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Measured charge- and mass-changing cross sections for the systems “He + '2C, *He + '°0, *He + 28Si,
and “He + 'H in the energy range 70-220 MeV/u are presented. The cross sections were obtained via the
attenuation method where a A E-E scintillator telescope was used for particle identification. These new data
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have particular relevance for future applications of *He ions in ion-beam radiotherapy because this technique
relies on precise heavy ion transport models for an accurate dose calculation. The radiation transport codes
applied for this purpose typically make use of parametrizations of the total reaction cross section og. The widely
used parametrization for nucleus-nucleus reaction cross sections by Tripathi ef al. is shown to underpredict the
new experimental cross sections for *He ions in the therapeutic energy range by up to 30%, which can lead to
considerable dose calculation uncertainties. Therefore, modifications of the parameters in the Tripathi model are
proposed to optimize it for applications related to *He ion-beam therapy.

DOI: 10.1103/PhysRevC.99.014603

I. INTRODUCTION

An essential quantity for heavy ion transport calculations
is the total reaction cross section ok, which gives the proba-
bility for an inelastic nuclear reaction to occur [1,2]. In most
Monte Carlo transport codes oy is described as a function
of the charge and mass of the projectile, the charge and
mass of the target and the energy of the colliding system
by semiempirical parametric models which are fine-tuned
to experimental data. The cross section predictions obtained
from these parametrizations are most realistic for colliding
systems which are well characterized by experiments. For
unexplored systems their predictions might still be reasonable
due to the underlying systematics, but for projectile-target
combinations of special interest it is preferable to check the
models against measured cross sections. The total reaction
cross section oy is difficult to measure directly because target
fragments have very low energies and thus are hard to detect.
Typical measured quantities which can serve as an estimate
for oy are the charge-changing cross section oz (projectile
loses at least one proton) and the mass-changing cross section
oaa (projectile loses at least one nucleon), considering that
most nuclear reactions lead to fragmentation of the projectile.

There is a recent interest in radiation transport calculations
of “He ions in the intermediate energy range because they
can be used for ion-beam radiotherapy complementary to the
conventionally used protons and '>C ions [3-7]. On the one
hand “He ions have a sharper lateral dose profile than protons
and on the other hand their radiobiology is less complex than
for '2C ions. Also the dose tail behind the Bragg peak due to
nuclear fragments is less pronounced for “He ions than for '2C
ions. Furthermore, every synchrotron-based heavy ion therapy
facility could in principle be extended to “*He ion therapy at
relatively moderate cost by adding an extra ion source and also
cyclotron-based “He therapy facilities should be technically
feasible. Radiotherapy with “He ions had been successfully
performed at the Lawrence Berkeley Laboratory until the end
of the U.S. heavy ion therapy project in the early 1990s [8,9].
The reintroduction of “*He ion therapy into radiation oncology
is under preparation at the Heidelberg Ion-Beam Therapy
Center (HIT) [10-13], where patients have been routinely
treated with protons and '2C ions since 2009. Modern scanned
ion-beam therapy as performed at HIT uses analytical pencil
beam dose calculation algorithms for biological treatment
plan optimization [14]. These algorithms require a set of basic
input data, preferably for each energy that can be delivered
by the accelerator (255 energy steps are available at HIT,
ranging from 50-220 MeV /u for “He). Such a dataset consists

