features and a sharp
increase at energies below 100 MeV/n, at which an energy
dependent transparency parameter and the influence of the
Fermi motion and Coulomb effects should be included. To
solve the limitations of the BS model at low energies and to
create a general purpose total reaction cross section model which
can also be used for reactions with projectile energies below
around 100 MeV/n, the BS model has been connected to the
parameterization developed by Tripathi et al. [108, 109, 113].
The Hybrid Kurotama model has been extensively benchmarked
against experimental total reaction cross section data, and an
overall better agreement has been found than for earlier
published models. The model is used in the PHITS transport
code [17].

3.2.3 Partial (Non-Differential) Cross Sections

In addition to total reaction cross sections, models for partial
(elemental and isotopic) cross sections are also required for
calculation of the production of different fragment species.
“He fragmentation reactions occur via a remarkably small
number of channels where the only products are *He, *H, 2H,
'H, and neutrons. This allows for individual modeling of all
reaction channels. Figure 14 shows model predictions for the
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total reaction cross section and the inclusive *He production cross
section compared with data.

The total reaction cross section model shown in Figure 14 is
the parameterization by Tripathi et al. [109], and modified by
Horst et al. [42, 43], based on recent experimental cross sections.
These modifications result in a significant improvement of the
agreement between calculated and measured *He Bragg curves in
water, which are important for ion therapy applications [33, 115].

*He production is the only channel that can occur for *He
projectiles which changes the mass but not the charge. Therefore,
the *He production cross section can be obtained by subtracting
experimental cross sections for charge-changing reactions from
those for mass-changing reactions. This is how the red symbols in
Figure 14 were obtained. A semi-empirical model for inclusive
*He production in *He-nucleus collisions was developed by
Cucinotta et al. [114]. This model accounts for break-up of
the *He projectile into *He and a neutron, as well as for the
decay into *He and 2H after proton pickup. A scaling with AY3,
where A7 is the mass number of the target, which corresponds to
the radius of the target nucleus, has been proposed in order to use
the model for heavier targets, because neutron stripping was
assumed to occur mostly in surface reactions. However, it was
found empirically, by comparison of model predictions with the
recent experimental data, that a A%? scaling, corresponding to the
geometrical cross section of the target nucleus, better describes
the dependence of *He production on the target material. In
addition to the replacement of the target mass number scaling,
also a downscaling of the parameterization by a factor of 0.85 is
proposed for an optimal fit of the model to the experimental data.
As demonstrated in Figure 14, the agreement between the

predictions of those two optimized models with the
experimental cross section data for 1>C, %0, and ?8Si targets is
reasonable.

3.2.4 Double Differential Cross Sections

Heavy ion production isotopic double differential cross sections
can be modeled with relatively simple physical ideas because the
ions are mostly produced from simple abrasion-ablation
processes, and because the ions are heavy, they proceed mostly
in the forward direction. The abrasion-ablation model [116]
assumes that the dominant source of heavy ion production is
from the incident projectile. On the other hand, neutron, proton,
and composite light ions are scattered at large angles because they
are relatively light. Also, composite light ions have a complicated
production  mechanism, often involving not only
abrasion-ablation but also coalescence.

The general picture for high-energy heavy ion projectile
collisions is the following: The projectile and target nuclei
collide and form a central fireball overlap region, together
with deformed and excited projectile and target pre-fragments,
which decay into lighter fragments. The fireball is very hot and
decays quickly with the emission of pions, other mesons, and
baryons such as neutrons, protons, and other particles. The cooler
excited projectile and target pre-fragments decay more slowly,
generally by emitting nucleons, which may coalesce into light
ions. There are therefore three different sources of particles, the
projectile and target pre-fragments and the central fireball. Each
of these three sources can produce the same type of particle that
eventually reaches detectors in the lab frame (or an astronaut’s
body in a spacecraft). Because the fireball is very hot, light ion
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fragments cannot survive and will be broken up into baryons and
mesons. However, what happens when the fireball cools? The
answer is similar to what happened in the very early Universe.
After a rapid period of inflation, the Universe started as a quark-
gluon plasma, which then cooled and formed hadrons such as
pions, kaons, other mesons, nucleons, deltas, and other baryons.
After further cooling the baryons decayed to nucleons, which
later coalesced into light ions: H, He, and some Li. Then, the
density dropped too rapidly to form heavier ions, which were
made much later in stellar interiors, supernovae [117], and binary
neutron star mergers [118]. As the Universe cooled further,
electrons and light ions coalesced into atoms. Aspects of the
nuclear fireball cooling are similar to the early Universe scenario.
As the fireball cools and decays and emits neutrons and protons,
these are cool enough to coalesce into the light ion isotopes of H
and He (and also some Li). As with the early Universe, the fireball
density drops very rapidly, and nucleons are unable to coalesce to
form heavier ions, which come from projectile and target pre-
fragments. Of course, the projectile and target pre-fragments also
emit nucleons (neutrons and protons), and these can also
coalesce. Thus, light ions are produced from nucleon
coalescence [12, 13, 119] of all three sources: projectile,

