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A study of peripheral nuclear collisions at Fermi energies with transport models is presented. It is motivated by
experiments devoted to studying of isotopic yields in the reactions 'O on *Be and '*'Ta at £/4 = 35 MeV measured at
very forward angles. The data show a two-component structure, one centered at beam velocity (“direct component™)
and another at lower velocities (“dissipative component”). It is shown that the transport calculations describe the
general features of the dissipative component of the reaction. In our calculations we take into account the evaporation of
the excited, primary projectile-like residues due to statistical decay. This improves the comparison of the results of the
calculations with experiment. We find substantially different behavior of the dissipative component in the reactions

with light and heavy target.
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Introduction

Heavy ion collisions at Fermi energies
(E/A ~ 37 MeV) are a source of production of new
isotopes [1]. The mechanism of these processes,
however, is still debated. With increasing energy it
should evolve from dissipative to direct breakup and
finally to multifragmentation processes. In the Fermi
energy region it is expected that the first two
processes can coexist and in this paper we study this
situation theoretically. In the experiment isotope
yields and velocity distributions have been
investigated. The latter often show an asymmetric
behavior with a maximum close to beam velocity
and a low energy tail or shoulder. This suggests the
contributions of the above two reaction mechanisms.
Various approaches have been made to describe
these asymmetric distributions theoretically in an
empirical way [2, 3], either by separating the two
components [4-6], or by using asymmetric
distributions [7, 8].

In this contribution, we present a theoretical
analysis [9] of velocity and isotope distributions of
projectile-like fragments in the reaction '*0 on '*'Ta
and °Be targets at £/4 = 35 MeV measured at the
FLNR laboratory in Dubna [10,11]. In this
experiment fragments were detected in the narrow
range of forward angles |A9|§ 2.5 deg. In our
analysis we use the approach to decompose these
velocity distributions into two components: one
component centered at beam velocity (called direct
or breakup, BU) and a dissipative or deep-inelastic
component (DIC) that peaks at velocities below the
beam velocity [9]. We use semi-classical transport
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theory to theoretically describe the heavy ion
reaction, and we find that in this framework only the
dissipative component can be described [9, 12, 13].
The direct component can be interpreted in the
Goldhaber model [14]. In this contribution we will
discuss the theoretical aspects of the dissipation in
the two reactions, particularly, the comparison of the
reactions on light and heavy targets. The comparison
with the experiment has been shown in [13].

The fragments produced in the transport
calculation at the freeze-out configuration are still
considerably excited, and will evaporate further
particles before they are detected. This secondary
evaporation has to be taken into account when
comparing to experimental data. In this contribution
we investigate, in particular, the effect of this
secondary evaporation on the velocity spectra and
isotope distributions. We use the Statistical
Multifragmentation Model (SMM) of Bondorf,
Mishustin and Botvina [15]. A critical ingredient in
this model is a good estimate of the excitation
energy of the primary fragments that emerge from
the transport calculations.

Transport and statistical decay calculations

The transport calculations are performed in the
Boltzmann-Nordheim-Vlasov  (BNV) approach,
which describes the time evolution of the one-body
phase space distribution function f{7, p, ¢) under the
influence of a Vlasov mean field U¢f) and a
Boltzmann two-body collision term /., , which
includes the effect of Pauli blocking [16]. It is
solved by simulations using the test-particle method.
For more details we refer to [17].
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The evolution of the reaction is followed until the
freeze-out time, determined by the condition that the
fragments are interacting essentially only by
Coulomb forces [9, 12]. The primary fragments, in
this case the projectile- and target-like residues,
produced at freeze-out are still excited with energies
of the order of a few MeV per nucleon. In order to
realistically compare the results of the calculation
with experimental data, we include the de-excitation
of the primary fragments by nucleon and light
particle  evaporation using the  Statistical
Multifragmentation Model. This model, given the
mass, charge and excitation energy of a fragment,
will calculate the isotope distributions, coordinates
and velocities of the final, cold products. After
matching with Coulomb trajectories we also obtain
the final velocity distributions of fragments. The
crucial quantity is the value of excitation energy. In
this contribution we explore the influence of the de-
excitation using the following estimate for the
excitation energy. The total excitation energy is
given as
E,. = (Eyn + Epol)t=0 —(Eg+E
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calculated from the Bethe - Weizsdcker mass
formula. The term at freeze-out includes only the