of laterally integrated depth dose profiles (Bragg curves),
lateral dose profiles, as well as fragment spectra at differ-
ent depths in water (H,O)—the typical reference medium
in radiotherapy—and is usually calculated with a suitable
radiation transport code. Because nuclear fragmentation has
a considerable impact on all of these data [15,16] the reaction
cross section oy as a function of energy for “He + 'H and
“He + 90 collisions needs to be accurately modeled in the
transport code used for the calculation of “*He basic data. At
HIT the proton and '>C ion basic data for the clinical treatment
planning system have been calculated with the FLUKA Monte
Carlo code [17-21], therefore FLUKA is also the natural choice
for calculation of the basic data for future applications of
“He ions. Within this scope, the performance of the code
in calculating dose distributions in water generated by “He
ions in the therapeutic energy range was recently evaluated
by comparison of simulation results with extensive dosimetric
measurements [12,13]. The overall agreement between the
FLUKA predictions and the measured dose distributions was
good. However, it was observed that especially at high “He
energies FLUKA tended to over-estimate the dose at the Bragg
peak by up to =6% [13]. The cause for this discrepancy
was investigated by comparing the FLUKA reaction cross
section model with “He cross section measurements that we
recently performed at HIT for the system “He + '>C [22].
This comparison suggested that an underestimation of og
by the FLUKA model at intermediate energies (~200 MeV /u)
might be the cause for the overprediction of the Bragg peak
dose in H,O. This effect can be understood as follows: the
dose deposited by nuclear fragments is more blurred than
the dose from the primary ions which all stop around a
certain depth and create the Bragg peak at this position.
Consequently, the peak dose in calculated depth dose profiles
gets overestimated if the reaction cross section is modeled too
low because the number of primary ions that reach the Bragg
peak depth without undergoing fragmentation is predicted too
high.

We therefore decided to complement previous “He frag-
mentation studies related to radiotherapy [22-25] and to fur-
ther support the nuclear reaction modeling for “He ions in
FLUKA by extending our previous experiment to a broader set
of target materials. Thin C, CH,, Si, SiO,, and H,O targets
were irradiated with *He ions in the intermediate energy
range during this new measurement campaign at HIT. In this
experiment charge- and mass-changing cross sections for the
systems 4He + 'H, “He + '2C, “He + '°0, and “He + 28Si in
the energy range 70-220 MeV /u were obtained. This article
presents these new cross section data in comparison with

014603-2


https://doi.org/10.1103/PhysRevC.99.014603

MEASUREMENT OF “He CHARGE- AND MASS- ...

PHYSICAL REVIEW C 99, 014603 (2019)

previous experimental data and with the widely used reaction
cross section parametrization by Tripathi et al. [26,27]. In
order to better match our measured cross sections, certain
changes of the parameters within the Tripathi model for *He-
nucleus collisions are suggested. These changes could be
easily adopted in any existing implementation of this model.

II. METHODS AND MATERIALS

A. Experimental setup

The experimental setup used for the measurements is al-
most identical to the setup used in our previous experiment
[22] and is based on the nuclear attenuation method using a
A E-E scintillator telescope. A schematic drawing of the setup
is shown in Fig. 1.

A pencil beam of “He ions impinged on a start scin-
tillator (1 mm thick BC-400-like) which triggered the data
acquisition. The ions then penetrated the target and were
stopped within a AE-E scintillator telescope (5 mm thick
BC-400-like and 14 cm long BaF,, both hexagonal with inner
diameters of 10 cm and 8.5 cm, respectively).

Fragmentation reactions of the primary “He ions within the
targets lead to combinations of a remarkably small number of
fragment species, namely 3He, 3H, 2H, 'H, and neutrons. Also
nucleon-pickup reactions lead only to unbound nuclei which
immediately decay back into these species. Nuclear reactions
that lead to no remaining He (*He or *He) in the final state are
referred to as charge-changing reactions (loss of at least one
proton) whereas reactions without “He in the final state are
called mass-changing reactions (loss of at least one nucleon).

The number of transmitted “He ions and *He fragments
generated within the target could be determined by correlation
of the signals from the AE scintillator with the signals from
the BaF, scintillator. The larger angular coverage of the AE
scintillator (81° to the beam axis) compared to the BaF,
scintillator (72° to the beam axis) was exploited to ensure that
only a negligible fraction of primary ions could be scattered
out of the telescope’s acceptance. This is important because
full geometrical acceptance for the primary ions is required to
measure total inelastic cross sections as presented here.

