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A new semiempirical model calleeRANG 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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[. INTRODUCTION There is an intense ionization pattern along the path of the
Concern about the biological effects of space radiation i12drons, most notably at the end of the range, which results
increasing rapidly in view of the perspectives of long-term!" localized bursts of energy deposition at the microscopic
space missions, both in relation to the International SpacteVel- This results in increasing cell mortality and thus the
Station and to manned interplanetary missions in futurd@diobiological effect of hadrons is superior to that of con-
years. Galactic cosmic ray¢GCR's) and Solar particle Vventional radiotherapy, even in conditions of hypoxia. Ra-
events(SPE'9, e.g., showers of energetic charged particlesdioresistant tumors which have a high repair capacity with
from the surface of the Sun will be the dominant sources ofespect to photon irradiation are susceptible to hadron treat-
the radiation dose on long-term missions outside the Earth’gent. In addition to that, light ions exhibit more precise
magnetic field and this presents a major risk to human crewghysical dose distributions than protons because lateral and
Radiation protection studies of airplane crews on highrange scattering decreases quadratically with atomic number.
altitude long-distance flights have also received considerable The understanding of the radiobiology of heavy-charged
attention in recent years. particles is still a subject of great interest due to the compli-
High-energy heavy-charge@HZE) particles are used in cated dependence of their relative biological effectiveness
various fields of nuclear physics, medical physics, space SC{RBE) on the type of ion and its energy, and its interaction
ence, and materials science. Several ion accelerator facilitiegith various targets. Reviews on radiological effects of HZE
are operating or planned for construction. particles can be found in Refgl,2], and references therein.
A major advantage when using hadrafight and heavy  Calculations of the ion track structure and its localized en-
ions) over conventional radiatio(photons, electrondor ra-  ergy deposition at microscopic level are required in order to
diotherapy is the inverse dose profile, i.e., the energy depasstablish a correlation between the imparted energy in small
sition and dose distribution increases along the penetratiosites with single and double strand breaks, base damage, etc.,
depth of the beam ending with a sharp maximum—the Braggo|lowing the very rapid energy-deposition processes and the
peak—at the end of the particle range. HZE particles als@nsuing chemistry in the cellular environment. At high ener-
produce a very narrow penumbra in the beam due to theigies a large number of nuclear interactions occurs producing
reduced scattering angles. 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
*Electronic address: marko.giacomelli@ijs.si such as neon, used during the pioneer application of heavy
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ions for radiotherapyLBNL, Berkeley, USA in the early = nucleon[8,11-13. Analysis was performed mostly for ener-
1970’s, have the largest radiobiological effects. These effectgies above a few GeV/nucledi4—17. For this reason we
also appear in regions close to the beam entrance, i.e., in thgarted a series of experiments to determine the angular dis-
depth-dose plateau region, where normal tissue is usuallfibutions of various projectiles colliding with targets made
situated. In addition, due to the longer range of the fragmenof materials important in radiotherapy and space radioprotec-
tation products released by the incident ions, the tail of thejon. Since no semiempirical model for calculation of frag-
dose distribution beyond the Bragg peak may be too high fopyent emission angular distributions has proved able to repro-
minimizing doses to normal tissue beyond the primary iong;ce accurately several measured fragment angular
range. These two aspects suggest that the ideal ions for Ir'gisgrinytions, we developed a new semi-empirical model
d|otherapy a}_rg l'?ht |o|'ns,.and forhth|s reason carll:.)o'n ha%alled FRANG to describe the angular emission of fragments
gglr?gc?ltifyd (gilhnilbcaa ?gp?al)?gl?l]nsaztvf/eﬁ ;g“ﬁglwllg(s&;r:mg when collidir_lg with target atoms. The main _goa_l was to in-
Science Garden &:ity, Hyodo,’Japaand at GS(Darmstadt, corporate this modgl mtqauBRAg together with |mproveq
models for calculation of stopping power and cross sections,

Germany [5]. Plans for building additional radiotherapy in order to develop a fast modified three-dimensional version

light ion facilities have followed in Europe and China, and ¢ h | | :
new feasibility studies have been conducted for such faciliOf HIBRAC. However, thesRANG model can also be incorpo-
rated in the Monte Carlo codes. Since it is not possible to

ties in Germany, Austria, Italy, France, and Sweden. A US -
In order to estimate the biological effects of HZE par- Measure the composition of these transported radiation fields