fireball, and target. This is in contrast to the simpler
mechanism of abrasion-ablation of heavy ions, where the
dominant source is the incident projectile. Another
complicating factor for neutron, proton, and composite light
ion production is that there are two production mechanisms from
each of the three sources, namely, direct production vs. thermal
emission of nucleons with subsequent coalescence.

Despite all these complications, models for neutron, proton,
and composite light ion production have been recently developed
[12, 13,119, 120] and compared to a variety of data. DDFRG is a
double differential fragmentation model based on Lorentzian
parameterizations of the projectile, fireball, and target sources
including direct and thermal/coalescence production. Results for
helium projectiles producing fragments at 0° are shown in
Figure 15, and compared to the cross section models used in
the SHIELD transport code, which incorporates nuclear models
that include both the internuclear and intranuclear processes in
matter. Inelastic nuclear reactions present the following sequential
stages of the whole interaction: fast intranuclear cascade,
coalescence of the cascade nucleons, possible pre-equilibrium
decay of residual nuclei, and the equilibrium de-excitation of
the residual nuclei. The last includes the advances evaporation,
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fission, multifragmentation (for large residues), and Fermi-Break-
up (for light residues) processes. All of these models have a good
performance in description of experiment [121-128]. Figure 15
shows that proton, triton (*H), and helion (*He) production is
described well with both DDFRG and SHIELD models. Deuteron
production data are not as well described by the SHIELD models,
and presents somewhat of a puzzle. DDFRG describes the data
quite well only because several parameters have been tuned to the
data. The production of *H and *He is described in the SHIELD
models due to stripping of a single nucleon, rather than
coalescence production, which is why SHIELD results for
deuteron (?H) production give much smaller values than *H
and *He production. There is therefore an urgent need for the
following:

e Experimental double differential cross section results [100]
for light ion production from He projectiles need to be
confirmed, including angles 0°-180°.

e SHIELD double differential cross section results for light ion
production from He projectiles need to be confirmed by
comparing to other cross section models.

Other approaches to nuclear cross section modeling are under
development. A deterministic Serber nuclear model was developed
for use in the radiation transport code, HZETRN, with the aim of
improving nucleon spectral and angular distributions. Various
implementations of the Serber nuclear models have been
employed successfully in Monte Carlo codes for internuclear
cascade processes. The underlying theory describes the
propagation of an incident nucleon through target media modeled
with a characteristic density and potential well. The target nucleus is
composed of nucleons that are bound within a Fermi sea. When a
projectile nucleon strikes a target nucleon, the kinetic energy of the
struck nucleon must exceed the Fermi energy to escape the target.
Both the spectra of the projectile nucleon and the recoil nucleons are
tracked. The primary nucleon is assumed to traverse in the straight-
forward direction, whereas the recoil spectra are assumed to have an
angular dependence [129]. This model is being extended to
nucleus-nucleus reactions for the evaluation of nucleon double
differential and spectral distributions. Primary nucleons and
nucleons resulting from internuclear processes, including abrasion
and de-excitation, are among the most consequential reactions for the
projection of radiation risk. Additional nucleon and light ion
fragmentation data for space radiation relevant reactions are
needed to validate the nuclear models. The current process of
validating models (when data are not available) is to compare
transport code results in thin target simulations, which ultimately
is a comparison of the different cross section models. Ideally, the
nuclear cross section models would be compared directly to nuclear
data, but additional experiments are needed to support these efforts
and is the subject of the current work.