projectile- and target-like residues. The term El'(‘i’jt"’a”

takes into account the energy carried away by the
early emitted pre-equilibrium particles. We use a
constant value of 15 MeV per nucleon, correspon-
ding approximately to the mean kinetic energy of the
evaporated nucleons. The excitation energy is
distributed between the two main fragments
proportionally to their mass, corresponding to an
equal temperature, which might be appropriate at
these energies. In Fig. 1, a the calculated average
excitation energies per nucleon are shown for binary
reactions as a function of the impact parameter
normalized to (R; + R»). It is seen that the excitation
energies are somewhat higher in the reaction with
Be (note that the kinetic energy available in the
center of mass system is larger for lighter target),
and they rise to about 2 or 3 MeV per nucleon for
the smallest impact parameters which still lead to
binary processes. We emphasize that the above
estimate of the excitation energy serves as a first
guideline. Excitation energies will be calculated in
the future more consistently with the same mean
field approach as in the transport calculation.
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b

Fig. 1. a — Excitation energy per nucleon as a function of impact parameter (normalized to the sum of the radii) for the
reaction O on Be (triangles) and Ta (circles) at £/4 = 35 MeV. b — Velocities (ratio to beam velocity) of the projectile-
like fragments (maxima of the velocity distribution) as a function of the normalized impact parameter for the reactions

on Be (labeled “1”) and on Ta (“2”). Different elements are distinguished by different symbols.

Results

We start to discuss some general features of the
calculations of the two reactions. In Fig. 1, b we
show the maxima of the velocity distributions for the
different emitted isotopes as a function of the
normalized impact parameter. It is seen that the
velocity loss is very strongly correlated to the impact
parameter. The dispersion of the points for different
isotopes is small. This correlation is the same as the
one seen in deep-inelastic reactions in so-called
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Wilczynski-plots [18] of the kinetic energy loss
versus the scattering angle, which is strongly
correlated to the impact parameter via the deflection
function [9].

We see a clear difference in the two reactions.
The dissipation in the two reactions is similar around
and above the grazing distance. However, in the
reaction on the Ta target the dissipation increases
strongly with decreasing impact parameter and
already leads to fusion for a value of the normalized
impact parameter of about 0.7. On the other hand,
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the dissipation is considerably weaker in the reaction
on the Be target and binary reactions are seen for
much smaller impact parameters. In other words, the
O+Be reaction is considerably more transparent. We
will see this feature also in other observables
discussed below.

The isotope distributions are of primary interest
with respect to the possibilities of producing new,
and often neutron-rich, nuclei in heavy ion
collisions. Isotope distributions are shown in the
four panels of Fig. 2 as a function of the normalized
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impact parameter; in the right column for the Be
target, in the left for the Ta target. The upper row
(see Fig.2, a, b) shows the results of the BNV
calculations, i.e. the distribution of the primary
projectile-like fragments, while the lower row (see
Fig. 2, ¢, d) shows the result when including the de-
excitation and evaporation as given by the statistical
model code SMM. To present the information in a
more compact way the sum of the isotope yields for
each element is taken and the elements are indicated
by the same symbol in all panels.
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Fig. 2. Yields of different elements as a function of the normalized impact parameter for O + Be (/eff), and O + Ta
(right): upper row: pure BNV calculations, i.e. primary fragments; lower row: after evaporation (SMM). Symbols

distinguish different elements.

For the BNV calculations a larger transparency
for the light Be target is seen again. The yield
extends to much smaller impact parameters and
produces only elements close to the projectile. For
the Ta target isotopes with much larger mass loss
from the projectile are emitted. After de-excitation
(SMM, lower row of Fig. 2) the curves for the Ta
target are not so different for the elements close to
the projectile. This is understandable when
considering that the evaporation proceeds
predominantly by neutron emission, and that for the
excitation energies in this case (shown in Fig. 1, a)
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on the average one neutron is emitted. Then this
leads to similar element distributions before and
after de-excitation. However, lighter elements, in
particular He, appear also at larger impact
parameters as decay products of the heavier
isotopes. For the Be target the difference between
BNV and SMM is considerably greater. By
evaporation of protons lighter elements are
generated and they appear as decay products for
larger impact parameters.