The slow synchrotron extraction was adjusted for a mean
intensity of typically 1000 ions/s while the actual intensity
fluctuated between 500 and 2000 ions/s. The measurements

start scintillator AE scintillator

(plastic) (plastic)
beam nozzle target X
(C" CH, Si, E scintillator (BaF,)
Sio,, H,0)
/\
89.5cm 10.7 cm 0.8¢m 0.5 cm

FIG. 1. Schematic of the experimental setup used at HIT to
measure the charge- and mass-changing cross sections for “He ions
impinging on different targets.

TABLE 1. List of the targets used for *He cross section
measurements.

Target material Density (g/cm?) Thicknesses (cm)

C 1.83 0.5,0.7,1.0, 1.2
CH, 0.947 0.5,1.0,2.0

Si 2.33 04,0.8,1.6
Si0O, 2.204 04,0.8,1.6
H,O 1.0 2.22,3.25 + flask®

#Cell culture flasks with 2 x 0.18 cm polystyrene walls.

were performed at three different primary energies (80, 130,
and 220 MeV /u). Between 3 x 10° and 8 x 10° events were
recorded for each energy and target thickness.

B. Targets

In Table I the different targets used for the “He cross
section measurements are listed. For each “He energy used
also a no-target measurement was performed to correct by
the fragmentation occurring within the beam nozzle, the start
scintillator, and the air gap. For most energy-material com-
binations at least two targets with different thicknesses were
irradiated to have redundant information and to be able to
check for robustness of the data analysis method.

By subtracting the cross sections measured on the elemen-
tal targets (C and Si) from those measured on the compound
targets (CH; and Si0O,) the elemental cross section of the other
element (H and O) can be calculated according to

oCH _ C
ot =T, (1)

oS0 _ Si

o}
o- = > . 2)

For redundancy a measurement at a primary energy of
220 MeV /u using H,O targets was also performed. For this
purpose cell culture flasks (Corning 3073 and T-150) with two
different thicknesses (2.22 cm and 3.25cm 4+ 2 x 0.18 cm
polystyrene walls) were filled with water. To account for the
fragmentation occurring within the walls of the flasks, an
additional no-target measurement for each of the empty flasks
was performed.

Carbon targets were already used during our previous
experiment [22]. To check for consistency between the two
experiments the carbon data point for the highest “He energy
(220 MeV /u) was measured again. Additionally one new C
data point at 80 MeV /u primary energy was measured in the
present campaign to further extend the energy range explored
in our previous experiment.

C. Alignment and beam spot characterization
with CMOS sensor

To align the experimental setup as precisely as possible
position, size and shape of the beam spot at low intensity
were determined in advance with a set of MIMOSA28 CMOS
sensors with high spatial resolution [28]. Figure 2 shows the
measured beam spot profiles for the three “He energies used.
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80 MeV/u

130 MeV/u

220 MeV/u

FIG. 2. Beam spots at low intensity measured with the CMOS sensor at the isocenter for the three *He energies used. The coordinate
system corresponds to the positioning lasers in the experimental room and the lines mark the center of the aligned scintillator telescope.

The beam spot gets broader towards lower energies due to the
increased lateral scattering within the beam nozzle (2 mm
water equivalent thickness). A vertical shift relative to the
isocenter (marked by positioning lasers in the experimental
room) can be observed for all three energies. Based on these
CMOS measurements the scintillator telescope was aligned
with a vertical shift of 2 mm relative to the positioning lasers.

For the highest energy (220 MeV /u) there was still a shift
of =1 mm left in the final alignment. However, for compar-
ison, the inner diameter of the BaF, scintillator (85 mm) is
large against this shift and against the sizes of the beam spots.
Thus the scintillator telescope had practically full acceptance
for the primary “He ions at all energies used.

D. Data acquisition

The scintillator pulses (start, AE, and E) were acquired
with a Tektronix DSA 72004C fast sampling oscilloscope at
a sample rate of 3.1 GS/s in event-by-event mode. The sam-
pling of the pulses as waveforms provided a lot of additional
information (pulse shape, time over threshold, double hit de-
tection) compared to standard experimental electronics (e.g.,
analog-to-digital converters and charge-to-digital converters)
which justifies the higher amount of stored data.