ticles, accurate knowledge of the physics of interaction ofnside internal organs of biological test specimens, or hu-
these particles with target atoms is needed. To estimate tH8ans, computational methods rather than direct measure-
exposure of personnel on space missions, the dose absorb®@nts are required.
by patients during cancer treatment, and to design the shield- The scenario of a collision between two heavy nuclei in
ing of accelerator and reactor facilities, the interaction andhe energy range from a few 10 MeV/nucleon up to a few
transport of these particles in a medium, including humar3eV/nucleon is very complex. The main nuclear collision
tissue, should therefore be well understood. For therapeutierocesses involved ae) nuclear elastic and inelastic colli-
and diagnostic medicine, the ability to perform precise threesions, (i) nuclear fragmentatiofspallation, and iii) elec-
dimensional calculations of the transport of both primary andromagnetic dissociatioEMD). Only the latter two(ii) and
secondary particles in biological materials is needed. In thélii), change the composition of the treatment beam. Sections
field of Monte Carlo transport of heavy ions several coded! and Il are thus dedicated to direct and peripheral colli-
(e.g.,FLUKA, GEANT, SHIELD, andPHITS) exist and/or are in  SIons, in which fragments are produced through nuclear and
the stage of development. A major drawback is that ofterfcoulomb interactions, respectively. However, we introduce
their lowest possible energy, where simulations are still acour model for application to space and radiotherapy research,
curate, almost coincides with the initial energies used in rawhere mainly light ion systems can be found. Within this
diotherapy(~500 MeV/nucleoi Additionally, these codes SCcope it was established that the main contributor to frag-
are based on approximations which are unjustified at lowef€nt production is nuclear interactighy several orders of
energies. For a long time the only verified numerical HzZEMagnitudg. The Coulomb dissociation probability is in-
transport code has beefZETRN, developed at NASA Lan- creased only for highly charged systefesg., Pb+Ppor at
gley Research Cent¢6]. This code is based on semiempir- relativistic energiegabove a few 10 GeV/nuclean
ical models, and is only a one-dimensional discrete steps
calcqlgtion code. Another numerical one-dimensional semi- Il DIRECT COLLISIONS
empirical computer code isIBRAC [7], developed to support
the heavy-ion therapy programs at HIMAC and GSI. This When two colliding nuclei first touch each other they are
code enables calculation of the fluence, energy, LET, doseold. In the well-known geometric abrasion-ablation frag-
and dose average LET distributions for protons and light iongnentation model of Bowmaet al. [18], when the fragment-
in any solid and liquid mediunHiBRAC was carefully bench- ing projectile nucleus collides with a stationary target
marked with measurements performed at different accelerazucleus, the overlapping portions of their nuclear volumes
tors around the world, including GSI and RIKENapar,  are sheared off by the collision. The remaining piece of pro-
and then incorporated in the treatment planning systems géctile or target matter, called a prefragment, continues on its
HIMAC and GSI. initial trajectory with its precollision velocity. In the early
Our recent measuremenf8] have revealed that frag- stage of the collision the nuclear matter will be a com-
ments are emitted at larger ang(ssveral degreg¢shan pre- pressed. Because of collisions between the constituent nucle-
viously expected, and therefore the straight-ahead approxeéns of the colliding nuclei both the temperature and the en-
mation used in HZETRN and HIBRAC seems to be tropy will rise. At an intermediate stage a compressed and
oversimplified, especially in the energy region belowhot zone of nuclear matter exists, and it is beliey&d| that
100 MeV/nucleon. Exact information about the fragmentin this system densities of 2—3 times normal nuclear density
emission angular distributions will be especially important incan be reached. After the initial compression the system ex-
the near future, when so-called pencil beams for precise locgdands and the final state of both projectile and target nucleus
irradiation will be brought in operatiofd,10]. So far only a is reached in one of the following ways: either the excited
few measurements have been performed to analyze fragmeptefragments are thermalized or they disintegrate into frag-
emission angles from HZE reactions below 500 MeV/ments and nucleons.
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FIG. 1. Abrasion-ablation reaction scheme and corresponding ° 0 5 10 15
momenta at different steps. The two-nucleon collision system 0 ' ' ' : :
+T) is partitioned into three parts: projectile spectatoks, target 0 10 20 30 40 50 60
spectatorgB), and participant systerfC) according to the fireball mass number A
model[20].

FIG. 2. Accuracy of the nuclear radii parametrization. The full

. . line depicts the approximation &=r, A3 type, while the symbols
Because of the dynamics of abrasion, the prEfragmentccfepic’[ measured valug®6,27. The inset represents the relative

are highly excited'and decay by emitting nuqlear part,idesaccuracy of the radii parametrization. Large discrepancies can be
and/ory rays(ablation procegs The entire abrasion-ablation gp<arved especially for light nuclei.

process takes less than 10s [21]. The resulting isotopes

are the nuclear fragments whose production cross sections | q | knocked out of their bound orbit
are used as inputs into the transport code. overlap and nucleons are knocked out of their bound orbits.

