Production of the PET isotope '!C in hadron therapy via neutron knockout

E. C. Simpson

Department of Nuclear Physics, The Australian National University, Research School of Physics and Engineering, Canebrra ACT 2601 Australia

Abstract

Purpose: Positron emitting isotopes such as *C and '°C can be used for vital dose verification in hadron therapy. These
isotopes are produced when the high energy 2C primary beam particles undergo nuclear reactions within the patient.
Methods: We discuss a model for calculating cross sections for the production ''C in 2C+!2C collisions, applicable at hadron
therapy energies.

Results: Good agreement with the available cross section measurements is found for 12C(—1n), though more detailed, sys-
tematic measurements would be very valuable.

Conclusions: Nuclear structure plays a crucial role in the reactions of light nuclei, particularly when those reactions are
peripheral and involve only a few nucleons. For such reactions, nuclear structure has a strong influence on the energy and
angular distribution of the cross section, and is an important consideration for reliable dose verification using *C in hadron

therapy.
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1. Introduction

Ion beams have significant advantages over conventional
radiotherapy in the treatment of cancerous tumours. Unlike
photons, ions deposit the majority of their energy near the
end of their trajectory, at the Bragg peak, with Carbon ions
generating a sharper peak than protons. As a result, Carbon-
beam therapy can more effectively spare tissue both before
and after the tumour [1].

Depending on the depth of the tumour, '2C beam energies
of up to 400 MeV/nucleon are required [2]. Hadron ther-
apy applications therefore encompass a wide range of ion-
beam energies, from hundreds of MeV per nucleon down to
zero. Over this energy range a remarkable variety of nuclear
reaction phenomena occur. Indeed, in hadron therapy ap-
plications, nuclear reactions are very common — for beams
of 400 MeV/nucleon, only 30% of the primary '2C reaches
the Bragg peak intact, the remaining 70% having undergone
some nuclear reaction [3, 4]. These reactions produce both
fast projectile-like nuclei and slower target-like nuclei, in ad-
dition to showers of protons, neutrons and a particles. These
secondary particles broaden the Bragg peak and potentially
harm healthy tissue beyond it [5]. Understanding these re-
actions is thus crucial to clinical treatment planning.

Only comparatively recently have dedicated systematic
measurements of been made using thin targets at energies
directly relevant to hadron therapy [6, 7, 8, 9, 10]. These
studies have pointed to deficiencies in the modelling of the re-
actions of 12C, highlighted by a recent Nuclear Physics Euro-
pean Collaboration Committee (NuPECC) report on Nuclear
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Physics for Medicine [11]. The fragmentation models im-
plemented in existing Monte Carlo codes such as GEANT4,
which are used in treatment planning, struggle to describe
peripheral reaction channels where only a few nucleons are
involved [8, 12, 13].

Some of these peripheral reactions do, however, have a
beneficial side effect. 'C and °C have more protons than
neutrons and, as a result, are ¥ emitters. Peripheral nu-
clear reactions in the patient produce these isotopes, with
half-lives t;,, = 20.3 m and t;,, = 19.3 s, respectively. The
annihilation photons following the 3% emission can be used
for range verification of the beam via positron emission to-
mography (PET) [14, 15]. The position emission activity
distribution generated show a flat background, arising from
target-like B* emitters, and a sharp peak near the expected
Bragg-peak from projectile-like ''C and '°C [16]. Accurate
dose verification using PET requires a precise knowledge of
the production cross sections for these isotopes, which is cur-
rently insufficient [15].

Here we will discuss a class of few-body models that are
applicable to peripheral knockout reactions, where one or
two nucleons are removed from the projectile via an inter-
action with a nuclear target. We first give a brief overview
of nuclear reactions relevant to 2C beam therapy, and dis-
cuss how the structure of 12C influences reaction outcomes.
We then discuss a model for calculating the cross sections for
the B+ decaying isotope ''C produced in collisions of the 2C
projectile with '2C target nuclei.
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2. Reactions and structure of 12C

In carbon beam therapy treatment planning, dose distri-
butions are typically modelled using Monte Carlo methods,
commonly using the GEANT4 toolkit [17]. Nuclear reac-
tion models are an integral part of this approach, and must
provide double differential cross sections d?c/d2dE for the
enormous range of reaction phenomena that may occur — a
significant challenge.

