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A new semiempirical model calledFRANG for calculation of fragment emission angles in light and heavy ion
fragmentation reactions was developed. Contributions from both central and peripheral collisions were inves-
tigated, where fragmentation occurs due to nuclear and Coulomb interaction, respectively. For central colli-
sions the reaction was described by a two step abrasion-ablation model, where collision parameters were
determined from a simple geometrical model. The fragment emission angles were calculated using a param-
etrization of longitudinal momentum loss and transverse momentum uptake in the collision of projectile and
target atom. For peripheral collisions the Coulomb excitation of nucleon vibration resonances and subsequent
decay into fragments was taken into account. Fragment emission angles were calculated from deflection in the
electric field and from the amplitude of vibrations in excited nuclear states. The modeled emission angles were
in accordance with the experimental values for most projectile-target systems examined and compared. It was
established that the model very well reproduces the experimental results in the energy region
,200 MeV/nucleon, despite its simplicity, and can be successfully employed in several applications. The
model is estimated to be valid in the energy range from a few 10 MeV/nucleon up to few 100 MeV/nucleon.
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I. INTRODUCTION

Concern about the biological effects of space radiation is
increasing rapidly in view of the perspectives of long-term
space missions, both in relation to the International Space
Station and to manned interplanetary missions in future
years. Galactic cosmic rays(GCR’s) and Solar particle
events(SPE’s), e.g., showers of energetic charged particles
from the surface of the Sun will be the dominant sources of
the radiation dose on long-term missions outside the Earth’s
magnetic field and this presents a major risk to human crews.
Radiation protection studies of airplane crews on high-
altitude long-distance flights have also received considerable
attention in recent years.

High-energy heavy-charged(HZE) particles are used in
various fields of nuclear physics, medical physics, space sci-
ence, and materials science. Several ion accelerator facilities
are operating or planned for construction.

A major advantage when using hadrons(light and heavy
ions) over conventional radiation(photons, electrons) for ra-
diotherapy is the inverse dose profile, i.e., the energy depo-
sition and dose distribution increases along the penetration
depth of the beam ending with a sharp maximum—the Bragg
peak—at the end of the particle range. HZE particles also
produce a very narrow penumbra in the beam due to their
reduced scattering angles.

There is an intense ionization pattern along the path of the
hadrons, most notably at the end of the range, which results
in localized bursts of energy deposition at the microscopic
level. This results in increasing cell mortality and thus the
radiobiological effect of hadrons is superior to that of con-
ventional radiotherapy, even in conditions of hypoxia. Ra-
dioresistant tumors which have a high repair capacity with
respect to photon irradiation are susceptible to hadron treat-
ment. In addition to that, light ions exhibit more precise
physical dose distributions than protons because lateral and
range scattering decreases quadratically with atomic number.

The understanding of the radiobiology of heavy-charged
particles is still a subject of great interest due to the compli-
cated dependence of their relative biological effectiveness
(RBE) on the type of ion and its energy, and its interaction
with various targets. Reviews on radiological effects of HZE
particles can be found in Refs.[1,2], and references therein.
Calculations of the ion track structure and its localized en-
ergy deposition at microscopic level are required in order to
establish a correlation between the imparted energy in small
sites with single and double strand breaks, base damage, etc.,
following the very rapid energy-deposition processes and the
ensuing chemistry in the cellular environment. At high ener-
gies a large number of nuclear interactions occurs producing
a cascade of other ions and particles, building complicated
spectra of particles which are transported along the path of
the initial projectiles. It has become clear that heavy ions
such as neon, used during the pioneer application of heavy*Electronic address: marko.giacomelli@ijs.si
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ions for radiotherapy(LBNL, Berkeley, USA) in the early
1970’s, have the largest radiobiological effects. These effects
also appear in regions close to the beam entrance, i.e., in the
depth-dose plateau region, where normal tissue is usually
situated. In addition, due to the longer range of the fragmen-
tation products released by the incident ions, the tail of the
dose distribution beyond the Bragg peak may be too high for
minimizing doses to normal tissue beyond the primary ion
range. These two aspects suggest that the ideal ions for ra-
diotherapy are light ions, and for this reason carbon has
dominated clinical applications at the HIMAC(NIRS) clini-
cal facility (Chiba, Japan) [3,4], as well as HIBMC(Harima
Science Garden City, Hyogo, Japan), and at GSI(Darmstadt,
Germany) [5]. Plans for building additional radiotherapy
light ion facilities have followed in Europe and China, and
new feasibility studies have been conducted for such facili-
ties in Germany, Austria, Italy, France, and Sweden.