From these waveforms several characteristic quantities are
calculated, e.g., integral, peak, ratio of integral to peak (further
referred to as pulse shape), and time over threshold. Especially
the pulse shape of the E scintillator (consisting of BaF,) is
crucial for the present analysis method because it provides
an excellent separation of ions with different atomic numbers
(e.g., primary He ions and their H fragments) [29].

III. DATA ANALYSIS

The data analysis and the particle identification were per-
formed using the ROOT framework [30]. This procedure was
almost completely automatized by ROOT scripts developed for
the previous experiment. A detailed description can be found
in the corresponding publication [22] while in the following
only a short summary of the method is given.

In the first analysis step the valid events are selected on
the basis of the following criteria on the start scintillator
to exclude beam contaminants and double hits. Only events
where the peak height and the integral of the pulse of the

start scintillator calculated from the waveform lay within +2.5
standard deviations from the corresponding average value
were taken as valid events. Furthermore, events where the
start scintillator’s time over threshold was considerably larger
than average were also excluded. By analyzing the time of
arrival of the remaining events (typically more than 95% of the
recorded events) it could be ensured that the temporal distance
between consecutive events was larger than the long decay
time component of the BaF, scintillator (z = 630 ns).

Figure 3 shows examples of AE-pulse-shape and AE
spectra for 130 MeV/u “He ions with no target and after
traversing a 16 mm Si target, according to which the data
analysis method is explained in the following. The separation
thresholds 7'1 and T2 (see Fig. 3) are the only analysis
parameters that have to be set by hand. The correlation of the
AFE signals generated in the 5 mm plastic scintillator with the
pulse shape of the BaF, scintillator allows a clear identifica-
tion of the major fraction of the He ions leaving the target
[upper right quadrant in Figs. 3(a) and 3(b)]. They are made
up of the transmitted “He ions as well as the *He fragments
produced in the target. A small part of the He events (10-20%
depending on the energy) overlap with the H fragment events
in the A E-pulse-shape plots (upper left quadrant in Figs. 3(a)
and 3(b)] due to fragmentation reactions in the thick BaF,
scintillator. The number of these events is estimated from the
AE spectrum of the overlap region, assuming that the shape
of the He AFE spectrum is the same as in the non-overlap
region. This is well justified by the assumption that a nuclear
reaction of an ion within the BaF,, which causes the overlap,
occurs independently of its prior energy deposition within the
AFE scintillator. The number of He events after the target
gives information about the charge-changing cross section,
while for determination of the mass-changing cross section
they additionally need to be separated into primary “He ions
and 3He fragments. This is achieved through a fit on the AE
spectrum of the identified He events. The AE spectrum can
be well fitted by the sum of a Gauss distribution and one
or two Landau distributions [Figs. 3(c) and 3(d)]. For the
measurements with targets the *He events are represented by
the Gauss fraction because their energy spectrum (and thus
their AE spectrum) is still relatively sharp. The *He events
are represented by the Landau fraction because the energy
spectrum of the fragments is much broader and some He
events show a neutron coincidence [creating the small peak
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FIG. 3. Examples of A E-pulse-shape spectra (left panels) and AE spectra (right panels) for 130 MeV /u “He ions with no target (upper
panels) and after traversing 16 mm of Si (lower panels). The term A E signal stands for the integral of the waveform of the A E scintillator, and
BaF, signal pulse shape stands for the ratio of integral to peak calculated from the waveform of the BaF, scintillator. Double hits are already
excluded by applying appropriate selection criteria on the signal of the start scintillator (see text). The thresholds T1 and T2 have been set by
hand to separate the He events in the upper right corner of the A E-pulse-shape plots from their H fragments. The origin of the event clusters
visible in the spectra for 16 mm Si is indicated by the arrows. A detailed description is given in the text.

right to the main peak in the Landau fraction in Fig. 3(d)].
The small contribution of the primary “He ions to the Landau
tail is determined in a no-target run [Fig. 3(c)] considering
that the primary beam is only negligibly contaminated by
3He fragments. The Landau contribution in the no-target run
is then subtracted from the Landau fraction obtained in the
measurements with target [Fig. 3(d)].