In the present model the emission angles are calculated b us, the system is partitioned into _three parts: projectile
determining the range of impact parameters that result in th pectators, target spectators, and participant nucleons. We get

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 A:APP(& b E)
of Fai and Randruf22,23 and Tsacet al. [24]. The colli- R’/
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 B:ATP<&,b,E),
both longitudinal and transverse directions. The momentum Rp
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 C=Apt+tAr-(A+B), (1)
products retain the same velocity as their progenitors. The
straight-ahead approximation would correspond to a
S-function distribution centered at the origin in the projec-WhereAp, Ar, A, B, andC are the projectile, the target, the
tile’s energy in the laboratory reference frame. In the preseriprojectile spectators, the target spectators, and the participant
model the approximation is relaxed by a simple microscopidnass numbers, respectively. FarB, andC integer values
prescription[22—24. We estimate that the model is appli- are takenE is the kinetic energy of the projectil& repre-
cable down to lower energies of a few 10 MeV/nucleon. Thesents a set of geometric approximation functions for the
high-energy end of the model is above few GeV/nucleonoverlap volume of the projectile-target system. Functihs
However, at these energies the momentum change of frag'e listed in Ref[25]. Values of the radii of the colliding
ments becomes very small compared to the total momenturuclei, Rp and Ry for projectile and target, respectively, are
of the projectile(by a few orders of magnitudeHence, the taken as the root-mean-square values measured by de Vries
modelled values of fragment emission angles resemble thet al.[26] and Wesotowskj27]. In the literature, approxima-
straight-ahead approximation. tions of R=ryAY3 type are commonly use@.g.,ro=1.2 fm).

Because we use geometrical approximations, the model idowever, these approximations are only good for heavier
more accurate for heavier systems, for which the approximaduclei. Discrepancies of up to 50% for light nuclei are
tion is more adequate. Similarly, better agrrement with exclearly demonstrated in Fig. 2. Thus measured radii values
perimental values is expected for heavier fragmemigh  are used throughout this paper. The number of participants
mass and charge close to the projectile nuglearsd the and spectators at a given impact parameteralculated ac-
model cannot be used for description of very light ejectilescording to the functiong, is corrected and taken to be en-

T

i.e., neutrons and protons. ergy (E) dependent as proposed by Wilseinal. [28]. In Fig.
_ - 3 these corrections are shown at different energies. The
A. Abrasion partitioning charge of the three parts is distributed under the assumption

Let us consider a colliding system consisting of projectilethat the ratio of the number of protons and neutrons is main-
ion and target atoniFig. 1). In the abrasion step the nuclei tained
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FIG. 4. Measured Fermi momentuimpen symbolsand energy
FIG. 3. Calculation of the number of projectile spectator nucle-(}cUII symbql$ [32]. The full and dashed lines represent the best
. . . . f{tted function for energy and momentum, respectively.
ons at different energies. The dotted line represents simple geomet-
ric approximation.

Ma = mac5 + AXq,

Zp
VAN A Mg = mgC2 + Bxq,
A+B
szB% Mczmccf,+c(1+ c (1—x)>q, (5)
.

wherem, are the relative atomic masses of the isotopes
Ze=2Zp+2Zy—(Zp+2Zp). (2)  =(A,B,C) [29]. For the spectator pa@, mc is taken either

. .. as the mass of an existing nucleon or as the mass sum of a
Next we partition the total momentum before the collision 9

. . . cluster of separate neutrons and/or protanss the excita-
among the sources in the center-of-mass frginewhich b protan

: tion ener er nucleon
Pp+P;=0). After the abrasion the parallel components are 9y p

written as Q
q= - (6)
A Ap+ A
Pia=(1 y)AP Pe, Whenx=0 there is no leakage of heat into spectators, and the
participant source takes all the generated excitation energy.
B On the other hand, wher=1, excitation per baryon, and
Pe=(1-y)—P5, hence the temperature, is the same in all three sources, cor-
At responding to perfect heat sharing.
In this model Egs.(1)«3) are set to conserve baryon
Pc=—(Pa+Pg). (3) number, charge, and momentum. Energy conservation is en-
The parametely [0,1] is a measure of the reduction of sured by
motion of spectators. Whep=0 spectators continue with Ep+Er=Ep+Eg+Eg, (7)

their initial momentum per nucleofreducing the model to : .
the straight-ahead approximatipmhile wheny=1, all three where the source energies aEiZZPiZCgJ’MiZCg and i
sources move with the same velocity the laboratory sys- =(P,T,A,B,C). ) ) ) ) i

tem). The parametey is somewhat analogous to the inelas- _ '€ generated h(%at in E() is obtained by iterating Eg.
ticity parameter used to characterize two-body collisions(?) Starting with Q®=0. An improved approximation is
Transverse components of the three sources also satisfy tA/€n by

criterion QKD = QW + Ep + By — (EW + EX + EX). (8)