In order to estimate the biological effects of HZE par-
ticles, accurate knowledge of the physics of interaction of
these particles with target atoms is needed. To estimate the
exposure of personnel on space missions, the dose absorbed
by patients during cancer treatment, and to design the shield-
ing of accelerator and reactor facilities, the interaction and
transport of these particles in a medium, including human
tissue, should therefore be well understood. For therapeutic
and diagnostic medicine, the ability to perform precise three-
dimensional calculations of the transport of both primary and
secondary particles in biological materials is needed. In the
field of Monte Carlo transport of heavy ions several codes
(e.g.,FLUKA, GEANT, SHIELD, andPHITS) exist and/or are in
the stage of development. A major drawback is that often
their lowest possible energy, where simulations are still ac-
curate, almost coincides with the initial energies used in ra-
diotherapys,500 MeV/nucleond. Additionally, these codes
are based on approximations which are unjustified at lower
energies. For a long time the only verified numerical HZE
transport code has beenHZETRN, developed at NASA Lan-
gley Research Center[6]. This code is based on semiempir-
ical models, and is only a one-dimensional discrete steps
calculation code. Another numerical one-dimensional semi-
empirical computer code isHIBRAC [7], developed to support
the heavy-ion therapy programs at HIMAC and GSI. This
code enables calculation of the fluence, energy, LET, dose,
and dose average LET distributions for protons and light ions
in any solid and liquid medium.HIBRAC was carefully bench-
marked with measurements performed at different accelera-
tors around the world, including GSI and RIKEN(Japan),
and then incorporated in the treatment planning systems at
HIMAC and GSI.

Our recent measurements[8] have revealed that frag-
ments are emitted at larger angles(several degrees) than pre-
viously expected, and therefore the straight-ahead approxi-
mation used in HZETRN and HIBRAC seems to be
oversimplified, especially in the energy region below
100 MeV/nucleon. Exact information about the fragment
emission angular distributions will be especially important in
the near future, when so-called pencil beams for precise local
irradiation will be brought in operation[9,10]. So far only a
few measurements have been performed to analyze fragment
emission angles from HZE reactions below 500 MeV/

nucleon[8,11–13]. Analysis was performed mostly for ener-
gies above a few GeV/nucleon[14–17]. For this reason we
started a series of experiments to determine the angular dis-
tributions of various projectiles colliding with targets made
of materials important in radiotherapy and space radioprotec-
tion. Since no semiempirical model for calculation of frag-
ment emission angular distributions has proved able to repro-
duce accurately several measured fragment angular
distributions, we developed a new semi-empirical model
calledFRANG to describe the angular emission of fragments
when colliding with target atoms. The main goal was to in-
corporate this model intoHIBRAC, together with improved
models for calculation of stopping power and cross sections,
in order to develop a fast modified three-dimensional version
of HIBRAC. However, theFRANG model can also be incorpo-
rated in the Monte Carlo codes. Since it is not possible to
measure the composition of these transported radiation fields
inside internal organs of biological test specimens, or hu-
mans, computational methods rather than direct measure-
ments are required.

The scenario of a collision between two heavy nuclei in
the energy range from a few 10 MeV/nucleon up to a few
GeV/nucleon is very complex. The main nuclear collision
processes involved are(i) nuclear elastic and inelastic colli-
sions,(ii ) nuclear fragmentation(spallation), and (iii ) elec-
tromagnetic dissociation(EMD). Only the latter two,(ii ) and
(iii ), change the composition of the treatment beam. Sections
II and III are thus dedicated to direct and peripheral colli-
sions, in which fragments are produced through nuclear and
Coulomb interactions, respectively. However, we introduce
our model for application to space and radiotherapy research,
where mainly light ion systems can be found. Within this
scope it was established that the main contributor to frag-
ment production is nuclear interaction(by several orders of
magnitude). The Coulomb dissociation probability is in-
creased only for highly charged systems(e.g., Pb+Pb) or at
relativistic energies(above a few 10 GeV/nucleon).

II. DIRECT COLLISIONS

When two colliding nuclei first touch each other they are
cold. In the well-known geometric abrasion-ablation frag-
mentation model of Bowmanet al. [18], when the fragment-
ing projectile nucleus collides with a stationary target
nucleus, the overlapping portions of their nuclear volumes
are sheared off by the collision. The remaining piece of pro-
jectile or target matter, called a prefragment, continues on its
initial trajectory with its precollision velocity. In the early
stage of the collision the nuclear matter will be a com-
pressed. Because of collisions between the constituent nucle-
ons of the colliding nuclei both the temperature and the en-
tropy will rise. At an intermediate stage a compressed and
hot zone of nuclear matter exists, and it is believed[19] that
in this system densities of 2–3 times normal nuclear density
can be reached. After the initial compression the system ex-
pands and the final state of both projectile and target nucleus
is reached in one of the following ways: either the excited
prefragments are thermalized or they disintegrate into frag-
ments and nucleons.
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Because of the dynamics of abrasion, the prefragments
are highly excited and decay by emitting nuclear particles
and/org rays(ablation process). The entire abrasion-ablation
process takes less than 10−14 s [21]. The resulting isotopes
are the nuclear fragments whose production cross sections
are used as inputs into the transport code.