In hadron therapy, reactions can occur at collision en-
ergies ranging from the primary beam energy downwards.
However, because the rate of energy loss by the beam in-
creases as the energy falls, larger distances are covered when
the beam has high energies. As a result, high energy col-
lisions (> 100 MeV/nucleon) should be most common. At
these energies a variety of nuclear reaction phenomena oc-
cur, ranging from peripheral collisions of a few nucleons to
central collisions that destroy the projectile and target creat-
ing an array of light, highly excited fragments.

Nuclear fragmentation is often modelled within a two-
stage abrasion-ablation picture. In the first stage, some frac-
tion of the projectile and target overlap, abrading nucleons
and creating a highly excited “fireball”, along with projectile-
like and target-like “spectator” nuclei. All the resulting nuclei
are energetically excited, and subsequently de-excite in the
ablation stage by emitting nucleons and light nuclei.

Numerous attempts have been made to benchmark the
nuclear reaction models provided by Monte Carlo codes in
the context of particle beam therapy [18, 19, 20, 8]. One
example is Quantum Molecular Dynamics (QMD). Here the
nuclear structure description is schematic. Within the model
the colliding nuclei are constructed by randomly placing nu-
cleons, represented by Gaussian wave packets, so as to re-
produce the expected density distribution of the nucleus in
question. If the binding energy calculated with the appropri-
ate effective interaction is unacceptable, the state is rejected
[21]. The effect of the Pauli principle can be simulated by in-
troducing a minimum allowed distance and momentum dif-
ference between the nucleons. After the collision nucleons of
small relative distances are assumed to coalesce, and restruc-
ture into spherical clusters. The resulting excited fragments
are then passed to a statistical decay model.

The initial state within QMD models is constructed to op-
timally approximate some of the characteristics of the true
ground state [22]. However, some aspects cannot be de-
scribed. Light nuclei are known to have distinctive cluster
structures, generated by the strong binding of the a parti-
cle [23]. This is particularly true for *2C, which is known to
have 3a cluster structures [24]. The neglect of this aspect of
nuclear structure in the QMD initial state may be the reason
that *He production cross sections are underestimated by the
model [8, 11].

A further deficiency in the QMD initial state is its stabil-
ity: the ground states generated are stable on the time scales
of interest (~ 1072! s), but may spontaneously emit nucle-
ons for longer times [22]. Whilst for central collisions this
may not be a significant problem, in peripheral grazing col-

lisions the instability results in a discrepancy [22]. Here the
subtleties of nuclear structure become very important to the
reaction outcomes [25], with shell structure of '2C having a
strong influence when the collisions involve the interactions
of only a few nucleons. One such process is nucleon knock-
out, where one or two nucleons are removed from the projec-
tile via an interaction with the target nucleus [26, 27]. In the
case of 12C, these reactions create the projectile-like reaction
products '1C, 1'B, 1°C, 1°B and '°Be. These peripheral reac-
tions constitute around ~ 20% of the total reaction cross sec-
tion. However, the reaction models available within GEANT4
perform poorly for these channels, failing to describe mea-
sured angular distributions for 1'C and °B [7].

3. Nucleon knockout reactions

We now discuss a model for calculating the 'C produc-
tion cross sections, highlighting the importance of nuclear
structure in determining the reaction outcomes. The produc-
tion of these isotopes must come from a direct interaction
of a single neutron from the projectile with the target nu-
cleus. !'C cannot be produced in significant quantities via
neutron evaporation, as the neutron separation threshold of
12¢C (S, = 18.722 MeV) is significantly larger than either the
one-proton (Sp = 15.956 MeV) or a-particle (S, = 7.367
MeV) thresholds.

3.1. Single particle cross sections

Here we focus on the production of ''C via an interac-
tion of a '2C projectile with a '2C target nucleus. For the
energies of most relevance to carbon beam therapy (> 100
MeV/nucleon) we may reasonably assume that the deflec-
tion by Coulomb repulsion is negligible and that the projec-
tile follows a straight line trajectory past the target. The 2C
projectile is described as a *'C core plus a single valence neu-
tron. Their centre of mass has impact parameter b, with the
core and neutron impact parameters being b, and b,, respec-
tively. The relative coordinate between the core and neutron
is denoted by r. As the interaction between the projectile and
target is fast, it is reasonable to assume that the core-neutron
coordinate r does not change for the duration of the collision.
Furthermore, as core must (at most) elastically scatter from
the target, it is assumed that it spectates, and that the in-
teraction with the target does not couple any of its internal
states.

The relevant coordinates are illustrated in Fig. 1. The
target can be thought of as boring a cylindrical hole through
the projectile, with the neutron removed from the projectile
either by an elastic or inelastic interaction with the target.
The cross sections for the latter process (referred to as neu-
tron stripping) are larger than the former (diffractive disso-
ciation), and so we concentrate on their contribution.

