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Abrasion-ablation models and the empirical EPAX parametrization of projectile fragmentation are described.
Their cross section predictions are compared to recent data of the fragmentation of secondary beams of neutron-
rich, unstable'®2%-210 isotopes at beam energies near 600 MeV/nucleon as well as data for 'StAb@

beams.

| Introduction Recently, two-step fragmentation processes were dis-
cussed in the context of an efficient production of very
neutron-rich isotopes. This process involves an unstable
neutron-rich fragment as an intermediate product which un-
dergoes fragmentation again, yielding the final nucleus of
utilizing secondary beams, a precise knowledge of the rel- nterest. On_the basis of the EPAX parameterization, con-
siderable gain factors for the production of specific very

evant production cross sections is necessary. Usually, pro neutron-rich isotopes in two-step fragmentation processes in
duction cross sections are deduced from empirical parame- . P pirag P
omparison to one-step fragmentation were deduced. These

terizations of measured cross sections, e.g., the frequentl)?_ di h ; trast t its obtained on th
used EPAX parametrization [2]. Alternatively, fragmenta- Indings, however, are In contrast to results obtained on the

tion models with a microscopic background have been ap—bas'S of an abrasion-ablation mode [11].

plied, such as abrasion-ablation models [3-5] or intranuclear Here, we briefly describe various aprasmn—ablatlon
cascade simulations [6]. models as well as the EPAX parametrization and compare

o . o their predictions with experimental data of the fragmenta-
The validity of both the empirical parameterization and oy of the unstable neutron-rich nucl&20:210 together

the physical models has been verified mainly for medium—. t0 with those of the stabl& 120 isotopes[12]. The results can

heavy-mass fragments (see, e.g., Refs. [2,7-10]). In particUserye o illustrate the effect of isospin on the fragmentation

lar, it has been shown that in the few cases in which fragmen-process and thus help to clarify the above discrepancies be-
tation cross sections of projectiles with different neutron-to- yeen various predictions.

proton ratios were studied the observed shift of the centroids

of the isotope distributions was rather well reproduced by

EPAX (see Fig. 11 in Ref. [2]). The data are much too || Fragmentation Models

scarce, however, to investigate in detail how the shapes of

the distributions, in addition to their centroids, vary with the The EPAX parameterization follows earlier approaches by
neutron- or proton-excess of the projectiles. Rudstam or Silberberg, Tsao, and coworkers (see reference:

Fragmentation of energetic heavy-ion beams is widely used
to produce secondary beams of exotic nuclei far from sta-
bility [1]. In order to assess the feasibility of experiments
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in [2]). It assumes that for each fragment mats the tribution [16], the excitation energy, and the angular mo-
nuclear charges’; are distributed according to a skewed mentum [17] of the spectators. An additional contribution
Gaussian curve around the central value; the location of theto the excitation energy from interactions of the spectators
center and the width follow smooth analytical functions of with nucleons from the participant zone was deduced from
Ay. The total yields at each mask; are assumed to de- experimental data [18]. The ablation stage was calculated
cay exponentially with increasing mass difference from the within an evaporation model, where the emission of neu-
projectile. Correction factors model the more narrow iso- trons, protons and alpha particles is considered. Binding
tope distributions close to the projectile and the influence energies from the finite-range liquid drop model including
of the neutron-to-proton ratio of the projectile on the frag- microscopic corrections [19] are used in combination with
ment distribution (the "memory effect”). EPAX has been level densities based on the Fermi-gas model with pairing
shown to reproduce measured fragmentation cross sectionsorrelations, shell effects, and collective contributions in-
from heavy-ions with masses abotfr within a factor of  cluded [20-22].
about 2 [2]. For lighter projectiles, the agreement with data  The model of Ref. [5] attempts to provide a completely
can be expected to deteriorate somewhat, since odd-even efmicroscopic independent-particle model of the abrasion pro-
fects in the isotope distributions (which are not contained cess. A survival probabilit;Pj(l;) is calculated for each
in the present version of EPAX) can be shown to become single-particle orbital at each value of the impact parame-
increasingly important. terb, as an overlap between the projectile orbitgl) and
Abrasion-ablation models describe fragmentation reac- its interaction with the target. In the Glauber approximation
tions as a two-stage process. In the abrasion stage of théhis is given by
reaction, the nucleons in the overlap region of two energetic
heavy ions are scraped off (abraded) as the ions pass eack;(b) = ‘/dz s |oj(z,5)|”
other. In the subsequent ablation stage, the excited projec-
ti!e and target fragments decay by st_atistical particle emis- % exp [im /00 " U;pt(z7 p_ g)}
sion. One of the first models of this kind was developed by h2k
Bowman, Swiatecki and Tsang [3]. They used the geomet-