In the present model the emission angles are calculated by
determining the range of impact parameters that result in the
formation of a fragment with specific mass. In the current
model we describe only the behavior of projectilelike frag-
ments. This new semiempirical model is based on the models
of Fai and Randrup[22,23] and Tsaoet al. [24]. The colli-
sion is described by a two step abrasion-ablation model,
where first an excited prefragment is formed and later a
stable reaction product is formed through nucleon or photon
emission. In the collision a momentum transfer occurs in
both longitudinal and transverse directions. The momentum
transfer is taken to be dependent on the projectile energy,
impact parameter, and projectile-target combination.

Basic models of the propagation of light ions through
matter make a simplifying assumption that fragmentation
products retain the same velocity as their progenitors. The
straight-ahead approximation would correspond to a
d-function distribution centered at the origin in the projec-
tile’s energy in the laboratory reference frame. In the present
model the approximation is relaxed by a simple microscopic
prescription[22–24]. We estimate that the model is appli-
cable down to lower energies of a few 10 MeV/nucleon. The
high-energy end of the model is above few GeV/nucleon.
However, at these energies the momentum change of frag-
ments becomes very small compared to the total momentum
of the projectile(by a few orders of magnitude). Hence, the
modelled values of fragment emission angles resemble the
straight-ahead approximation.

Because we use geometrical approximations, the model is
more accurate for heavier systems, for which the approxima-
tion is more adequate. Similarly, better agrrement with ex-
perimental values is expected for heavier fragments(with
mass and charge close to the projectile nucleus) and the
model cannot be used for description of very light ejectiles,
i.e., neutrons and protons.

A. Abrasion partitioning

Let us consider a colliding system consisting of projectile
ion and target atom(Fig. 1). In the abrasion step the nuclei

overlap and nucleons are knocked out of their bound orbits.
Thus, the system is partitioned into three parts: projectile
spectators, target spectators, and participant nucleons. We get

A = APPSRP

RT
,b,ED ,

B = ATPSRT

RP
,b,ED ,

C = AP + AT − sA + Bd, s1d

whereAP, AT, A, B, andC are the projectile, the target, the
projectile spectators, the target spectators, and the participant
mass numbers, respectively. ForA, B, andC integer values
are taken.E is the kinetic energy of the projectile.P repre-
sents a set of geometric approximation functions for the
overlap volume of the projectile-target system. FunctionsP
are listed in Ref.[25]. Values of the radii of the colliding
nuclei, RP andRT for projectile and target, respectively, are
taken as the root-mean-square values measured by de Vries
et al. [26] and Wesołowski[27]. In the literature, approxima-
tions ofR=r0A

1/3 type are commonly used(e.g.,r0=1.2 fm).
However, these approximations are only good for heavier
nuclei. Discrepancies of up to 50% for light nuclei are
clearly demonstrated in Fig. 2. Thus measured radii values
are used throughout this paper. The number of participants
and spectators at a given impact parameterb, calculated ac-
cording to the functionsP, is corrected and taken to be en-
ergy sEd dependent as proposed by Wilsonet al. [28]. In Fig.
3 these corrections are shown at different energies. The
charge of the three parts is distributed under the assumption
that the ratio of the number of protons and neutrons is main-
tained

FIG. 1. Abrasion-ablation reaction scheme and corresponding
momenta at different steps. The two-nucleon collision systemsP
+Td is partitioned into three parts: projectile spectatorssAd, target
spectatorssBd, and participant systemsCd according to the fireball
model [20]. FIG. 2. Accuracy of the nuclear radii parametrization. The full

line depicts the approximation ofR=r0 A1/3 type, while the symbols
depict measured values[26,27]. The inset represents the relative
accuracy of the radii parametrization. Large discrepancies can be
observed especially for light nuclei.
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ZA < A
ZP

AP
,

ZB < B
ZT

AT
,

ZC = ZP + ZT − sZA + ZBd. s2d

Next we partition the total momentum before the collision
among the sources in the center-of-mass frame(in which
PP+PT=0). After the abrasion the parallel components are
written as

PiA = s1 − yd
A

AP
PP,

PiB = s1 − yd
B

AT
PT,

PiC = − sPiA + PiBd. s3d

The parameteryP f0,1g is a measure of the reduction of
motion of spectators. Wheny=0 spectators continue with
their initial momentum per nucleon(reducing the model to
the straight-ahead approximation), while wheny=1, all three
sources move with the same velocity(in the laboratory sys-
tem). The parametery is somewhat analogous to the inelas-
ticity parameter used to characterize two-body collisions.
Transverse components of the three sources also satisfy the
criterion

P'A + P'B + P'C = 0. s4d

Finally, the generated heatQ, equal to the loss of transla-
tional energy implied by Eq.(3), should be partitioned. In the
standard fireball model[20] all the heatQ goes into the
participant source while the spectators remain cold. Here, a
parameterxP f0,1g is employed to govern the leakage of
heat into the spectators. Thus, the assumption is made that
the invariant source mass energies are given by

MA = mAco
2 + Axq,

MB = mBco
2 + Bxq,

MC = mC co
2 + CS1 +

A + B

C
s1 − xdDq, s5d

where mi are the relative atomic masses of the isotopesi
=sA,B,Cd [29]. For the spectator partC, mC is taken either
as the mass of an existing nucleon or as the mass sum of a
cluster of separate neutrons and/or protons.q is the excita-
tion energy per nucleon

q =
Q

AP + AT
. s6d

Whenx=0 there is no leakage of heat into spectators, and the
participant source takes all the generated excitation energy.
On the other hand, whenx=1, excitation per baryon, and
hence the temperature, is the same in all three sources, cor-
responding to perfect heat sharing.