The probability for removing a neutron from the projec-
tile depends on three factors: (i) the probability that at an
impact parameter b, the core will survive the interaction with
the target intact, (ii) the probability that the neutron at im-
pact parameter b, will be stripped by the target, and (iii)
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Figure 1: Illustration of the knockout reactions, showing the core (green),
neutron (red) and target (blue). The z-axis is defined to be parallel to the
beam direction. The impact parameter for the centre of the mass of the
projectile is b, and the relative co-ordinate of the core and valence neutron
is r. The respective impact parameters of the core and neutron are then
b.=b—r/(A. +1)and b, =b+rA./(A. + 1) where A, is the mass of the
projectile core.

the probability for finding the projectile core and neutron at
relative separation r.

The survival and absorption probabilities (i) and (ii) are
typically calculated using density folding models, using the
tpp approximation [28, 29]. Within this scheme, the sur-
vival probability depends exponentially on the density over-
lap integrated over the assumed straight line trajectory — the
greater the overlap, the smaller the survival probability. As-
suming zero-range nucleon-nucleon interaction, the survival
probability can be written as

Pct(bc)zexp[_ENNf dszRpc(bc+z_R)pt(R)j|
- M

The target and core centres are separated by b, + z. For
each separation the density overlap (integral over R) is made,
and then all points along the core trajectory are integrated
over (integral on z). The isospin averaged nucleon-nucleon
cross section oy sets the strength of the effective nucleon-
nucleon interaction, and is taken from experiment. The den-
sity distributions of the target p, and core p, are either calcu-
lated using nuclear structure models (e.g. Hartree-Fock), or,
where the data is available, taken from experiment. P, can
also be directly used to calculate total reaction cross sections,
and very good agreement has been found when Hartree-Fock
densities are used [30].

For central collisions — small impact parameters b — the
density overlap is large and the survival probability is zero.
Conversely peripheral collisions, where the impact parame-
ter is large, the density overlap is negligible and the survival
probability tends to 1. In between, where the impact pa-
rameter is such that the surfaces of the two nuclei graze one
another, P, makes the transition between these two limits.
The size of the density distributions determines the impact
parameters corresponding to the transition region.

The neutron absorption probability (ii) can be thought of
as the non-survival probability for the neutron, [1—P,,(b,)].
The neutron is typically assumed to be point-like, or to have
a Gaussian shaped density distribution. The present model

is inclusive with respect to the final states of the neutron and
target nucleus. Given that a violent collision between the two
will have occurred, a large number of reaction outcomes are
possible. Studies of proton knockout from °C and ®B have
identified protons, deuterons, and tritons with energies from
that of the beam, ~ 90 MeV/nucleon, down to the detec-
tion limit at ~ 20 MeV/nucleon [31]. Such high-energy light
fragments may contribute to dose deposition after the Bragg
peak.

The third factor, Pg(r), describes how probable it is to
find the core and neutron at relative position r in a particu-
lar quantum shell § = (nfj). The radial dependence is de-
termined by the square of the core-neutron relative wave-
function ug(r) [32], which is unit normalised, and usually
calculated in a Woods-Saxon potential. The depth of the po-
tential is varied to give the state with the desired quantum
numbers at the appropriate effective binding energy. The ra-
dial extent of ug(r) is primarily determined by this effective
binding energy. It is equal to the neutron separation energy
in the projectile S,, plus any residual (core) excitation energy
E.. Strongly bound neutrons have smaller radial extent, re-
sulting in a smaller probability for finding the neutron far
from the core. As a result the cross sections are proportional
to the root-mean-square radius of [uﬁ(r)]2 [33].

The total single-neutron stripping (str) cross section is
just the integral over all projectile-target impact parameters
b and core-neutron coordinates r,

o-sﬂtr = f dbf dr Pct(bc) [1 _Pnt(bn)] Pﬂ(r)- 2)

The knockout cross section is then a balance: core survival
favours large impact parameters b, = b—r/(A,+ 1), whereas
neutron absorption favours small b, = b+r A./(A. + 1).
Though both would be favoured by large core-neutron dis-
tances, the core and neutron are bound together, with their
relative position probability determined by ug(r) which de-
cays exponentially for large r. These requirements naturally
restrict neutron knockout to surface grazing collisions, as il-
lustrated by do /db in Fig. 2.