Pa+Pg+P,c=0. (4) It was assumed that the two spectators are excited in propor-

Finally, the generated he@, equal to the loss of transla- 10N 0 their mass ratio, i.eQa/Qg=A/B.
tional energy implied by Eq3), should be partitioned. In the o
standard fireball model20] all the heatQ goes into the B. Parametrization
participant source while the spectators remain cold. Here, a So far two parameters were introduced in the model,
parameterx € [0,1] is employed to govern the leakage of andy, the former to partition the excitation energy and the
heat into the spectators. Thus, the assumption is made thkitter to partition longitudinal momentum among the three
the invariant source mass energies are given by sourcedA, B, andC. A bounce off in the transverse direction
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at the collision is described by the parameteilhis repre- B ~
A — c.m. 2 (13)

sents the transverse momentukMeV/c) of the abraded _,8 Yoo

prefragment30]. This complies with the observed increase _ 'E_ib_ _

of trajectory deflectior{31]. There are several mechanisms wherey, is the Lorentz relativistic factor

that combine to contribute to the repulsion, i.e., the Pauli

— -1/2
blocking and the Coulomb barrier. Yo= (1= Bian) '~ (14)
Because the momenta transfer is a statistical process, all
the values in the parametrization are taken as mean values. C. Fragment ablation
All three parameters, y, and z are considered as impact
parameteb and energy dependent, so we get After initial abrasion of the projectile the final fragment is
formed from an excited cluster of projectile spectatarm
b \?2 one of the two scenarios. The excited prefragment can be
X(b)=Xo{1—(b ) } thermalized before ablation. Hence, the prefragment be-
max comes the final state fragment. If thermalization does not
occur, the final fragmenf¢ is created by evaporation of
(b)= 1—(L i mass in the form of a light fragmemA=A-A¢. It is re-
y Yo Brax/ |’ ported in Refs[33,34 that the first scenario is more likely to
happen.
Now let us consider the second case. We describe the
2(b) :zosin2’3<7ri>, (9) excited nucleus as a Fermi gas. The average kinetic energy
Brmax loss per nucleon in the center-of-mass frame is calculated by

wherebp., is the sum of the radii of the colliding nuclei. (€ = Expr = Exr = En=—Enn— M G, (15
At lower energies the spectator parts remain relatively hereso is th iactile kinet ook, i
cold. Hence the magnitude of heat leakages set to be Wwherecyp IS In€ projectie KINEUC energy per nucleoty 1

small[24]. The longitudinal momentum loss magnituggeis the rest mass per nucleo_n Of. fragment with kinetic energy
taken as a fit to the experimental d428]. £, is the pro- 5|<_F- In the Fermi gas the_k|net|c energy of remnant fragment
jectile kinetic energy(in units MeV/nucleoh in the labora- with massAA can be estimated with
tory system. The transverse momentum transfer magnitude is 3 ecoul( AAA)
usually taken as energy independent. This approximation is EunlAr <= A) =Ent ceFemit T (16)
valid only at higher energies where the magnitude is usually A
fixed at 300 MeVE [24]. In our model, an energy-dependent where e, is Coulomb barrier in the touching sphere ap-
parameter was usg@0], while the magnitude was set to a proximation
lower value(200 MeV /c), which is more appropriate for re-
. L o ZipZr€?
producing data at lower projectile energies: ooy = —ATFE (17)
Ameo(Raa+ Re)
Xo=0.05\, L
whereRg: andR, 4 are nuclear radii of final fragment and the
remnant part of the prefragment, respectively. In the descrip-
Yo = € Va1 | tion of the nucleus as a Fermi gas the Fermi eneigyy, is
an estimation of kinetic energy of emited nucleon or charged
particle. We calculate the energy from Fermi momenta mea-
sured by Monizt al.[32]. The values for different nuclei are

where is related to the masses of the target and the prOJ.eCthalned by the following best-fit approximations to the mea-

) o sured values:
tile nucleus and is given as
Prermi= 281 MeVic(1 - A70-°68

Z,= 200uAY, (10)

2
= 11
# 1+ v Erermi= 100 MeM(1 - A701089, (19
My for Fermi momentum and Fermi energy, respectively. Results
. .- are given in Fig. 4. The ablation step of the reaction addi-
andY is the center-of-mass rapidity of the beam tionally (to the abrasionpwidens the distribution of final frag-
ment momentdsee Sec. Il F for detaijs
1 1+8
Y ==log , (12
2 1-8

D. Emission angles

where B represents the laboratory frame velocity of projec- The final fragment has a lower energy than the abraded
tiles in units of speed of light. Coefficienmt needs to be prefragment. However, we assume that the distribution of the
introduced to make the parameter valxgsy,, andz, Lor-  fragment emission direction is isotropic in the center-of-mass
entz invariant system of the prefragment. In the laboratory system the di-
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3.5