In this model Eqs.(1)–(3) are set to conserve baryon
number, charge, and momentum. Energy conservation is en-
sured by

EP + ET = EA + EB + EC, s7d

where the source energies areEi
2=Pi

2co
2+Mi

2co
4 and i

=sP,T,A,B,Cd.
The generated heat in Eq.(5) is obtained by iterating Eq.

(7) starting with Qskd=0. An improved approximation is
given by

Qsk+1d = Qskd + EP + ET − sEA
skd + EB

skd + EC
skdd. s8d

It was assumed that the two spectators are excited in propor-
tion to their mass ratio, i.e.,QA/QB=A/B.

B. Parametrization

So far two parameters were introduced in the model,x
and y, the former to partition the excitation energy and the
latter to partition longitudinal momentum among the three
sourcesA, B, andC. A bounce off in the transverse direction

FIG. 4. Measured Fermi momentum(open symbols) and energy
(full symbols) [32]. The full and dashed lines represent the best
fitted function for energy and momentum, respectively.

FIG. 3. Calculation of the number of projectile spectator nucle-
ons at different energies. The dotted line represents simple geomet-
ric approximation.
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at the collision is described by the parameterz. This repre-
sents the transverse momentumsA MeV/cd of the abraded
prefragment[30]. This complies with the observed increase
of trajectory deflection[31]. There are several mechanisms
that combine to contribute to the repulsion, i.e., the Pauli
blocking and the Coulomb barrier.

Because the momenta transfer is a statistical process, all
the values in the parametrization are taken as mean values.
All three parametersx, y, and z are considered as impact
parameterb and energy dependent, so we get

xsbd = xoF1 −S b

bmax
D2G ,

ysbd = yoF1 −S b

bmax
D2G ,

zsbd = zo sin2/3Sp
b

bmax
D , s9d

wherebmax is the sum of the radii of the colliding nuclei.
At lower energies the spectator parts remain relatively

cold. Hence the magnitude of heat leakagexo is set to be
small [24]. The longitudinal momentum loss magnitudeyo is
taken as a fit to the experimental data[23]. Elab is the pro-
jectile kinetic energy(in units MeV/nucleon) in the labora-
tory system. The transverse momentum transfer magnitude is
usually taken as energy independent. This approximation is
valid only at higher energies where the magnitude is usually
fixed at 300 MeV/c [24]. In our model, an energy-dependent
parameter was used[30], while the magnitude was set to a
lower values200 MeV/cd, which is more appropriate for re-
producing data at lower projectile energies:

xo = 0.05L,

yo = e−ÎElab/125L,

zo = 200mLY, s10d

wherem is related to the masses of the target and the projec-
tile nucleus and is given as

m =
2

1 +
mP

mT

s11d

andY is the center-of-mass rapidity of the beam

Y =
1

2
logS1 + b

1 − b
D , s12d

whereb represents the laboratory frame velocity of projec-
tiles in units of speed of light. CoefficientL needs to be
introduced to make the parameter valuesxo, yo, andzo Lor-
entz invariant

L =
bc.m.

blab
go

−2, s13d

wherego is the Lorentz relativistic factor

go = s1 − blabd−1/2. s14d

C. Fragment ablation

After initial abrasion of the projectile the final fragment is
formed from an excited cluster of projectile spectatorsA in
one of the two scenarios. The excited prefragment can be
thermalized before ablation. Hence, the prefragment be-
comes the final state fragment. If thermalization does not
occur, the final fragmentAF is created by evaporation of
mass in the form of a light fragmentDA=A−AF. It is re-
ported in Refs.[33,34] that the first scenario is more likely to
happen.

Now let us consider the second case. We describe the
excited nucleus as a Fermi gas. The average kinetic energy
loss per nucleon in the center-of-mass frame is calculated by

kdEkl = EkPF − EkF = EA − EDA − M f co
2, s15d

whereEkP is the projectile kinetic energy per nucleon,M f is
the rest mass per nucleon of fragment with kinetic energy
EkF. In the Fermi gas the kinetic energy of remnant fragment
with massDA can be estimated with

EkDAsAF ø Ad = EkA +
3

5
«Fermi+

«CoulsDA,Ad
AA

, s16d

where «Coul is Coulomb barrier in the touching sphere ap-
proximation

«Coul =
ZDAZFe2

4p«osRDA + RFd
, s17d

whereRF andRDA are nuclear radii of final fragment and the
remnant part of the prefragment, respectively. In the descrip-
tion of the nucleus as a Fermi gas the Fermi energy«Fermi is
an estimation of kinetic energy of emited nucleon or charged
particle. We calculate the energy from Fermi momenta mea-
sured by Monizet al. [32]. The values for different nuclei are
obtained by the following best-fit approximations to the mea-
sured values:

PFermi= 281 MeV/cs1 − A−0.568d,

«Fermi= 100 MeVs1 − A−0.1083d, s18d

for Fermi momentum and Fermi energy, respectively. Results
are given in Fig. 4. The ablation step of the reaction addi-
tionally (to the abrasion) widens the distribution of final frag-
ment momenta(see Sec. II F for details).