Finally the relative number of He or *He ions as a function
of target thickness z (referred to as attenuation curve), can be
fitted with a function according to

n
— = Age iv°
No ’

where n/V is the number of targets (nuclei or molecules) per
volume, Ag a value for fine-tuning the fit (varies not more
than few permille around 1), and o the cross section for the

3

observed reaction (o7 for He ions as a function of z and oa 4
for “He ions as a function of z).

A. Uncertainty estimation

There are different uncertainties to be considered for the
presented cross section measurements. The uncertainty esti-
mation method for the cross sections obtained from single
targets is the same as that described in our previous work
[22] and considers the statistical component originating from
the finite amount of measured events as well as systematic
components introduced by the application of fit methods and
extrapolations into overlap regions in the measured spectra.

The uncertainties of the two single target cross sections (o'©
and ot or 5" and -3102) propagate both into the uncertainty
of the calculated elemental cross sections (¢! or ¢©). This is
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FIG. 4. Examples of attenuation curves measured for C (a) and H,O (b) targets for 220 MeV/u “He ions. The dashed lines represent the
corresponding fit functions according to Eq. (3) to extract the charge- and mass-changing cross sections from the attenuation curves. In panel
(a) the measured attenuation values for C targets from our previous experiment [22] are shown for comparison. The plotted fit functions for
the C targets were not recalculated with the attenuation values measured in the new campaign; however, they agree with all new values within
the error bars. The C curves are normalized to the no-target measurement, while the H,O curves are normalized to the measurements behind

the empty flasks (see text).

taken into account by calculating the square root of the sum
of the squared uncertainties from the single measurements,
considering that they are uncorrelated.

The energy loss of the primary “He ions within the targets
smeared the energy at which the measured reactions took
place. This effect is considered by simulating the primary ion
transport through the different targets using FLUKA. The mea-
sured cross sections are given for the energy at the center of
the thickest target used with an uncertainty interval covering
the energy loss before and after the target center.

IV. RESULTS AND DISCUSSION

Two examples of nuclear attenuation curves (for C and
H,O targets) obtained by analysis of the recorded A E-pulse-
shape spectra behind different target thicknesses are shown in
Fig. 4. The number of transmitted He and “He ions are nor-
malized to the number obtained in the no-target measurement
(attenuation in C) or in the measurement behind the empty
flasks (attenuation in H,O), respectively. The agreement of
the measured data behind the C targets with our previous mea-
surements and fit functions proves the consistency of the two
experiments. The charge- and mass-changing cross sections
for each energy-target combination could be extracted from
the measured attenuation curves by exponential fits. The fit
functions look almost linear because the thicknesses of the
targets used were small against the mean free path of the ions.

The measured charge- and mass-changing cross sections
for C, CHy, Si, SiO,, and H,O targets as well as the calculated
cross sections for H and O targets are listed in Table II. The
(inclusive) *He production cross section can be calculated by
subtracting oaz from ox4 because fragmentation into 3He

is the only mass-changing but non-charge-changing reaction
channel that can occur for *He projectiles.

In Fig. 5 the mass-changing cross sections for the elemen-
tal targets C, O, Si, and H as a function of kinetic energy
obtained at the present experiment are shown together with the
available data from the literature (C targets [31-37], O targets
[31,32,37], Si targets [31,32,38], H targets [35,39-41]). The
shown reference data include also a few charge-changing
cross sections which are slightly lower than the correspond-
ing mass-changing cross sections because the contribution
of neutron-removal reactions is missing. For comparison the
reaction cross section parametrizations by Tripathi et al. for
“He-nucleus [26] [panels (a)—(c)] and for 4He-'H collisions
[27] [panel (d)] are plotted. The target nuclei are labeled by
their main isotope. This is done for simplicity, while in the
analysis the natural isotopic composition of the targets was
taken into account.