Rp )
Apr=ApP| = ,b,E]. 20
12C +160 PF PP< RT ( )

3 4

Then, the range of values of the impact parameter
[bpr1,bprs] is determined for which the condition in E@0)

is satisfied for all abrasion channdf. Additionally, the
mean impact parametbp is calculated. The corresponding
momentum transfers are calculated in the longitudinal and
transverse direction, respectively,

Per, 1. =Py, (bpg). (21)

The probabilityl" ¢ for the abrasion channéls¢ is obtained
in the following manner. First, we estimate the geometrical

FIG. 5. Calculated average emission angles for different frag@rea(cross sectionSpr of the abrasion channel
ments. The example presented here i¥@ projectile on ant®0
PP Prel Spr = m(bPe, ~ bhry).- (22)

target atom.

Secondly, a simple statistical weighting faceS®rr is used,
rection of the final fragments would be on average the sam@hich approximates the fragment probability from tAgg
as those of the prefragments. Thus the emission angles of tiannel excitation energy and separation energy Hér
fragments are directly calculated from the longitudinal and— F. Hence,
the transverse momenta of the prefragments. Using &js. .
and (9) it is possible to calculate both components of the I'pp = F1SopeErr, (23
prefragments momenta after abrasiéf) and P,. The
bounce-off angle of the prefragment and correspondingly th
mean emission angle of the final fragment is at a specifi
impact parameteb calculated as

25 1

2

By (deg)

1.5 1

100 200 300 400 500
Ep (MeV/nucleon)

hereF, is a normalization factor obtained from condition

pel pe=1, whereE’;,F 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

b energy of ablation where we assume all possible combina-
9e(b) = arcta<LU). (19)  fions of evaporated protons, neutrons, anparticle clusters.
P(b) The separation energy is calculated in the following way:

— 2
As an example the average fragment emission angles are ~ Q=[Mpr— (Mg + Py + Nm, + am,)]c; ~ Ecou,  (24)

calculat_ed for a'’C projectile on an'®O target atom and wheremeg, Mz, m,,m,, andm, are standard masses for pre-
shown in Fig. 5. fragment, fragment, proton, neutron, aacparticle, respec-
tively. P, N, and«a are the numbers of emitted protons, neu-
trons, anda particles.Ecy, is the height of the Coulomb
barrier calculated with the approximation in E@L7). It

Some modelg24] take into account the general impact should also be noted that the chanAg can have several
parameter averaged values of momentum transfer for alubchannels, i.e., abraded prefragments with different
fragments. Consequently this results in same values of emigharges. Since we use a geometrical model all possible sub-
sion angles for fragments of different mass. channels within one abrasion channel are considered equally

Hufneret al. [33] performed a calculation of various abra- probable. As thex particle is tightly bound in comparison to
sion cross sections in an abrasion-ablation reaction modebther nucleon arrangements, the helium production in the
The cross sections were calculated as a function of the imablation process is maximized. All the abovementioned con-
pact parameter. The cross sections peaked at large impagitierations indirectly include even-even nuclei and isospin
parameter when only a few nucleons were removed, whileffects. Consequently, some reaction chaniigls are thus
the removal of more particles occurs largely at smaller im-enhanced and others suppressed. The cross section for spe-
pact parameters. Hence, a similar prescription for calculatingific break-up reactions of light even-even projectiles is
mean momenta transfer was introduced in our model. higher. Nuclei such a$’C, %0, °Ne, Mg, 28Si, and S

Since at various impact parameters fragment’s direct prohave very lowQ values for emission of particle clusters. In
genitor differs, in our model the abrasion step of the reactionhe case of heavier projectiles, larger clusters can also be
of production of a specific fragmew¥: is divided into sev- emitted.
eral channels for given prefragmemits— Apg— Ag. For ex-
ample, for a'“C projectile the®B fragment can be produced
from prefragments with a mass range from 9 to 12. To de-
termine different abrasion channels, a geometrical calcula- As collisions occur at a wide range of impact parameters
tion of the overlap volume of the colliding particles is made.which lead to different deflection and momentum loss, the
Thus the dependence of the number of projectile spectatommomentum distributions also have to be derived. The mo-
on the impact parameter is obtained mentum distributions of the nuclides produced by fragmen-

E. Impact parameters and abrasion channels

F. Momentum distributions
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tation of various projectiles and targets were found to be
Gaussian-likg15].