D. Emission angles

The final fragment has a lower energy than the abraded
prefragment. However, we assume that the distribution of the
fragment emission direction is isotropic in the center-of-mass
system of the prefragment. In the laboratory system the di-
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rection of the final fragments would be on average the same
as those of the prefragments. Thus the emission angles of the
fragments are directly calculated from the longitudinal and
the transverse momenta of the prefragments. Using Eqs.(3)
and (9) it is possible to calculate both components of the
prefragments momenta after abrasionPi and P'. The
bounce-off angle of the prefragment and correspondingly the
mean emission angle of the final fragment is at a specific
impact parameterb calculated as

qFsbd = arctanSP'sbd
Pisbd

D . s19d

As an example the average fragment emission angles are
calculated for a12C projectile on an16O target atom and
shown in Fig. 5.

E. Impact parameters and abrasion channels

Some models[24] take into account the general impact
parameter averaged values of momentum transfer for all
fragments. Consequently this results in same values of emis-
sion angles for fragments of different mass.

Hüfneret al. [33] performed a calculation of various abra-
sion cross sections in an abrasion-ablation reaction model.
The cross sections were calculated as a function of the im-
pact parameter. The cross sections peaked at large impact
parameter when only a few nucleons were removed, while
the removal of more particles occurs largely at smaller im-
pact parameters. Hence, a similar prescription for calculating
mean momenta transfer was introduced in our model.

Since at various impact parameters fragment’s direct pro-
genitor differs, in our model the abrasion step of the reaction
of production of a specific fragmentAF is divided into sev-
eral channels for given prefragmentsAP→APF→AF. For ex-
ample, for a12C projectile the8B fragment can be produced
from prefragments with a mass range from 9 to 12. To de-
termine different abrasion channels, a geometrical calcula-
tion of the overlap volume of the colliding particles is made.
Thus the dependence of the number of projectile spectators
on the impact parameter is obtained

APF = APPSRP

RT
,b,ED . s20d

Then, the range of values of the impact parameter
fbPF1,bPF2g is determined for which the condition in Eq.(20)
is satisfied for all abrasion channelsPF. Additionally, the
mean impact parameterbPF is calculated. The corresponding
momentum transfers are calculated in the longitudinal and
transverse direction, respectively,

PPFi,' = Pi,'sbPFd. s21d

The probabilityGPF for the abrasion channelAPF is obtained
in the following manner. First, we estimate the geometrical
area(cross section) SPF of the abrasion channel

SPF = psbPF2
2 − bPF1

2 d. s22d

Secondly, a simple statistical weighting factoreQ/EPF
*

is used,
which approximates the fragment probability from theAPF
channel excitation energy and separation energy forPF
→F. Hence,

GPF = F1SPFeQ/EPF
*

, s23d

whereF1 is a normalization factor obtained from condition
oPFGPF=1, whereEPF

* is the mean excitation energy of the
prefragment after abrasion and is calculated according to the
NUCFRG2 model by Wilsonet al. [28]. Q is the separation
energy of ablation where we assume all possible combina-
tions of evaporated protons, neutrons, anda particle clusters.
The separation energy is calculated in the following way:

Q = fmPF − smF + Pmp + Nmn + amadgco
2 − ECoul, s24d

wheremPF,mF ,mp,mn, andma are standard masses for pre-
fragment, fragment, proton, neutron, anda particle, respec-
tively. P, N, anda are the numbers of emitted protons, neu-
trons, anda particles.ECoul is the height of the Coulomb
barrier calculated with the approximation in Eq.(17). It
should also be noted that the channelAPF can have several
subchannels, i.e., abraded prefragments with different
charges. Since we use a geometrical model all possible sub-
channels within one abrasion channel are considered equally
probable. As thea particle is tightly bound in comparison to
other nucleon arrangements, the helium production in the
ablation process is maximized. All the abovementioned con-
siderations indirectly include even-even nuclei and isospin
effects. Consequently, some reaction channelsGPF are thus
enhanced and others suppressed. The cross section for spe-
cific break-up reactions of light even-even projectiles is
higher. Nuclei such as12C, 16O, 20Ne, 24Mg, 28Si, and 32S
have very lowQ values for emission ofa particle clusters. In
the case of heavier projectiles, larger clusters can also be
emitted.