rical overlap of two colliding spheres to determine the mass . o . . .
of the primary fragment and estimated its excitation energy i proba_b|||t|es are combmed to.obtaln th? probability for
the formation of a fragment in which a particular subset of

as the difference in the surface energy of the abraded frag—th tbitals remain ied. The excitation ener fh
ment and that of a sphere of equal volume. Although the € orbitals remains occupied. the excitation energy of the

model roughly described the overall characteristics of thefragment Is taken to be the particle-hole energy of the con-

data, it systematically placed the fragment mass distributiong?;rriizn rce(l)?]:'gﬁ;ighnesgg?g?gi g@t?h(:ttzg:?ggeg'aV\f/:;en
at larger values of the mass than those observed experimen- Y 9
tally. ment with the same mass number and charge are summed

L ater work used the Glauber aporoximation 1131 to im and then integrated over impact parameter, one obtains the
ater work useo uber approximatl [ ] '™ differential cross section for the formation of that fragment
prove the description of primary fragment formation but

concluded that the principal defect of the model was its low as a function of the excitation energy,
estimate of' thg primary excitation energy, which inhibited @(67 Zs Af) = Z“’(e’ oce)
particle emission in the subsequent ablation stage [14]. The de
underestimate of the excitation energy can be attributed in : . .
part to the neglect of interaction of the outgoing partici- X / @y I 7o ] - Pud),

pant nucleons with the spectator nucleons in the fragments. j€oce kenoce

When these interactions were taken into account, much bet\yhereoce denotes each of the possible sets of orbitals con-
ter agreement with the experimental data was obtained [15].sistent with the final proton numbgf; and neutron number

More recently, two attempts have been made to improve N, = Ay — Z; while nocc refers to the remaining orbitals.
the estimate of primary energy deposition by using a con- The corresponding density of states is givendgy, occ).
sistent independent-particle picture of the abrasion process In the ablation stage of the model, it is assumed that
[4,5]. The basic premises of these works are 1) that the col-the fragments decay by multiple statistical particle emis-
lisions between projectile and target nucleons resultin a pri-sion from an equilibrated primary fragment. Any pre-
mary fragment in which nucleons have been knocked out of equilibrium effects that might be associated with the original
some subset of the initially occupied independent-particle particle-hole description are neglected. The ablation calcu-
orbitals and 2) that the excitation energy of this configu- lations are performed using the Weisskopf-Ewing evapora-
ration can be estimated as the energy of the correspondingion formalism in which angular momentum conservation is
particle-hole configuration of this primary fragment. neglected [23].

In Ref. [4], the geometrical formulation of the abrasion In the calculations presented here, harmonic oscilla-
model, which distinguishes between a participant and two tor wavefunctions with a characteristic energy /af =
spectator zones [3], was combined with the independent-40/A'/3 MeV are used for the projectile states. The single-
particle picture to predict the mass and nuclear-charge dis-particle energy levels are obtained from a spherical Nilsson
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Wherengt is the nucleon-target optical potential. The sur-
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scheme with the same characteristic energy but including%. A certain trend towards larger cross sections for oxygen
spin-orbit splitting and ar(! + 1) shift. The optical po-  fragments and lower cross sections for carbon fragments in
tential used to calculate the survival probabilities, is esti- Ref. [25] with a beryllium target in comparison to the results