In addition to this stripping cross section, where the neu-
tron is absorbed by the target, the neutron may also be re-
moved via an elastic interaction with the target. Here the
target remains in its ground state, but energy is imparted to
relative motion of the neutron and core such that it breaks up.
This is termed diffractive dissociation (dif). The total single-
particle (sp) removal cross section is then the sum of these
two components ofp = crf” + agl. o At the energies relevant
here, this diffractive dissociation component contributes ap-
proximately 20% of the total single-particle cross section.

3.2. Nuclear structure

We have already seen one aspect of the influence of nu-
clear structure, namely the neutron binding energy, which
determines the radial extent of the core-neutron separation.
A further aspect arises from the fact that nuclei exhibit shell
structure. The shell which the nucleon initially inhabits will
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Figure 2: Calculated core survival probability P,,(b.) (blue dotted line), and
neutron stripping probability [1—P,, (b, )] (red dashed line). These two cre-
ate a window of impact parameters where neutron stripping is favourable.
The cross section do /d b is also shown (black solid line). Note that the three
quantities are plotted for different impact parameters — core b, neutron b,,,
and centre-of-mass b, respectively — resulting in an apparent shift between
the survival probabilities and cross section.
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Figure 3: Illustration of the shell structure of '2C. Different nucleon parti-
tions are mixed with amplitudes c,. Typically only the lowest order con-
figurations (c; and c,, labelled Op-shell) are taken into account. In reality,
higher order configurations (e.g., cs_s) are mixed into the 12C ground state.

determine which states in the final residue may be popu-
lated by its removal, with cross sections loosely scaling with
the number of nucleons in that shell. In the simplest inde-
pendent particle model of 2C, two neutrons will sit in the
deeply bound 0Os;/, shell, and four in Ops,, as illustrated in
Fig. 3. The nucleon removal cross section for the latter will
be larger for two reasons: (i) there are twice as many neu-
trons to remove, and (ii) the binding energy of Ops, is much
less than 0Os;,, so the root-mean-square radius of [uﬁ(r)]2
much larger. Removal of a Opz,, neutron will populate the
ground state of ''C, whose simplest neutron configuration is
[0s12]°[0p3/>]°. The single-particle cross section o, must
be multiplied by a factor to account for the number of neu-
trons neutrons initially in p3/,. This factor is called the spec-
troscopic factor S; and depends on the final state f populated
in 1C.

In reality, things are more complicated. Different nu-
cleon configurations are mixed in the ground state of 2C

by the residual two-body interaction. In the simplest Op-
shell structure model, this mixes [0s;/,]*[0p3/,]1* (c;) and
[0, /512 [0ps3/21°[0p1 21> (c,) configurations, as illustrated in
Fig. 3. Though the former configuration is still dominant,
the latter allows population of excited 1/2~ and 3/2~ states
in 11C, which then decay via y emission, contributing to the
prompt y yield. The states will have different spectroscopic
factors: for the ground state, and first excited 1/2~ and 3/2~
states of 1C, the calculated spectroscopic factors are 3.16,
0.58 and 0.19 [34]. These spectroscopic factors also require
a small centre-of-mass correction factor (A, + 1)/A, for the
Op-shell [35]. The total cross section for a particular final
state f in ''C is then a sum over all the different neutron
configurations 3 that may contribute to its population,

f_
aln_ZSfﬁ Ufp. 3
B

For the present calculations, we note that as we must con-
serve angular momentum — specifically, because our projec-
tile is spin-zero — only a single 8 will contribute to each final
state f. In general however, more than one f3 will contribute
to each final state f. The total neutron removal cross section
is summed over the final states

O1n= Z cr{n. @
f

Nuclear configurations beyond the Op-shell are also pos-
sible, as shown in Fig. 3 (c3, ¢4, ¢5). These configurations are
typically not included in structure calculations as the model
spaces rapidly become too large. However, their neglect means
that the spectroscopic factors are overestimated. This has has
long been known from electron scattering and (d,3He) exper-
iments [36, 37], and more recent nuclear-induced knockout
[33], that indicate the actual spectroscopic factors are 50%
to 70% of the simple particle shell model limits discussed
above. This must be taken into account when making calcu-
lations with a more limited structure model space.

4. Results for 11C production

4.1. Cross sections energy dependence

Here we make calculations for single neutron knockout
from 2C from energies of 100-2200 MeV/nucleon. The den-
sity distributions for the 12C target and !'C core are assumed
to be Gaussian, with root-mean-square radius taken from re-
action cross sections measurements [38]. Three states in 'C
are expected to be populated, and are appropriately weighted
by the shell model spectroscopic factors given above. For con-
sistency across the energy range, we have used a zero-range
nucleon-nucleon interaction, as was done in Ref. [34]. In-
clusion of a finite-range interaction would increase the cross
section by around 5%.