The measured mass-changing cross sections presented here
are in good agreement with the reference data from the
literature. At the lower end of the investigated energy range
(70 MeV /u) is a rather smooth transition from the present
cross sections to the experimental data by Ingemarsson et al.
[32] [*“He-nucleus systems, panels (a)—(c)] and Sourkes et al.
[39] [*He-'H system, panel (d)]. The charge-changing cross
sections at high energies reported by Ferrando et al. [36]
and Webber et al. [37] (measured in inverse kinematics, by
irradiating a *He target with '>C and 'O beams) compare well
with the “He charge-changing cross sections listed in Table I
and those from our previous experiment [22]. The relative
uncertainties of the H and O cross sections are considerably
larger than those of the C and Si targets due to the propagation
of the compound target cross section uncertainties into the
errors of the calculated elemental cross sections. However, the
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TABLE II. Measured mass- and charge-changing cross sections for *He ions with different energies on different targets. The upper values
were directly measured and the values for H and O were calculated from the upper values together with our previous dataset for C targets [22]

according to Egs. (1) and (2).

Target Method Kinetic energy Charge-changing cross section Mass-changing cross section
(MeV /u) oaz (mb) oaa (mb)
C measured 74 + 4 277 £+ 33 602 £+ 66
CH, measured 71 £ 8 321 £+ 47 875 + 103
CH, measured 119 + 10 442 4+ 22 731 £+ 51
CH, measured 215 £ 5 490 + 23 729 £+ 47
Si measured 71 £ 8 304 £+ 44 961 + 110
Si measured 119 £ 10 487 + 26 816 £ 59
Si measured 213 £ 7 620 £+ 26 792 £+ 43
SiO, measured 71 £ 8 806 + 99 2317 £+ 251
SiO, measured 119 £ 10 1240 + 58 2042 + 139
SiO, measured 213 £ 7 1563 £ 58 1959 + 98
H,0 measured 213 £ 7 568 + 35 800 4+ 58
H calculated 71 + 8 22457 137 + 69
H calculated 119 + 10 60 £+ 31 117 £ 37
H calculated 215 £ 5 49 + 30 104 + 35
(0] calculated 71 £ 8 251 + 108 678 £+ 152
(0] calculated 119 + 10 377 + 63 613 + 88
(0] calculated 213 £ 7 472 + 64 584 + 75

reasonable accordance of the measured data with the literature
data suggests that this approach provides a rather conservative
estimate of the actual measurement uncertainty.

The total reaction cross section ok for proton-nucleus and
nucleus-nucleus systems follows the trend of the nucleon-
nucleon total cross section as a function of energy due to the
microscopic nature of these collisions [2,33,42]. The reaction
cross section shows a maximum at a few 10 MeV /u and then
drops down to a minimum lying at a few 100 MeV /u. As the
pion production channels open, oy rises again slightly before
it finally stays constant towards higher energies. This general
behavior of og is visible in the plotted experimental cross
sections for “He-induced reactions and is well reflected by the
parametrizations.

For the *He-nucleus reactions (*He + '2C, *He + '°0, and
“He + 28Si) also a modified version of the Tripathi model
based on our new cross section data is shown in Fig. 5. In the
original Tripathi model [26] the parameter D which modifies
the “He-nucleus reaction cross section at low and intermediate
energies is calculated according to

Drvipani = 2.77-8.0x107° x A + 1.8x107° x A2
0.8

- 4
1+ 6(252;5)’ ( )

where A7 is the mass number of the target nucleus and E
is the kinetic energy in MeV /u. Tripathi et al. optimized the
parameter D in their model to match the experimental data
by Auce et al. [31] and Jaros et al. [35]. However, the data
by Auce et al. were later measured again by Ingemarsson
et al. [32], using an improved version of the experimental
setup developed for the Auce experiment. These revised cross
sections are slightly higher than the old values that Tripathi
et al. used for their model optimization, consequently the
model should be updated to match the Ingemarsson data.