Since the reaction is described in a two step abrasion and
ablation model, we also divide the total spread of momentum
1ot INtO two parts,, o and 4,0, 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

dwid P” (arb. units)

00 2500 2800 3100 3400
P, (MeV/c
dP,, ) (Mevie)

abr,lO',L:< db )b Oy, (25) s .
mp

where the width of the impact parameter distribution is esti-
mated aso,=(bpry—bpgi)/2 from Eq. (20). The second
source is associated with intranuclear interaction during the
abrasion overlapping. For the given impact parameter the
target chord, ; 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 nucleanss

N 0 200 400 600
abr, 0,1 = AP\, (26) P, (MeV/c)
IH,J_ 1

FIG. 6. Model calculated momentum transfer distributions for
different abrasion channels. Dotted lines depict weighted distribu-

more central collisions have a larger momentum spread. tions for production of théB isotope through all possible abrasion
channels. Each channel is labeled with the mass number of the

In the abrasion-ablation picture the final fragment is pro- _ . )
duced by the ablation of the excited prefragment. The evapoc_orrequndmg prefragment. The sum of al.l channels IS .dep'Cth by
ration of the final fragmen#Ag is isotropic in the prefrag- a full line. Thf exaf?“p'e. presented is the collision of a

, : ; .70 MeV/nucleon?C projectile on an'®0 target atom.
ment’s moving frame. The calculation of the ablation
momentum spread is performed in a statistical manner ac-
cording to Goldhabef37]. The fragment’s r.m.s. momentum
((Pa_?)"?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-

N
N

dW/dP (arb. units)

where AP, , is the prefragment’s momentum change in the
longitudinal and transverse directiog, .0y , implies that

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

Mg

collision equilibrated system, the predicted width of the mo- 0t01° = —an@)> + ani0)s
mentum distribution is Mpp
Ac(Apr = Ap)
2\ _ p2F\VAPET AR Mg
(Pag) =P Ape—1 27 w00 = m_abtalz + api0 1 2. (29
PF

whereApe andAg are the mass numbers of the prefragmentag fragments from different prefragments have different
and final fragment, respectivelPg is th_e relative MOMeN-  nomentum widths,o(A), an appropriate weighted averag-
tum of the fragment calculated according to the approximag, g has to be performed. The total distribution of momenta is
tion in Eq.(15). Variance(P,_%) has a parabolic dependence popce the sum of Gaussians with an appropriate statistical
on the fragment mass. Additionally, the ablation componentyeighting factor for each channel

of the momentum spread can be written as a sum of projec-

tions (parallel and perpendiculgto the impinging projectile Ap

. . ) MOk ; . dw 1 (P = Pu) 2202
axis. Due to isotropic emission in the prefragment’s moving = 2 I'pe —¢ (P~ Ppe) Y205, (30)
frame, the spread in the longitudinal and transverse direction dp PF=Ag opp\2T

are on average the samgo = a0 ) . ,
et Figure 6 shows a detailed plot of the final fragment momen-

5 Pe  [Ac(Apr - Ap) tum distribution for each specific abrasion channel. The sum
(PA) = a0” + apo 2 0 abl%l, L= T2\ T A 4 - distribution for a specific final fragment isotope is also ob-
F 3 Acc—1 . . i
A PF tained according to Eq30). As an example the reaction

(28) PC+%0—8B+X is presented.
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. . .
g deflection, >\
2 i excitation °
[ o H
=
¥e] . i ‘ P vibrations,
L projectile dissociation
=
S target
=
©
2500 3500 4500 5500 vibrationsﬂ .

3 u=0 p=+1
2
& FIG. 8. Peripheral collision of projectile and target in the labo-
ol ratory frame. Impact parametbris 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 excitedinduced proton and neutron vibrationa/hich can
0 200 400 600 result in subsequent dissociation of the nucleus.
P, (MeV/c)

particle emission is hindered as a result of the Coulomb bar-
FIG. 7. Model calculated momentum transfer distributions andrier, but can become more probable for I@wnuclei.

corresponding distribution of fragment emission angles. The ex- In analogy to nuclear collisions we can describe Coulomb

ample presented is a collision of a 100 MeV/nucléé@ projectile  collisions by a two-step reaction model; deflection-excitation

on an'®0 target atom. Momentum distributions are calculated forand vibration-dissociation of the projectile.

production of different nitrogen fragments isotopes and plotted with

dotted lines. Full lines represents the momentum distribution for A. Deflection and excitation

each isotope but weighted by an appropriate production factor. The At h d icle incid K li
factors are calculated with a partial reaction cross section model. ast charged particle incident on maiter makes colli-

[35], which is an improved version of the model described in Ref.S'Ons_ with the atomic elecm?r!s and .nuclei. If the partic!e is
[36]. 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
Figure 7 shows as an example the calculated momentu%thout causing significant deflections, whereas the massive

distribution of boron fragments produced in the collision of a,uclei absorb very little energy but because of their greater

1 S o
°C projectile and a0 target atom. From the d|str|bu.t|on.s charge cause scattering of the incident particle. Thus energy

Noss by the incident particle occurs almost entirely from its

of fragment emission angles can be obtained. incident collisions with electrons. The deflection of the par-
ticle from its incident direction, on the other hand, results
lll. PERIPHERAL COLLISIONS from essentially elastic collisions with atomic nuclei.