The results are shown in Fig. 4, along with available ex-
perimental measurements. The calculations have been renor-
malised to include the quenching factor discussed above, R, =
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Figure 4: Calculated one neutron knockout cross section 12¢(-1n) witha 12C
target (solid line). The dashed lines illustrate the cross sections obtained
with the upper (bottom) and lower (top) limits of the ! C root-mean-square
radius that enters the core-survival factor from Ref. [38]. Full symbols indi-
cate measured cross sections for neutron knockout from '2C producing ''C,
whereas open symbols indicate cross sections for the isobaric analog reac-
tion, proton knockout from 2C, producing 'B. The data points are from
Dudouet et al.[7] (red squares), Kidd et al.[39] (blue circles), Webber et
al.[40] (green upward triangles), Lindstrom et al.[25] (purple downward
triangles), Ogawa et al.[10] (orange diamonds), and Thies et al. (black pen-
tagon).

Oexp/Ow = 0.49 £0.02, found in Ref. [34] from the data
points at 1050 and 2100 MeV/nucleon. The plot also in-
cludes data for the isobaric analog reaction, proton knockout
from 2C, producing !'B. In terms of the underlying nuclear
structure, the two reactions are essentially identical. Differ-
ences arise from the somewhat weaker binding of the pro-
ton in 12C. As the primary '2C slows from 400 MeV/nucleon
to 100 MeV/nucleon, it is predicted that the *C production
cross section will increase modestly by around 10%. Broadly,
the calculations agree with the available data well, though
there is considerable variation between the data sets, par-
ticularly at lower energies. Further detailed measurements
across the 100-400 MeV/nucleon range would clearly be enor-
mously valuable.

4.2. Momentum and angular distributions

Within the framework discussed above, one may also cal-
culate the momentum distributions of the core following re-
moval of the nucleon. The distribution depend on the mo-
tion of the nucleon relative the core at the point of removal.
Distributions parallel and perpendicular to the beam direc-
tion are usually considered, which translate into the energy
and angular distributions of 'C respectively. The parallel
momentum (energy) distributions are highly sensitive to nu-
clear structure — in particular, the orbital angular momen-
tum quantum number £ of the nucleon removed. Perpendicu-
lar momentum (angular) distributions are additionally sensi-
tive to target effects, such as the nuclear size, diffuseness, and
core-target Coulomb interaction [41]. These momentum dis-
tributions have been exploited in fundamental studies of the
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Figure 5: Calculated angular distribution of the 'C residues at 95
MeV/nucleon (red line) compared to data points from Refs. [7, 9] .

structure of exotic nuclei for the past 20 years. Further de-
tails on their calculation may be found in Refs. [42, 41, 43].

In Ref. [44] the measured widths of the parallel momen-
tum distributions are given for each fragmentation product
from !2C+!2C reactions at 2100 MeV/nucleon. The agree-
ment between the calculations and data is very good — the
Gaussian fitted widths are AT = 100 MeV/c and A;” =
103 £ 4 MeV/c respectively [45]. Similarly good agreement
is found for the other one- and two-nucleon removal chan-
nels, producing 'B, 1°C, !B and '°Be. As the widths arise
from the underlying nuclear structure, they should be essen-
tially independent of the beam energy.

The perpendicular momentum distribution can be con-
verted to an angular distribution by using the fact that dQ ~
d*k k? where k is the momentum of the beam, and k, ~
2sin(6/2) [43]. Calculations were made using the MOMDIS
code [43], using the same inputs as discussed above. The
general trend is in excellent agreement with the experimen-
tal data. The cross section decays exponentially with the scat-
tering angle 6. For this specific channel the agreement is sig-
nificantly better than the QMD model (see Figure 3(f) of Ref.
[8]) commonly used with GEANT4.

Though the calculated integral cross section is close to
that given in Ref. [7], the calculations underestimate the data
for the measured angles. The data points cover a relatively
small fraction of total the cross section: the calculations sug-
gest that 93% of the cross section comes within 6 < 5°. If just
a small fraction of this is scattered to larger angles, the dis-
crepancy with the experimental data would be ameliorated.
Dissipative effects for nucleon stripping that are known to re-
sult in low momentum tails on parallel momentum distribu-
tions (see e.g., Ref. [46]). Their effect on the angular distri-
butions is not clear, but will certainly result in enhanced large
angle yield due to the reduced parallel momentum compo-
nent. For the smaller diffractive breakup component, target
recoil effects will also give more yield at larger angles, and
have been investigated with continuum-discretized coupled-



channels models [47].