The experimental cross sections presented in this work sug-
gest that the Tripathi reaction cross section parametrization
should also be increased to higher values in the energy range
70-220 MeV /u. Therefore we suggest to modify the parame-
ter D according to

D! = 2.2-8.0x107% x A7 + 1.8x107° x A%
0.3

EYES) ®

As shown in Fig. 5 our optimized version of the Tripathi
model [solid line in panels (a)—(c)] matches the experimental
cross sections presented in this work and in our previous
article and those by Ingemarsson et al. better than the original
model, while the prediction for high energies (>1 GeV/u)
is almost unaffected by the proposed parameter changes.
Besides the agreement with the new experimental data, our
modified parametrization is also in good accordance with the
theoretical “He + '>C reaction cross section prediction from
optical model calculations by DeVries and Peng [2]. Using
the optimized Tripathi reaction cross section model instead of
the original one is expected to result in considerable improve-
ments of *“He ion transport calculations related to radiotherapy
applications (e.g., calculation of dose distributions in a pa-
tient) because C and O are the main constituents of biological
soft tissues. The optimized model still underestimates the
Ingemarsson data points for the “He + 28Si system at low
energy. However, it is in agreement with the data by Warner
et al. [38]. The overall agreement of the modified version with
the experimental data is better than for the original model
and at intermediate energies the scaling towards heavier target
nuclei (up to 28Si) still works well.

As an alternative to our modified Tripathi model, the
reaction cross section model by Shen et al. [43] (improved by
Sihver et al. [44]) may be used. Its predictions of “He-nucleus
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FIG. 5. Measured mass-changing cross sections o' 4 for “He ions on different elemental targets (C, O, Si and H) compared with reference
data from the literature (o4 4 and o) [31-41]. For the “*He-nucleus systems (*He + '2C, “*He + '°0, *He + 23Si) the Tripathi parametrization
for heavy ion collisions [26] as well as a version optimized on basis of the new measured cross sections are shown. For the “He + 'H system
the prediction of the Tripathi parametrization for light systems [27] is plotted.

reaction cross sections are also in reasonable agreement with
our experimental data and those by Ingemarsson for C and
O targets. The Shen model is available as an option in some
Monte Carlo codes, e.g. GEANT4 [45] which was used by
Fuchs et al. [46] and Knéusl et al. [47] to study possible
radiotherapy applications of “He ions.

It should be pointed out that neither the mass-changing
cross sections from this work nor the experimental data that
are shown for comparison account for inelastic scatter reac-
tions where the target nucleus gets excited or fragments but
the projectile stays intact. For most colliding systems this
component is negligible, but for the extraordinary stable “He
nucleus (first excited state at ~20 MeV, no bound excited
state) a non-negligible contribution to the total reaction cross
section can be assumed. A contribution of ~5-15% (depend-
ing on the energy and the target nucleus) has been predicted
by optical model calculations [48], which is in the same
order as the prediction by the event generators implemented

in FLUKA. Therefore the inelastic scatter component should
be considered separately for radiation transport codes that
take into account excitation or fragmentation of target nuclei
(particularly Monte Carlo transport codes) and subtracted
from the modeled total reaction cross section o to compare it
to the experimental mass-changing cross sections oa 4. For de-
terministic one-dimensional transport codes like HZETRN [49]
or TRIP98 [3,14] which consider only projectile fragmentation
it is sufficient to model only oa4 as an estimate of og.

For the “He-'H reaction cross section model [solid line in
Fig. 5(d)], also designed by Tripathi et al. [27], we suggest
no parameter changes because its prediction matches our
measured values within the error bars, which are relatively
large due to the propagation of the C and CH; cross section
errors into the error of the H cross section. With more complex
measurement methods (e.g., by using a liquid hydrogen target
instead of a combination of C and CH, targets) there might
still be room for improvements. However, it should be noted
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TABLE III. “He charge- and mass-changing cross sections measured on H,O targets compared with those calculated from the H and O
cross sections obtained from the C, CH,, Si, and SiO, target measurements (see text). For further comparison, the mass-changing cross section
estimated by Rovituso et al. [25] from a thick target measurement is shown.