4 REVIEW OF ACCELERATORS

The aim of this section is to summarize the availability of
accelerators for helium ion beams. The ideal accelerator

Helium Projectile Cross Section Measurements

facility for the intended cross section measurements would
provide helium ions in an energy range from typically 50
MeV/n up to 50 GeV/n. These conditions can only be met by
large-scale research facilities like GSI/FAIR, the Joint Institute for
Nuclear Research (JINR, Dubna), and the NASA Space Radiation
Laboratory (NSRL) at Brookhaven National Laboratory (BNL).
However, since beam time at these accelerators is relatively
expensive and has to be planned on a long time scale, it might
be convenient to supplement the use of high-energy accelerators
with medium-energy accelerators, which are more readily
available.  Especially, medical facilities often provide
experimental beam during the night after finishing quality
assurance. Thus, medium to high energies (100-800 MeV/n)
could be delivered by some medical facilities for ion beam therapy
like the HIMAC accelerator in Chiba or the HIT facility in
Heidelberg. In some cases, low-energy facilities, such as the
KVI in Groningen, could be a cost effective addition for the
helium cross-section measurement program. However, in order
to meet the requirements for space radiation research and ion
beam therapy, a minimum energy of 50 MeV/n is specified that
should be reached by the accelerator. This limit defines a subset of
existing accelerators that will be presented for this study. Table 3
comprises the eligible accelerators corresponding to the above
mentioned requirements.

GSI/FAIR. GSI Helmholtzzentrum fiir Schwerionenforschung
plays a special role among the facilities listed in Table 3 because it
fulfills all requirements for a comprehensive cross section
measurement program. During FAIR-phase-0, the current
project phase until completion of the SIS100 synchrotron cross
section, experiments can be conducted at different irradiation sites
with different profiles. Cave M and Cave A, which are used by the
GSI biophysics group, can accommodate compact experiments
such as the FOOT [130] experiment. Cave C provides space for
experiments with larger detectors [131], while the fragment
separator (FRS) [132] allows high precision charge-changing
cross-section and double differential measurements at small
angles (<1°). The GSI control system allows very flexible
settings for the beam intensity (100-10° ions/s), different
extraction modalities, and spill extraction duration times (<1
ms up to 10s and more). After commissioning of the SIS100
synchrotron, helium cross sections can be measured additionally
at very high energies (E < 10 GeV/n), relevant for space radiation
research. A suitable irradiation site will be at the BIOMAT
beamline in the APPA Cave [133].

NSRL/BNL. NSRL is a multidisciplinary center for space
radiation research funded by NASA and located at the
Brookhaven National Laboratory (BNL). Operational since
2003, the scope of NSRL is to provide ion beams in support of
NASA programs in radiobiology, physics, and engineering [134].
Recently, it has also been recognized as the only facility in the
United States currently capable of contributing to heavy ion
therapy research. The facility provides a large room (10m
long from exit window to beam dump), well suited for time of
flight (TOF) and double differential cross section measurements
[135].

Nuclotron. The Dubna Nuclotron was the world’s first
superconducting synchrotron, built by the Joint Institute
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FIGURE 15 | Lorentz-invariant double differential cross section data [100] compared to DDFRG [119] and nuclear physics models from the SHIELD transport code

for Nuclear Research (JINR), Russia. In the past, the
accelerator was used to extract ion beams with Z = 1-36
up to energies of 2.2 GeV/n. As part of the upgrade for the
NICA project [136], the beam energy can be increased up to
4.5 GeV/n in future. The nuclotron facility comprises
various large experimental rooms and would enable the
full spectrum of cross section measurements with
helium beams.