5. Conclusions

We have discussed models for the production the 57 emit-
ting isotope 'C in '2C+'2C at energies relevant to hadron
therapy applications. Few-body models can give a reasonable
description of both the absolute cross sections and the corre-

sponding momentum distributions for the projectile-like residue.

Nuclear structure has a significant impact via (a) binding en-
ergies, which determine the root-means-square size of the
valence nucleon radial wave function, (b) spectroscopic fac-
tors, to which the cross section is proportional to, and (c)
nucleon quantum numbers, that determine the width of the
longitudinal momentum (energy) distribution.

Direct two-nucleon removal cross sections, such as for
producing °C, are typically an order of magnitude smaller
than the corresponding one-nucleon removal process. Though
we have not discussed them here in detail, related models
can be used to calculate two-nucleon removal cross sections
[48, 49, 50]. Whilst the nuclear structure description is more
complicated, the reaction model assumptions are essentially
the same, and a good description can be obtained [45].

Properly accounting for nuclear structure factors can give
a good account of peripheral one- and two-nucleon removal
reactions from '2C, which more general fragmentation mod-
els struggle to describe. These channels contribute a sizable
fraction of the total reaction cross section, of the order of
15— 20%.

Acknowledgements

Helpful discussions with Tatsumi Koi are gratefully ac-
knowledged. This work was supported by Australian Re-
search Council Grant No. FL110100098.

References

[1] D. Schardt, T. Elsésser, D. Schulz-Ertner, Heavy-ion tumor therapy:
Physical and radiobiological benefits, Rev. Mod. Phys. 82 (2010) 383.

[2] A. Degiovanni, U. Amaldi, History of hadron therapy accelerators,
Phys. Medica 31 (2015) 322.

[3] E.Haettner, L. H, D. Schardt, Experimental fragmentation studies with
12 beams, Radiat. Prot. Dosim. 122 (2006) 485.

[4] E. Haettner, H. Iwase, M. Krdmer, G. Kraft, D. Schardt, Experimen-
tal study of nuclear fragmentation of 200 and 400 mev/u 2C ions in
water for applications in particle therapy, Phys. Med. Biol. 58 (2013)
8265.

[5] D. Schardt, L. Schall, H. Geissel, H. Irnich, G. Kraft, A. Magel, M. E Mo-
har, G. inzenberg, E Nickel, C. Scheidenberger, W. SChwab, L. Sihver,
Nuclear fragmentation of high-energy heavy-ion beams in water, Adv.
Space Res. 17 (1996) 87.

[6] M. De Napoli et al., Carbon fragmentation measurements and valida-
tion of the GEANT4 nuclear reaction models for hadrontherapy, Phys.
Med. Biol. 57 (2012) 7651.

[7] J. Dudouet, D. Juliani, M. Labalme, D. Cussol, J. C. Angélique,
B. Braunn, J. Colin, C. Finck, J. M. Fontbonne, H. Guérin, P Hen-
riquet, J. Krimmer, M. Rousseau, M. G. Saint-Laurent, S. Salvador,
Double-differential fragmentation cross-section measurements of 95
MeV/nucleon '?C beams on thin targets for hadron therapy, Phys. Rev.
C: Nucl. Phys. 88 (2013) 024606. doi:10.1103/PhysRevC.88.024606.

(8]

[9]

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J. Dudouet, D. Cussol, D. Durand, M. Labalme, Benchmarking
GEANT4 nuclear models for hadron therapy with 95 MeV/nucleon
carbon ions, Phys. Rev. C: Nucl. Phys. 89 (2014) 054616.

J. Dudouet, M. Labalme, D. Cussol, C. Finck, , R. Rescigno,
M. Rousseau, S. Salvador, M. Vanstalle, Zero-degree measurements of
12¢ fragmentation at 95 MeV/nucleon on thin targets, Phys. Rev. C:
Nucl. Phys. 89 (2014) 064615.

T. Ogawa, T. Sato, S. Hasimoto, D. Satoh, S. Tsuda, Energy-dependent
fragmentation cross sections of relativistic '2C, Phys. Rev. C: Nucl.
Phys. 92 (2015) 024614.