Method Kinetic energy Charge-changing cross section Mass-changing cross section
(MeV/u) oaz (mb) oaa (mb)
measured (this work) 213 +7 568 £ 35 800 £ 58
calculated (this work) 213 +7 569 £+ 70 792 + 83
measured [25] 200 636 £ 76

that the major contributor to the reaction cross section of H,O
(the reference medium in radiotherapy) is the O nucleus rather
than the two H nuclei.

In Table III the charge- and mass-changing cross sections
obtained for 213 MeV/u “He ions on H,O targets by calcu-
lation (summation of the H and O cross sections obtained
from measurements on C, CH,, Si, and SiO;) and by a direct
measurement (using the H,O filled flasks) are compared.

They are in good agreement with each other, which proves
the self-consistency of the presented dataset. The fotal frag-
mentation cross section (equivalent to our definition of the
mass-changing cross section) estimated by Rovituso efal. [25]
from a thick target measurement is considerably lower than
the values presented in this work. Most probably, this discrep-
ancy can be explained by comparing the methods applied for
particle identification. The standard A E-E method used by
Rovituso et al. has large overlap areas in the spectra used for
identification while in the present work an improved and more
robust, particle identification method is used, which exploits
the pulse shape of the BaF, scintillator as an additional mea-
sure for the atomic number of the outgoing ions. Also cross
section measurements with thin targets are superior over thick
target measurements concerning the required full acceptance.
Furthermore the obtained elemental cross sections shown in
Fig. 5 are fully consistent with the literature data and clearly
follow the expected trend.

V. CONCLUSION

Measurements of charge- and mass-changing cross sec-
tions for the systems “He + '2C, “He + '°0, *He + 28Si, and
“He 4+ 'H in the energy range 70-220 MeV/u were per-
formed. These data are relevant for future radiotherapy ap-
plications of “He ion beams as planned at the Heidelberg
Ion-Beam Therapy Center (HIT). The presented cross sections
can be useful for the validation and optimization of *He
nuclear reaction models used in heavy ion transport codes.
The Tripathi parametrization of the nuclear reaction cross
section oy [26], which is implemented in many Monte Carlo
or other types of radiation transport codes, was compared to
the new experimental data. The comparison showed that the
model underpredicts the “He-nucleus reaction cross section at
intermediate energies. Therefore parameter changes that lead
to a better fit to the experimental cross sections were proposed.
This optimization can easily be adopted in heavy ion transport

codes that use the Tripathi model and will improve their pre-
dictive power, in particular for applications related to *He ion
therapy, e.g., the calculation of dose distributions or fragment
distributions within a patient.

The presented cross sections will also be used to improve
the accuracy of the nuclear reaction cross section model for
“He ions implemented in FLUKA. Therefore, this work will
have a direct clinical impact, as FLUKA is used to generate the
basic input data for the treatment planning system at HIT. The
adjustment of the FLUKA parametrizations and the effects on
dose calculation will be the subject of future work.

Another research field that might benefit from the novel
cross section data presented in this article is space radiation
protection [50,51]. “He ions make up ~10% of the primary
galactic cosmic radiation, with an energy spectrum peaking
at intermediate energies. Nuclear fragmentation of the pri-
mary ions, e.g., within the structures of a spacecraft, has to
be taken into account for the shielding design, and there-
fore accurate “He transport models are required also in this
field [48].

In the future, the present study on total cross sections
for *He-induced reactions could be extended towards higher
energies because the energy range 200-800 MeV /u is still
almost unexplored. The measurement uncertainty of “He +
"He reaction cross sections could be improved by increasing
the experimental effort, and the gap in the energy range
50-600 MeV /u could be filled. The investigation of heavier
target materials could be an option to better understand the
underlying scaling laws and systematics. Future experiments
could also focus on the measurement of partial cross sections
for production of the individual fragment species (*He, *H,
’H, 'H, and neutrons) as well as their angular distributions
and energy spectra (double-differential yields) to further im-
prove the nuclear reaction models and thereby the biological
treatment planning for “He ions.
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