Clinical facilities: HIT, HIMAC, MedAustron, and CNAO.
Clinical facilities with medium to high energy can complement
the measurements at the large-scale research facilities and can
decrease the costs and effort for the whole cross section program.
The Heavy Ion Medial Accelerator in Chiba (HIMAC) in Japan
is part of the National Institute of Radiological Sciences (NIRS)
and has been operational since 1993 as a medical facility for
treating cancer patient with protons and carbon ions. The
center has also served as a multi-user facility for medical,
biological, and physics research. It can accelerate all ions
between “He - 2Ne up to 800 MeV/n. The HIMAC
provides beam lines and experimental rooms to allow cross
section measurements with helium beams [137]. The same
applies for the Heidelberg Ion-Beam Therapy Center (HIT)

facility. HIT intends to start the clinical treatment of cancer
patients with helium ions at the end of 2020. This will be the
first resumption of helium ion therapy worldwide after a long
time. HIT provides a well-equipped experimental room, which
has been used intensively in the past for helium cross section
measurements [42, 43] and provides energies up to 430 MeV/n.
The Centro Nazionale di Adroterapia Oncologica (CNAO)
medical facility for ion beam therapy in Italy also
accommodates an experimental room which meets the
conditions for cross-section experiments [138]. The CNAO
is updating their accelerator for a helium ECR source and
intends to deliver “He beams up to 330 MeV/n from the
beginning of 2021. The MedAustron ion-beam therapy
facility in Wiener Neustadt (Austria) [139] also has the
hardware available to accelerate helium ions up to 400
MeV/n. However, a commissioning for helium beam will
not take place before 2023.

AGOR/KVI-CART and LNS. In case of difficulty obtaining
helium beams at large-scale and medical facilities, the AGOR
cyclotron facility (KVI-Centre, Groningen) could provide “He
beams for energies < 90 MeV/n ( < 120 MeV/n for *He). Similar
“He beams, but at slightly lower energies (62 and 80 MeV/n), can
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TABLE 3 | Suitable accelerator facilities for helium cross-section measurements.

Helium Projectile Cross Section Measurements

Facility name lon Energy range
Location/country
Existing facilities
GSI/FAIR
Darmstadt/Germany H E = 70-4,500 MeV
SIS18 synchrotron SHe - 2N E = 70-2,000 MeV/u
BNL/NSRL
Brookhaven/United States “He - %%Fe E < 1,500 MeV/u
AGS Booster, synchrotron
JINR
Dubna/Russia “He - %Fe E < 2,200 MeV/u
Nuclotron supercond. synchrotron
NIRS/HIMAC
Chiba/Japan “He - °Ne E = 50-800 MeV/u
Synchrotron
HIT
Heidelberg/Germany H E = 50-480 MeV/u
compact synchrotron “He - 150 E = 100-430 MeV/u
AGOR/KVI-CART H E < 190 MeV
Groningen/Netherlands SHe E < 120 MeV/u
supercond. cyclotron “He, 12C, 190 E < 90 MeV/u
K800/LNS
Catania/Italy 2H, “He, '2C, 160 E = 62 and 80 MeV/u

supercond. cyclotron
Future facilities

GSI/FAIR
Darmstadt/Germany H E < 29 GeV/u (not before 2025)
SIS100 supercond. synchrotron “He - N E < 14 GeV/u (not before 2025)
JINR/NICA
Dubna/Russia “He - 5°Fe E < 4.5 GeV/u (not before 2020)
Nuclotron (upgr.) supercond. synchrotron
MedAustron H E < 800 MeV (available)
Wiener Neustadt/Austria e E < 400 MeV/u (available)
Synchrotron “He E < 400 MeV/u (not before 2023)
CNAO
Pavia/Italy H E = 63-230 MeV (available)
compact synchrotron 2¢ E = 115-400 MeV/u (available)
to be upgraded for He “He, "Li, 80 E = 115-330 MeV/u (not before 2023)

be provided by the superconducting K800 cyclotron at the INFN
Southern National Laboratory (LNS) in Catania.

5 FOOT PROGRAM

5.1 Description of Program
FOOT (FragmentatiOn Of Target) [140-142] is an experiment

funded by the INFN (Istituto Nazionale di Fisica Nucleare, Italy),
aiming at the measurement of double differential cross sections
for the production of charged particles in nuclear fragmentation
which are of interest for medicine (hadron therapy) and
radioprotection in space missions. The experiment has been
originally designed with the main goal of investigating target
fragmentation in proton therapy by means of an inverse
kinematic approach, using beams of *C, and 'O on graphite
and polyethylene targets, to extract cross sections for the
production of charged fragments in p+C and p+O collisions.
The inverse kinematic approach is needed because the target