mated within the impulse approximation. Differences be- of Ref. [12] with a carbon target can be observed, while both
tween neutron and proton target densities are taken into acimeasurements deliver almost identical cross sections for ni-
count, although the same geometry is used for the two. Thetrogen fragments. 27 -
emission of gammas, neutrons, protons, and alpha particles w w w ‘ ‘

is taken into account in the statistical decay of the ablation **[ T

stage. The giant dipole resonance is assumed to dominate ;

the~ emission. Cross sections for particle emission are ob- b 1o Faty
tained from global fits to reaction cross sections. The calcu- . 1 ‘//\' i/\!
lations use low-energy constant-temperature level densities N L
matched to higher-energy Fermi-gas ones with level density I ; i
parameters ofi = A/7 MeV~!, pairing shifts of12/v/A L v *o
MeV, and experimental ground-state masses. f -O/O G o,
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[l Discussion ,
| o
The target dependence of fragmentation cross sections ca
be approximately factorized. As an example, Fig. 1 com- & ‘
pares fragment cross sections obtained from a carbon target
with those from a lead target for the case of?4® beam.
Except for the one- and two-neutron removal channnels, the
ratios of the fragment cross sections range between values
of 1.8 and 2.9 with a mean value of 2£10.1. For a lead tar- S - I St B ‘
get, the few-neutron removal cross sections are influenced 100} + 4 = Eprapy A
by the electromagnetic excitation process, which has been + ° BeREDI |
discussed in detail elsewhere [24]. The ratio of 2.1 for the I et ] T Rel. 9] 17°
other isotopes is indicative of a more pheripheral nature of i W ] (ﬁ\*j - {g |
the nuclear fragmentation process. A scaling with thesum L. .+ . I % . =1 . |
of projectile and target radii would yield a ratio of 1.7, a o182 Mo 18 Booumoe
scaling with the target radius alone a ratio of 2.6. The latter fregment mass number A

value is the one used in EPAX. Figure 2. Cross sections of projectile fragments with nuclear
I ‘ \ ‘ ‘ I ‘ chargesZ; and massed ; produced fromt”~2'O beams in a car-
4 _ bon target, from Ref. [12]. In the case of tH® beam, experimen-

+ + tal results obtained in [25] fol*O beams of 1700 MeV/nucleon

|

rossection a; (mb)
n

\.\ 1

>.

on a Be target are included. The experimental cross sections (sym-
bols) are compared to those calculated using various models: Two
abrasion-ablasion models (dashed line from [5], dotted line from
[4]). The solid line shows the results of the empirical EPAX pa-
rameterization [2].

Opy/Oc
" e
H-—

As can be seen from the full lines in Fig. 2, the EPAX
parameterization seems to reproduce the general trend of the

" Z=6 A Z=7 ®Z=8 | data rather well. While the few-nucleon removal channels
1 are less accurately predicted, as is known, the comparisor
0 1'2 : 1‘4 : 1‘6 : 1|8 : for, e.g., carbon fragments is almost perfect. Though the

EPAX formula was obtained by adjusting to fragmentation
data of stable beams only, the overall very good descrip-
Figure 1. Ratio of_ Cross sections me_asu_red with a Iead target totion indicates that the parameterization of the ‘memory ef-
g;;ﬁ?ffssﬁrggtg'ﬁrofncggor[]ltg]rget yilelding oxygen, nitrogen, andgg - js \alid also for unstable projectiles as neutron-rich as
g ' e 210 (A/Z = 2.625). This confirms the previous observation
For the stable bearh’O fragmentation cross sections by Summerer and Blank [2] that the fragment distributions
have been measured at 1700 MeV/nucleon beam energy fofor somewhat less neutron-rich secondary beams?fikég
beryllium and aluminum targets, see Ref. [25]. We include (A/Z = 2.333) and*3Ar (A/Z = 2.389) are well reproduced
the experimental results for the beryllium target of Ref. [25] over more than one order of magnitude in cross section.
in Fig. 2 for comparison. The results of Ref. [25] agree with An obvious deficiency of the EPAX parameterization is
those of Ref. [12] within maximum deviations of about 40 the fact that the odd-even effects observed in the data canno

fragment mass number A,
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be reproduced. This is expected since the EPAX parameteriRefel’enceS
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