When describing fragmentation events the collision time

Now let us consider peripheral collisions for larger impact f th ectile with the t i I ; it th
parameter$ where no nuclear interaction occurs. Reactions?' "¢ PrOJECHIE With The target nucleus 1s very shint the
rder of 10<°s). Thus energy loss effects due to electron

are possible due to the strong long range eIectromagnetf?: . ) .
fields which are produced over a very short time scale ijnteraction can be neglected. The passage of a particle with

relativistic heavy ion collisions. These eIectromagneticChargeZP' velocity v, and impact parametds (larger than

pulses increase in strength with energy because of the Lo he nucl_ear interaction radiuby a target nucleus at rest will
entz contraction predominantly cause a momentum change of the charged

A typical time sequence of a Coulomb interaction |eadingconstituent§ of the nucleus, i.e., _the protons. For no; °Ve.”y
to fragmentation of a projectile is shown schematically iI,|close collisions the momentum in the transverse direction
Fig. 8. When approaching the target nucleus the projectile iés‘?e Fig. 8.is given in the classical approximation at relativ-
first deflected in the target's electric field. ElectromagneticSi¢ energieq38] by

dissociation occurs when a virtual photon is exchanged be- ZpZ+ €
tween the target nucleus and the projectile. The usual result Pger=2 . (31
. . . 4reghv
of this process is energy transfer to the harmonically bound
charge in the projectile nucleus. For higmuclei the mode At the same time some of the energy is transferred into

of deexcitation is primarily by neutron emission. Charged-internal excitation of the projectile. The probability for the
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Coulomb excitation of a nuclear state becomes larger the
longer is the transition time compared with the interaction
time t.o;. The transition time is given as

T=hlEs= 1w, (32

whereEg is the energy level of the excited state The interac-
tion timet,, in the collision is estimated by the half-distance

vibration amplitude (arb. units)

. . . 15 12 16
of closest approach and projectile velocityp as C+70,b=10m
R 00 MeV/nucleon )
Yp B, (deg)

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

To calculate the excitation energy of the passing projectile o
we can use the vibrator model for the nucl¢8g], where the P€ generated in different modea=0 corresponds to the
energy transferred to a harmonically bound nucleon is calcu@ction of the electric field component parallel to the imping-
lated. Furthermore the nucleus is described as a sum of hafd direction of the projectile. The perpendicular component
monic oscillators which gives the projectile excitation energy®f the electric field generatgs=+1 vibrations and because

FIG. 9. Angular distribution of vibration direction at different
energies. The distribution functions at each energy are normalized
¥o that the function integral equals 1.

as[39] of symmetry the excitation probability must be equally dis-
tributed between the states +1.
. 2E§ 2Z%Zp(Ap -Zp)[c\* From the dynamics of the electromagnetic excitation pro-
E*(b)= u A v cess, the angular distribution of fragments can be calculated
P .. . . .
1 N [39]. The fragment emission direction corresponds to direc-
X)—/2<K§(x) + ?Kg(x)), (34) tion of the vibration amplitudé\
. . . . 2 n2 1 2 S’J_
where u is the atomic mass unity is the speed of the A(do) ~ /Ki(X)si ﬂo"'?KO(X)CO ¥, (39

target (measured from the projectile rest frame
y=[1-(v/c)?] Y2 is the Lorentz factor, andr is the fine whered, is the polar angle in the projectile’s moving frame,

structure constant where thez axis coincides with the impinging direction in
5 the laboratory systergsee Fig. 8 Angular distributions for a
a=€l4meic=7.297x 107, (359 12c+160 colliding system at an impact parameter of 10 fm
% is the Planck constank,, are modified Bessel functions, aré plotted for different projectile energies in Fig. 9. At
andx is defined as higher energies there is a strong tendency for emission per-
pendicular to the beam axis, while at lower energies the
X= wbly. (36)  emission is almost isotropic in the projectile moving frame.
From the calculation of excitation energl¢q. (34)], one C. Fragment momentum distributions and emission
can also interpret the probability.,(b) of exciting the vi- angles

brational state in a collision with impact parameleas . . L
pactp We assume that in the deflection step the incident momen-

E* (b) (37) tum of the projectileP, does not change,
Es AP, ~ 0. (39)

In Ref. [39] it was noted that the excitation probabilities in The momentum due to Coulomb repulsion is perpendicular

peripheral heavy ion collisions approach _unity at_grazin_g iM+5 the beam and is given in E1). Now let us consider a
pact parameter@ery close to the nuclear interaction radius - ~