fragments produced by proton beams would have too short
ranges in matter (tens of microns), preventing the possibility
of a direct measurement. However, it is straightforward for the
same apparatus to investigate the fragmentation cross section in
the direct processes C+H, C+C, O+H, and O+C. Using different
target materials, like PMMA, also the collisions with other nuclei
of interest for biological effects, like oxygen, can be studied. One
can also consider possible direct kinematics measurements, and
primaries other than C and O. The case of “He has been
recognized as one of the main priorities. The energy range of
nuclear projectiles under consideration by FOOT spans from 100
to 200 MeV/n, useful for the applications to hadron therapy (and
proton therapy in particular), up to 700-800 MeV/n for the
investigation of direct kinematics reactions relevant for space
radioprotection. A summary of the physics program of FOOT is
reported in Table 4.

The accuracy goal of FOOT is to identify charge and mass of
the produced fragments with an accuracy of 3% and 5%,
respectively, and to measure their energy spectra with a
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resolution of 2 MeV. Taking into account these goals, the idea is
to realize a “portable” experimental setup in order to operate it in
different facilities and to have some flexibility to optimize its
configuration for different energy ranges. The detector design has
been guided by Monte Carlo simulations, based on the FLUKA
code [143, 144]. It shows that in the whole energy range under
consideration, light (Z < 3) fragments have a wide emission
angle, while the heavier fragments are forward peaked within a
narrow cone: a semi-aperture of 6 ~ 10° ensures sufficient
containment. In order to give an idea of energy and angle
distribution of secondary fragments in “He interactions, the
differential cross sections, in energy and angle have been
considered for different fragments at the projectile energy of 700
MeV/n, as predicted by the FLUKA code. In Figure 16, do/dE is
shown for three different targets (H, C, and O) integrated in the
forward hemisphere (0° <0<90°), while do/de is given in
Figure 17.

On the basis of the experimental goals summarized above, the
FOOT experiment has been conceived considering two
complementary experimental configurations:

(1) An electronic configuration based on a magnetic
spectrometer dedicated to the momentum reconstruction
and an identification section made of a plastic scintillator
and a calorimeter. This setup aims to measure fragments
heavier than *He (Z > 3) and covering a polar angle of
0 + 10° with respect to the beam axis;

A configuration based on an emulsion spectrometer
supplying complementary measurements for light
fragments emitted at an angle up to about 70°.

()

This approach of employing two complementary detection
techniques is particularly useful in the measurement of “He
interactions, with only Z < 2 fragments; the angular acceptance
of the emulsion setup allows one to cover a large part of the
necessary phase space, and a cross-check in the acceptance cone of
the electronic detector allows a cross-check of results and a control
of possible systematics. A sketch of the electronic detector is shown
in Figure 18, and fragment momentum, kinetic energy, time of
flight (TOF), and energy loss (dE/dx) are measured. The detector
geometry consists of the following:

(1) Upstream/target region: A thin plastic scintillator
counter provides the start signal of the TOF and the
trigger system, and downstream, a drift chamber operates
as a beam monitor, tracking the direction and the
position of the beam. The target is positioned beyond
the beam monitor.

Magnetic region: It is composed of three stations of pixel and
strip detectors allocated between and downstream of the
magnets providing the vertex reconstruction and the initial
tracking of the produced fragments; two permanent dipole
magnets supply the magnetic field (up to 1.4 T).
Identification region: It is the distal part of the detector,
located at least 1 m away from the target (more for higher
energies). It is composed of two orthogonal planes of plastic
scintillator rods, providing the stop of the TOF and the

3)

Helium Projectile Cross Section Measurements

TABLE 4 | FOOT research program.

Physics Beam Target Energy Kinematic

- - - (MeV/n)  Approach

Target fragmentation in proton ~ 2C C, CoHy 200 Inverse

therapy

Target fragmentation in proton 160 C, CoHy 200 Inverse

therapy

Beam fragmentation in proton  “He C, CoHy, 250 Direct

therapy PMMA

Beam fragmentation in proton ~ 2C C, CoHg, 350 Direct

therapy PMMA

Beam fragmentation in proton 160 C, CoHyg, 400 Direct

therapy PMMA

Space radioprotection 4He C, CoHy, 700 Direct
PMMA

Space radioprotection 2C C, CoH.,, 700 Direct
PMMA

Space radioprotection 160 C, CoHa, 700 Direct
PMMA

measurement of the energy loss. A BGO calorimeter
provides the fragment kinetic energy measurements.