A. Bracco, G.-E. Kornersy, Nuclear physics for medicine, NuPECC Re-
port (2014).

D. Mancusi, A. Bourdard, J. Cugnon, J.-C. David, P Kaitaniemi,
S. Leray, Extension of the Li‘ege intranuclear-cascade model to re-
actions induced by light nuclei, Phys. Rev. C: Nucl. Phys. 90 (2014)
054602.

D. Mancusi, A. Bourdard, J. Carbonell, J. Cugnon, J.-C. David, S. Leary,
Improving the description of proton-induced one-nucleon removal
in intranuclear-cascade models, Phys. Rev. C: Nucl. Phys. 91 (2015)
034602.

J. Pawelke, L. Byars, W. Enghardt, W. D. Fomm, H. Geissel, B. G. Hasch,
K. Lauckner, P Manfraf}, D. Schardt, M. Sobiella, The investigation of
different cameras for in-beam pet imaging, Phys. Med. Biol. 41 (1996)
279.

A. C. Kraan, Range verification methods in particle therapy: underly-
ing physics and monte carlo modeling, Front. Oncol. 5 (2015) 150.
W. Enghardt, W. D. Fromm, H. Geiseel, H. Keller, G. Kraft, A. Magel,
P Manfraf, G. Miinzenberg, E Nickel, J. Pawelke, D. Schardt, C. Schei-
denberger, M. Sobiella, The patial distribution of position-emitting nu-
clei generated by relativistic light ion beams in organic matter, Phys.
Med. Biol. 37 (1992) 2127.

S. Agostinelli et al., GEANT4 - a simulation toolkit, Nucl. Instrum.
Methods Phys. Res., Sect. A 506 (2003) 250.

S. Kameoka, K. Amako, G. Iwai, K. Murakami, T. Sasaki, T. Toshito,
T. Yamashita, T. Aso, A. Kimura, T. Kanai, N. Kanematsu, M. Ko-
mori, Y. Takei, S. Yonai, M. Tashiro, H. Koikegami, H. Tomita, T. Koi,
Dosimetric evaluation of nuclear interaction models in the GEANT4
monte carlo simulation toolkit for carbon-ion radiotherapy, Radiol.
Phys. Technol. 1 (183).

A. Lechner, V. N. Ivanchenko, J. Knobloch, Validation of recent geant4
physics models for application in carbon ion therapy, Nucl. Instrum.
Methods Phys. Res., Sect. B 268 (2010) 2343.

T. T. Bohlen, E Cerutti, M. Dosanjh, A. Ferrari, I. Gudowska, A. Mairani,
J. M. Quesada, Benchmarking nuclear models of fluka and geant4 for
carbon ion therapy, Phys. Med. Biol. 55 (2010) 5833.

S. R. Souza, L. de Paula, S. Learay, J. Nemeth, C. Ng6, H. Ngo, A
dynamical model for multifragmentation of nuclei, Nucl. Phys. A571
(1994) 159.

D. Mancusi, K. Niita, T. Maruyama, L. Sihver, Stability of nuclei in
peripheral collisions in the jaeri quantum molecular dynamics model,
Phys. Rev. C: Nucl. Phys. 79 (2009) 014614.

M. Freer, The clustered nucleus — cluster structure in stable and un-
stable nuclei, Rep. Prog. Phys. 70 (2007) 2149.

E Hoyle, On nuclear reactions occuring in very hot stars. i. the sysnthe-
sis of elements form carbon to nickel, Astrophys. J. (Suppl.) 1 (1954)
121.

P J. Lindstrom, D. E. Greiner, H. H. Heckman, B. Cork, E S. Bieser,
Isotope production cross sections from fragmentation of °0 and 12C
at relativistic energies, Lawrence Berkley Laboratory Report LBL-3650.
P G. Hansen, J. A. Tostevin, Direct reactions with exotic nuclei, Annu.
Rev. Nucl. Part. Sci. 52 (2003) 219.

J. A. Tostevin, G. Podolyédk, B. A. Brown, P G. Hansen, Correlated
two-nucleon stripping reactions, Phys. Rev. C: Nucl. Phys. 70 (2004)
064602.

M. S. Hussein, R. A. Rego, C. A. Bertulani, Microscopic theroy of the
total reaction cross section and application to stable and exotic nuclei,
Phys. Rep. 201 (1991) 279.

J. S. Al-Khalili, J. A. Tostevin, I. J. Thompson, Radii of halo nuclei from
cross section measurements, Phys. Rev. C: Nucl. Phys. 54 (1996) 1843.
B. A. Brown, S. Typel, W. A. Richter, Interaction cross sections for light
neutron-rich nuclei, Phys. Rev. C: Nucl. Phys. 65 (2001) 014612.