But calculations performed for light systems in the energyp . .
region<1 GeV/nucleor(of importance for radiotherapy and fma] f“’?‘gme”‘F and the remnant part. Typically in Cc_)ulomb
space dosimetry reseajalevealed that excitation is a highly excitation the projectile emits one or several nUCIB(er
improbable eventcompared to nuclear fragmentation by @s a cluster or small light nucleithereforeF ~P and F
several orders of magnitu)jdjue to their quadratic depen_ <F. The mass SpeCtrUm of fragments is much narrower than

dence on target charge, these events play a notable role orf§e fragments produced in direct collisions. The momentum
for very heavy targetse.g., Ph. of the fragment(Pr;=Pg,) obtained from the decay of the

excited vibration state is given by

Wexdb) =

B. Vibration and dissociation —
. Puaiss= VZM,AE, (40)
In the excited state large proton and neutron excesses are

developed at the surface. Figure 8 shows that vibrations cawherem, is the reduced mass &F+F
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m IV. CONCLUSION
L (42)

Tmmy A new semiempirical model for fragment emission angles

in light and heavy ion fragmentation reactions was devel-

where m; and m, are the masses of fragmerifsandlz oped. The aim of the model is to describe reactions for
: : . - . ' systems in the energy region relevant for radiotherapy
respectivelyAE is the decay energy, i.e., the excitation en- . i
er P aboveythe threshold fc}/r the rge);lction and space-flight dosimetry researclifrom a few
9y 10 MeV/nucleon to a few GeV/nuclepnRecent measure-
ments[8] have shown the the straight-ahead approximation

AE=Es-Q. (42 (fragments travelling in the same direction with the same

velocity) is oversimplified and does not conform with obser-
Q is the separation energy calculated as in @4). vations at lower energies, where the fragment emission
The final momentum of the fragmeiiongitudinal and angles are larger. The model is applicable to description of
transverse component, respectiyaly/ thus fragmentation events of ions from carbon to iron on different

target materialgwater, plexiglas, polyethylene, aluminium,
Me etc). Emission angles are calculated for heavier and lighter
— Py + PyissCOS Yy, fragments, but the model cannot be used for protons and
Mp , (43) neutrons. Contributions from both central and peripheral col-
lisions were investigated, where fragmentation due to
nuclear and Coulomb interaction occurs, respectively.

r

P = m
—FPo — PyissCOS Yy,

LMe For central collisions the reaction is described by a two

p step abrasion-ablation model, where the collision parameters

- ] are determined from a simple geometrical model with appro-

deif"' PaissSin Jo priate corrections. For the first time, the consequences for

Pe, =9 P ) (44) emission angles from both steps, abrasion and ablation, were
me strictly analyzed. During the abrasion part of the reaction a

m_PPdEf_ PaissSIN Jo prefragment is formed, where at collision a loss of longitu-

dinal momentum and an uptake of transverse momentum oc-
Momenta are double valued, where each value is equallgurs- In the ablation stage the final fragment is formed. We

probable due to the symmetry of decay of the vibrating pro-2SSume that the same fragment can be formed through dif-
jectile. The fragment is emitted either in thi, or in ferent abrasion channels, which results in different momenta
— 9. direction transfers and momentum distribution widths.

o .

To obtain the widths of the momenta distribution we will For peripheral collisions the Coulomb excitation of
use a two step reaction methodology in analogy to direcP ucleon V|prat|on resonances and subsequer)t glecay Into

- . e ragments is taken into account. Fragment emission angles
collisions (see Sec. |1 _For_the deflection-excitation step \ qre calculated from deflection in the electric field and from
the assumption for longitudinal momentum spread~0 ¢ girection of vibrations in excited nuclear states. However,
can be made from Eq39). Calculations from E(34) show  cajculation of the probability of such events in the systems
that excitation and potential disintegration occurs at the grazncluded in our study showed that Coulomb fragmentation
ing impact parameter and the probability drops sharply folcan be neglectethuclear fragmentation is several orders of
increasing impact parametefrsb™). A very narrow interval - magnitude higher It only plays an important role at higher
of b has to be taken into account. Hence, the transverse menergiefE> a few 10 GeV/nucleonand/or for heavier tar-
mentum spread on deflection can also be estimatetbas  gets(>Fe).

~0. With the recent developement of experimental methods

The main contribution to momentum spread originates inusing etched track detectors and trajectory-tracing tech-
the different emission directions of fragments in their mov-niques, measurement of relative emission angles have be-
ing frame.oyss, and ogisy are obtained from the vibration come available. Details will be published in a subsequent

\

amplitude angular distribution in E@38). paper.
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