F. Momentum distributions

As collisions occur at a wide range of impact parameters
which lead to different deflection and momentum loss, the
momentum distributions also have to be derived. The mo-
mentum distributions of the nuclides produced by fragmen-

FIG. 5. Calculated average emission angles for different frag-
ments. The example presented here is a12C projectile on an16O
target atom.
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tation of various projectiles and targets were found to be
Gaussian-like[15].

Since the reaction is described in a two step abrasion and
ablation model, we also divide the total spread of momentum
tots into two partsabrs andabls, respectively. The momentum
dispersion in the abrasion step can be derived with the fol-
lowing assumptions. It originates from two sources. The first
stems from the various impact parameters that lead to the
same final product. The variance is estimated from the geo-
metrical prescription to determine the most probable impact
parameter

abr,1si,' = SdPi,'

db
D

bmp

sb, s25d

where the width of the impact parameter distribution is esti-
mated assb=sbPF2−bPF1d /2 from Eq. (20). The second
source is associated with intranuclear interaction during the
abrasion overlapping. For the given impact parameter the
target chordl i,' through the participant region is calculated
as used in Ref.[28]. The spread is estimated by taking into
account the mean-free path of the nucleonsl as

abr,2si,' = DPi,'Î l

l i,'
, s26d

whereDPi,' is the prefragment’s momentum change in the
longitudinal and transverse direction.abr,2si,' implies that
more central collisions have a larger momentum spread.

In the abrasion-ablation picture the final fragment is pro-
duced by the ablation of the excited prefragment. The evapo-
ration of the final fragmentAF is isotropic in the prefrag-
ment’s moving frame. The calculation of the ablation
momentum spread is performed in a statistical manner ac-
cording to Goldhaber[37]. The fragment’s r.m.s. momentum
skPAF

2ld1/2 in the prefragment’s moving frame is equal to the
ablation spread of the fragment’s momentum in the
projectile-target c.m.s. With the assumption of a post-
collision equilibrated system, the predicted width of the mo-
mentum distribution is

kPAF

2 l = PF
2 AFsAPF − AFd

APF − 1
, s27d

whereAPF andAF are the mass numbers of the prefragment
and final fragment, respectively.PF is the relative momen-
tum of the fragment calculated according to the approxima-
tion in Eq. (15). VariancekPAF

2l has a parabolic dependence
on the fragment mass. Additionally, the ablation component
of the momentum spread can be written as a sum of projec-
tions (parallel and perpendicular) to the impinging projectile
axis. Due to isotropic emission in the prefragment’s moving
frame, the spread in the longitudinal and transverse direction
are on average the same,ablsi < abls'

kPAF

2 l = ablsi
2 + abls'

2 ⇒ ablsi,' =
PF

Î3
ÎAFsAPF − AFd

APF − 1
.

s28d

Hence the total spreads of the longitudinal and the trans-
verse momenta are obtained as the sums of the abrasion and
ablation parts

totsi
2 =

mF

mPF
abrsi

2 + ablsi
2,

tots'
2 =

mF

mPF
abrs'

2 + abls'
2. s29d

As fragments from different prefragmentsAi have different
momentum widthstotssAid, an appropriate weighted averag-
ing has to be performed. The total distribution of momenta is
hence the sum of Gaussians with an appropriate statistical
weighting factor for each channel

dW

dP
= o

PF=AF

AP

GPF
1

sPF
Î2p

e−sP − PPFd2/2sPF
2

. s30d

Figure 6 shows a detailed plot of the final fragment momen-
tum distribution for each specific abrasion channel. The sum
distribution for a specific final fragment isotope is also ob-
tained according to Eq.(30). As an example the reaction
12C+16O→ 8B+X is presented.

FIG. 6. Model calculated momentum transfer distributions for
different abrasion channels. Dotted lines depict weighted distribu-
tions for production of the8B isotope through all possible abrasion
channels. Each channel is labeled with the mass number of the
corresponding prefragment. The sum of all channels is depicted by
a full line. The example presented is the collision of a
70 MeV/nucleon12C projectile on an16O target atom.
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Figure 7 shows as an example the calculated momentum
distribution of boron fragments produced in the collision of a
12C projectile and an16O target atom. From the distributions
in the longitudinal and transverse directions the distribution
of fragment emission angles can be obtained.

III. PERIPHERAL COLLISIONS

Now let us consider peripheral collisions for larger impact
parametersb where no nuclear interaction occurs. Reactions
are possible due to the strong long range electromagnetic
fields which are produced over a very short time scale in
relativistic heavy ion collisions. These electromagnetic
pulses increase in strength with energy because of the Lor-
entz contraction.

A typical time sequence of a Coulomb interaction leading
to fragmentation of a projectile is shown schematically in
Fig. 8. When approaching the target nucleus the projectile is
first deflected in the target’s electric field. Electromagnetic
dissociation occurs when a virtual photon is exchanged be-
tween the target nucleus and the projectile. The usual result
of this process is energy transfer to the harmonically bound
charge in the projectile nucleus. For high-Z nuclei the mode
of deexcitation is primarily by neutron emission. Charged-

particle emission is hindered as a result of the Coulomb bar-
rier, but can become more probable for low-Z nuclei.