[31]
[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[471

[48]

[49]

[50]

D. Bazin et al., Mechanisms in knockout reactions, Phys. Rev. Lett. 102
(2009) 232501.

J. A. Tostevin, Single-nucleon knockout reactions at fragmentation
beam energies, Nucl. Phys. A682 (2001) 320c.

A. Gade et al., Reduction of spectroscopic strength: Weakly-bound and
strongly-bound single-particle states studied using one-nucleon knock-
out reactions, Phys. Rev. C: Nucl. Phys. 77 (2008) 044306.

B. A. Brown, P G. Hansen, B. M. Sherill, J. A. Tostevin, Absolute spec-
troscopic factors from nuclear knockout reactions, Phys. Rev. C: Nucl.
Phys. 65 (2002) 061601 (R).

A. E. L. Dieperink, T. de Forest, Jr., Centre-of-mass effects in single-
nucleon knock-out reactions, Phys. Rev. C: Nucl. Phys. 10 (1974) 543.
J. W. A. den Herder, H. P Blok, E. Jans, P H. M. Keizer, L. Lapikas,
E. N. M. Qunit, G. van der Steenhoven, P K. A. de Witt Huberts, Single-
particle properties of 'V and *°Zr studied with the (e,e’p) reaction,
Nucl. Phys. A490 (1988) 507.

G. J. Kramer, H. P Block, L. Lapikds, A consistent analysis of (e,e’p)
and (d,3He) experiments, Nucl. Phys. A679 (2001) 267.

A. Ozawa, T. Suzuki, I. Tanihata, Nuclear size and related topics, Nucl.
Phys. 693 (2001) 32.

J. M. Kidd, P J. Lindstrom, H. J. Crawford, G. Woods, Fragmentation of
carbon ions at 250 MeV/nucleon, Phys. Rev. C: Nucl. Phys. 37 (1988)
2613.

W. R. Webber, J. C. Kish, D. A. Schrier, Individual isotope fragmentation
cross sections of reletavistic nuclei in hydrogen, helium and carbon
targets, Phys. Rev. C: Nucl. Phys. 41 (1990) 547.

C. A. Bertulani, P G. Hansen, Momentum distributions in stripping
reactions of radioactive projectiles at intermediate energies, Phys. Rev.
C: Nucl. Phys. 70 (2004) 034609.

K. Hencken, G. Bertsch, H. Esbensen, Breakup reactions of the halo
nuclei 'Be and ®B, Phys. Rev. C: Nucl. Phys. 54 (1996) 3043.

C. A. Bertulani, A. Gade, Momdis: a glauber model computer code for
knockout reactions, Computer Physics Communications 175 (2006)
372.

D. E. Greiner, P J. Lindstrom, H. H. Heckman, B. Cork, E S. Beiser, Mo-
mentum distributions of isotopes produced by fragmentation of rela-
tivistic 12C and 1°0 projectiles, Phys. Rev. Lett. 35 (1975) 152.

E. C. Simpson, J. A. Tostevin, Two-nucleon correlation effects in knock-
out reactions from 12C, Phys. Rev. C: Nucl. Phys. 83 (2011) 014605.
A. Gade et al., Knockout from ®Ar: ¢ = 3 neutron removal and
deviations from eikonal theory, Phys. Rev. C: Nucl. Phys. 71 (2005)
051301(R).

J. A. Tostevin, D. Bazin, B. A. Brown, T. Glasmacher, P G. Hansen,
V. Maddalena, A. Navin, B. M. Sherrill, Single-neutron removal reac-
tions from '°C and !'Be: Deviations from the eikonal approximation,
Phys. Rev. C: Nucl. Phys. 66 (2002) 024607.

J. A. Tostevin, B. A. Brown, Diffraction dissociation contributions to
two-nucleon knockout reactions and the suppression of shell-model
strength, Phys. Rev. C: Nucl. Phys. 74 (2006) 064604.

E. C. Simpson, J. A. Tostevin, D. Bazin, B. A. Brown, , A. Gade, Two-
nucleon knockout spectroscopy at the limits of nuclear stability, Phys.
Rev. Lett. 102 (2009) 132502.

E. C. Simpson, J. A. Tostevin, D. Bazin, A. Gade, Longitudinal momen-
tum distributions of the reaction residues following fast two-nucleon
knockout reactions, Phys. Rev. C: Nucl. Phys. 79 (2009) 064621.