The TOF, measured by the start counter and the scintillator,
has an estimated resolution at the level of 70-100 ps. The silicon
detectors, in the magnetic region, are able to perform momentum
measurements with an expected resolution of about 5%, while the
resolution supplied by the scintillator and by the calorimeter is
about 3 and 2%, respectively, in the measurement of the energy
loss and kinetic energy. The emulsion spectrometer is built using
Emulsion Cloud Chamber (ECC) technology, alternating nuclear
emulsion films with passive material [145]. A sketch of the ECC is
shown in Figure 19.

The ECC acts as a micrometric tracking device, ionization
chamber, and a spectrometer for isotope separation. The nuclear
emulsion films consist of two 50-um thick sensitive emulsion
layers deposited on both sides of a plastic base, 200 um thick,
resulting in a total thickness of 300 ym. AgBr crystals, dispersed in
a gelatine matrix, are sensitive to ionizing particles and record
their trajectory acting as latent image centers. A chemical process
of development produces the latent image as silver grains
recorded as dark pixels by an optical microscope. A dedicated
software recognizes aligned clusters of dark pixels producing a
track related to the path of the charged particle. The present
design of the experiment does not allow for an efficient
measurement of neutron production, which however is
considered a relevant issue in radioprotection for space
missions. Different ideas to extend the capability of FOOT to
neutron detection are under study.

5.2 Present Status of the Experiment
Data have been taken using the ECC setup at GSI, in 2019 with O

ions at 200 and 400 MeV/n on C and C,Hj targets, and in 2020
with C ions at 700 MeV/n, on the same targets. Data analysis is
still in progress. The electronic apparatus is under construction,
and first data taking in this configuration are being scheduled at
CNAO, using 12C ions at 200 MeV/n. An application for beam
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FIGURE 16 | Cross section differential in energy, integrated in the forward hemisphere, for inclusive production of secondaries of “He ions at 700 MeV/n impinging
on different targets, as predicted by the FLUKA code. Three different targets have been considered: H (top), C (middle), and O (bottom). Red: protons, blue: neutrons,
orange: deuterons, violet: tritons, and sky blue: 3He.
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time in 2021/2022 at GSI is in preparation, having as one of the
main priorities the request of a *He ion beam at 700 MeV/n.

6 FUTURE RECOMMENDATIONS

6.1 Measurements
6.1.1 Total Reaction Cross Sections

Total reaction cross section data for “He projectiles on heavy
targets are missing, especially for elemental targets heavier
than oxygen at high energies (see Figures 12 and 13). The
semi-empirical models match the existing data only roughly
and more experimental data points are required in order to
improve the models. These types of data are particularly
interesting in the framework of simulating the propagation
of GCR through spacecraft structural and shielding materials,
whose atomic number can be high. The human body is also
rich in high atomic number atoms, for example, Ca in the
bones, as well as in different implants, for example, amalgam
in the teeth and titanium implants in hips and bones, which
makes such experimental data interesting for ion therapy
as well.

Very low energy data are missing. They are important for
modeling the energy dependence of the cross sections below and
at the Coulomb barrier, which seems to be shifted toward to high
energies for very heavy targets in the currently used
parameterizations (see Figure 20). An appropriate modeling of
the Coulomb barrier is important to accurately predict nuclear
reaction thresholds.

6.1.2 Light lon Production

Given the sparseness of the present data set and the need for a
uniform set of data covering all energies appropriate to ion
therapy and space radiation, new set of inclusive, isotopic,
double differential cross sections should be measured for a
complete set of neutron and light ion fragments for the
reactions ‘He + H, C, O, Al, Ca, Fe — n, "*°H, *‘He + X

for projectile kinetic energies ranging over 50 MeV/n-50 GeV/n
and fragment angles ranging over 0°-180°.

6.1.3 Neutron Production

Given the limited set of direct measurements taken to date, there
are a number of recommendations for additional neutron
production data. Data are needed for He energies above 230
MeV/n, at all angles, especially angles beyond the existing
measurements at 110°, and for neutron energies down to
1 MeV. Data are needed for hydrogen, nitrogen, and oxygen
targets (tissue constituents), in addition to a range of solid
targets used in previous experiments. Investigations of neutron
production from He targets may be able to produce useful data
through the use of inverse kinematics. For example, translation of
data from the *He (p,n)X system to the 'H(*He,n)X system can
yield information on production from hydrogen targets, which are
difficult to implement in the laboratory.