In analogy to nuclear collisions we can describe Coulomb
collisions by a two-step reaction model; deflection-excitation
and vibration-dissociation of the projectile.

A. Deflection and excitation

A fast charged particle incident on matter makes colli-
sions with the atomic electrons and nuclei. If the particle is
heavier(proton, etc.), the collisions with electrons and with
nuclei have different consequences. The light ions can take
up appreciable amounts of energy from the incident particle
without causing significant deflections, whereas the massive
nuclei absorb very little energy but because of their greater
charge cause scattering of the incident particle. Thus energy
loss by the incident particle occurs almost entirely from its
incident collisions with electrons. The deflection of the par-
ticle from its incident direction, on the other hand, results
from essentially elastic collisions with atomic nuclei.

When describing fragmentation events the collision time
of the projectile with the target nucleus is very short(in the
order of 10−23 s). Thus energy loss effects due to electron
interaction can be neglected. The passage of a particle with
chargeZP, velocity v, and impact parameterb (larger than
the nuclear interaction radius) by a target nucleus at rest will
predominantly cause a momentum change of the charged
constituents of the nucleus, i.e., the protons. For not overly
close collisions the momentum in the transverse direction
(see Fig. 8) is given in the classical approximation at relativ-
istic energies[38] by

Pdef = 2
ZPZT e2

4pe0bv
. s31d

At the same time some of the energy is transferred into
internal excitation of the projectile. The probability for the

FIG. 7. Model calculated momentum transfer distributions and
corresponding distribution of fragment emission angles. The ex-
ample presented is a collision of a 100 MeV/nucleon12C projectile
on an16O target atom. Momentum distributions are calculated for
production of different nitrogen fragments isotopes and plotted with
dotted lines. Full lines represents the momentum distribution for
each isotope but weighted by an appropriate production factor. The
factors are calculated with a partial reaction cross section model
[35], which is an improved version of the model described in Ref.
[36].

FIG. 8. Peripheral collision of projectile and target in the labo-
ratory frame. Impact parameterb is larger than the sum of the radii
of the two nuclei. When passing by, the projectile is slightly de-
flected in the electric field of the target ion. Additionally, the pro-
jectile is excited(induced proton and neutron vibrations), which can
result in subsequent dissociation of the nucleus.
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Coulomb excitation of a nuclear state becomes larger the
longer is the transition timet compared with the interaction
time tcoll. The transition time is given as

t = "/ES= 1/v, s32d

whereES is the energy level of the excited state The interac-
tion time tcoll in the collision is estimated by the half-distance
of closest approacha and projectile velocityvP as

tcoll =
R

gvP
s33d

taking into account the relativistic contractions by means of
the Lorentz factor.R is the sum of the radii of the colliding
nuclei, the shortest distance at which the nuclei interact only
electromagnetically.

To calculate the excitation energy of the passing projectile
we can use the vibrator model for the nucleus[38], where the
energy transferred to a harmonically bound nucleon is calcu-
lated. Furthermore the nucleus is described as a sum of har-
monic oscillators which gives the projectile excitation energy
as [39]

E * sbd =
2ES

2

u
a2ZT

2ZPsAP − ZPd
AP

S c

v
D4

3
1

g2SK1
2sxd +

1

g2K0
2sxdD , s34d

where u is the atomic mass unit,v is the speed of the
target (measured from the projectile rest frame),
g=f1−sv /cd2g−1/2 is the Lorentz factor, anda is the fine
structure constant

a = e2/4pe0"c = 7.2973 10−3, s35d

" is the Planck constant,Kn are modified Bessel functions,
andx is defined as

x = vb/gv. s36d

From the calculation of excitation energy[Eq. (34)], one
can also interpret the probabilityWexcsbd of exciting the vi-
brational state in a collision with impact parameterb as

Wexcsbd =
E * sbd

ES
. s37d

In Ref. [39] it was noted that the excitation probabilities in
peripheral heavy ion collisions approach unity at grazing im-
pact parameters(very close to the nuclear interaction radius).
But calculations performed for light systems in the energy
region,1 GeV/nucleon(of importance for radiotherapy and
space dosimetry research) revealed that excitation is a highly
improbable event(compared to nuclear fragmentation by
several orders of magnitude). Due to their quadratic depen-
dence on target charge, these events play a notable role only
for very heavy targets(e.g., Pb).

B. Vibration and dissociation

In the excited state large proton and neutron excesses are
developed at the surface. Figure 8 shows that vibrations can

be generated in different modes.m=0 corresponds to the
action of the electric field component parallel to the imping-
ing direction of the projectile. The perpendicular component
of the electric field generatesm=±1 vibrations and because
of symmetry the excitation probability must be equally dis-
tributed between the states ±1.