6.2 Modeling

The ultimate use of new cross section measurements is the
development of accurate theoretical cross section models that
can be used in modern transport codes. As mentioned previously
in the text, isotopic production double differential cross section
will give more detailed information about the nuclear reactions,
so measurements of these cross sections are important to verify
the theoretical models. Some models have been developed
previously, but often they are compared to only a limited data
set. Ion therapy and space radiation applications require models
to be accurate for a wide range of projectiles, energies, and targets.
Therefore, a cross section modeling program proceeding in
parallel with the measurement program needs to be initiated.
The cross section models should be compared to all available
cross section data, including previously measured total and single
differential cross sections.

A special emphasis will be given to modeling the high energy
“He beams. This can be achieved when experimental cross section
data for *He projectiles with high energy ( ~ 10 GeV/n) will be
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elastic, total, and elastic differential cross sections for space
radiation-relevant  reactions. ~The fundamental nuclear
constituents of the MST are defined as the nucleons, and the
quark structure of individual nucleons is not considered.
Consequently, the interaction of nucleon-nucleus and
nucleus-nucleus reaction is modeled as the sum of
nucleon-nucleon interactions, which may be parameterized to
free nucleon-nucleon transition amplitudes. Elastic differential,
total, reaction, and elastic cross sections may be found by
solving the Lippmann-Schwinger (LS) equation or with a high-

energy, small angle approximation known as the Eikonal
approximation. Relativistic kinematics are easily incorporated
into the momentum-space formulation of the LS equation [146,
147], and a large shift toward small angles and with larger
magnitude is observed in the elastic differential cross sections.
Another interesting result is that relativistic kinematic effects will
depend on both energy and relative mass of the projectile and target
[148]. A comprehensive validation effort [149] showed that the
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relativistic three dimensional LS model (LS3D) agrees best with
experimental data. Additional model improvements led to LS3D
predictions of the reaction cross sections that were of the same
fidelity to data as the Tripathi parameterizations [150]. In order to
improve  computational efficiency, a momentum-space
formulation of the Eikonal approximation was developed.

The relativistic abrasion—ablation de-excitation fragmentation
(RAADFRG) model has been formulated for fragments produced
from nucleus-nucleus collisions by coupling the highly efficient
Eikonal model for nuclear abrasion to a de-excitation model
described by the Weisskopf~-Ewing mechanism. Relativistic
kinematics may be incorporated by renormalizing the sum of
the Eikonal abrasion cross sections to the reaction cross section
produced from the LS3D theory. As the projectile nucleus collides
with a target nucleus, nucleons are sheared away from the projectile
and target during a very short time scale, leaving the pre-fragment
(remaining projectile nuclear constituents) in an excitation state.
The pre-fragment is assigned an excitation energy, which may
include multiple scattering and energy depositions from
nucleon-nucleon collisions. After a much longer time scale, the
excited pre-fragment will emit light ions and neutrons with
probabilities described by the Weisskopf-Ewing formalism until
all available excitation energy is exhausted. Nuclear structure is
manifested in the fragmentation cross sections with proper choice
of the nuclear partition function and excitation energy model.
Furthermore, RAADFRG may be used to anchor parametric
double differential cross section models such as DDFRG [12,
13, 119]. The dearth of experimental light ion fragmentation
data makes it difficult to fully validate the RAADFRG model
and other nuclear models that are needed for space radiation
applications.

Finally, another modeling activity required in future is to
confirm the SHIELD double differential cross section results for
light ion production from He projectiles, shown in Figure 15.
Comparisons need to be made with other cross section models.

7 SUMMARY AND CONCLUSION

Helium projectile double differential cross sections for the
production of neutrons and light ions are of great importance
to space radiation and ion therapy studies. However, transport
codes and cross section models display significant problems when
compared with limited data on both thick and thin targets. Also,
there is a very significant lack of high-quality experimental data
available that could resolve these problems. The following
recommendations are made:
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