From the dynamics of the electromagnetic excitation pro-
cess, the angular distribution of fragments can be calculated
[39]. The fragment emission direction corresponds to direc-
tion of the vibration amplitudeA

Asqod ,ÎK1
2sxdsin2 qo +

1

g2K0
2sxdcos2 qo, s38d

whereqo is the polar angle in the projectile’s moving frame,
where thez axis coincides with the impinging direction in
the laboratory system(see Fig. 8). Angular distributions for a
12C+16O colliding system at an impact parameter of 10 fm
are plotted for different projectile energies in Fig. 9. At
higher energies there is a strong tendency for emission per-
pendicular to the beam axis, while at lower energies the
emission is almost isotropic in the projectile moving frame.

C. Fragment momentum distributions and emission
angles

We assume that in the deflection step the incident momen-
tum of the projectilePo does not change,

DPi < 0. s39d

The momentum due to Coulomb repulsion is perpendicular
to the beam and is given in Eq.(31). Now let us consider a

projectile fragmentation processP→F+F̃, a decay into the
final fragmentF and the remnant part. Typically in Coulomb
excitation the projectile emits one or several nucleons(either

as a cluster or small light nuclei), thereforeF, P and F̃
!F. The mass spectrum of fragments is much narrower than
the fragments produced in direct collisions. The momentum
of the fragmentsPF1=PF2d obtained from the decay of the
excited vibration state is given by

Pdiss= Î2moDE, s40d

wheremo is the reduced mass ofF+F̃

FIG. 9. Angular distribution of vibration direction at different
energies. The distribution functions at each energy are normalized
so that the function integral equals 1.
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mo =
m1m2

m1 + m2
, s41d

where m1 and m2 are the masses of fragmentsF and F̃,
respectively.DE is the decay energy, i.e., the excitation en-
ergy above the threshold for the reaction

DE = ES− Q. s42d

Q is the separation energy calculated as in Eq.(24).
The final momentum of the fragment(longitudinal and

transverse component, respectively) is thus

PFi =5
mF

mP
Po + Pdisscosqo

mF

mP
Po − Pdisscosqo

6 , s43d

PF' =5
mF

mP
Pdif + Pdisssinqo

mF

mP
Pdef − Pdisssinqo

6 . s44d

Momenta are double valued, where each value is equally
probable due to the symmetry of decay of the vibrating pro-
jectile. The fragment is emitted either in theqo or in p
−qo direction.

To obtain the widths of the momenta distribution we will
use a two step reaction methodology in analogy to direct
collisions (see Sec. II F). For the deflection-excitation step
the assumption for longitudinal momentum spreadsPo

<0
can be made from Eq.(39). Calculations from Eq.(34) show
that excitation and potential disintegration occurs at the graz-
ing impact parameter and the probability drops sharply for
increasing impact parameterss,b−2d. A very narrow interval
of b has to be taken into account. Hence, the transverse mo-
mentum spread on deflection can also be estimated assPdef
<0.

The main contribution to momentum spread originates in
the different emission directions of fragments in their mov-
ing frame.sdiss' and sdissi are obtained from the vibration
amplitude angular distribution in Eq.(38).

IV. CONCLUSION

A new semiempirical model for fragment emission angles
in light and heavy ion fragmentation reactions was devel-
oped. The aim of the model is to describe reactions for
systems in the energy region relevant for radiotherapy
and space-flight dosimetry research(from a few
10 MeV/nucleon to a few GeV/nucleon). Recent measure-
ments[8] have shown the the straight-ahead approximation
(fragments travelling in the same direction with the same
velocity) is oversimplified and does not conform with obser-
vations at lower energies, where the fragment emission
angles are larger. The model is applicable to description of
fragmentation events of ions from carbon to iron on different
target materials(water, plexiglas, polyethylene, aluminium,
etc.). Emission angles are calculated for heavier and lighter
fragments, but the model cannot be used for protons and
neutrons. Contributions from both central and peripheral col-
lisions were investigated, where fragmentation due to
nuclear and Coulomb interaction occurs, respectively.

For central collisions the reaction is described by a two
step abrasion-ablation model, where the collision parameters
are determined from a simple geometrical model with appro-
priate corrections. For the first time, the consequences for
emission angles from both steps, abrasion and ablation, were
strictly analyzed. During the abrasion part of the reaction a
prefragment is formed, where at collision a loss of longitu-
dinal momentum and an uptake of transverse momentum oc-
curs. In the ablation stage the final fragment is formed. We
assume that the same fragment can be formed through dif-
ferent abrasion channels, which results in different momenta
transfers and momentum distribution widths.

For peripheral collisions the Coulomb excitation of
nucleon vibration resonances and subsequent decay into
fragments is taken into account. Fragment emission angles
were calculated from deflection in the electric field and from
the direction of vibrations in excited nuclear states. However,
calculation of the probability of such events in the systems
included in our study showed that Coulomb fragmentation
can be neglected(nuclear fragmentation is several orders of
magnitude higher). It only plays an important role at higher
energies(E. a few 10 GeV/nucleon) and/or for heavier tar-
getss@Fed.

With the recent developement of experimental methods
using etched track detectors and trajectory-tracing tech-
niques, measurement of relative emission angles have be-
come available. Details will be published in a subsequent
paper.
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