The isotope distributions as a function of mass
have been compared to experiment in [13]. Their
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widths strongly depend on the opening angle for the
forward detection. For the opening angle of the
experiment the theoretical curves are too narrow,
even with evaporation. However, small variations of
the opening angle make the curves comparable to
experiment.

In Fig. 3 we show calculated velocity spectra for
projectile-like O and N fragments for the Be (see
Fig. 3, @) and the Ta (Fig. 3, b) targets, given here
for the full acceptance angle. The spectra are shown
for the pure BNV calculations (round and triangular
symbols) and after evaporation (SMM, square
symbols). As mentioned above for these isotopes the
de-excitation consists mainly of the evaporation of

one neutron. Then the velocity distribution, e.g. for
"N (SMM) should be similar to the one of '°N
(BNV) with some broadening. This is seen to be the
case for the O + Ta reaction. For the Be target the
velocity spectra are much broader already for the
primary fragments (BNV). This is consistent with
the much broader isotope distributions in Fig. 2, a
and the velocity curves in Fig. 1, b. A comparison of
the maxima of the velocity distributions for different
isotopes with experiment is also given in [13], where
we see that the shift of the velocity distributions by
approximately one mass unit due to the evaporation
of on the average one neutron leads to better
agreement with experiment.
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Fig. 3. Velocity distributions (ratio to beam velocity) of O and N isotopes in the reactions O + Be (a) and O + Ta (b).
Shown are pure BNV calculations (O (round symbols, solid connecting lines) and N (triangular symbols, dash-dot
lines)) and BNV + SMM calculations (N (square symbols, solid lines)).

Summary

We have investigated heavy ion collisions at
Fermi energy in a transport description of the BNV
type. The results are motivated by experimental data
on very forward angle isotope yields and velocity
distributions. In our approach we decompose the
experimental yields empirically in terms of their
velocity distributions into direct breakup (centered at
beam velocity) and a dissipative deep-inelastic
component (residual yield) [13]. We find that only
the dissipative component is described by the
transport approach, since the calculations give
velocity distributions which always peak at
velocities lower than the beam velocity. The direct
component follows the systematics of the Goldhaber
model with a width parameter that is in a reasonable
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range. A more microscopic description of the direct
component would be desirable. The direct
component is not reproduced by the transport
calculations, because BNV includes only mean field
dynamics (and dissipation in the collision term), but
no direct nucleon-nucleon (NN) interactions.
Probably a more direct reaction mechanism should
account for this component [2].

We have investigated in detail the influence of
the secondary evaporation of the primary excited
fragments of the BNV calculation using a statistical
model and an estimate of the excitation energies.
This effect shifts and on the average broadens the
isotope distributions. A detailed investigation of the
impact parameter dependence helped to understand
this behaviour. It improves the description of the
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experimental data, even though they are still too
narrow when restricting to the experimental angular
range. We have further investigated the difference in
the behavior of two collision systems with a light
and a heavy target, respectively. We see that the
mechanism of the two reactions is considerably
different. For the lighter target a greater
transparency and smaller dissipation is found, and
binary reactions from a larger range of impact
parameters are obtained.

It is hoped that with such studies a better
understanding of the reaction mechanism and
fragment production in Fermi energy domain is
obtained.
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JACHUINIATUBHI IMPOLECHU B "0 +°Be 1 0+ "*'Ta PEAKIISAIX
PA EHEPIISIX ®EPMI

b. Epaemunmer, T. 1. MuxaiinoBa, A.TI. Aptiox, I'. Kamincki, }FO. M. Cepena,
M. Kosonna, M. [li Topo, I'. I'. Boatep

HaBeneno pesynbraté AociijpkeHHs nepudepiiHUX SIepHHUX 3iTKHEHb INpH eHeprisx Pepmi 3a JONOMOToI0
TPaHCIIOPTHUX Mopenel. e MOTHBOBaHO eKCIepMMEHTaMH, IIO TMOB'A3aH] 3 JIOCITIPKEHHSIMH 130TOIHUX BUXOJIB Y
peakmisx '*O ma Be ta "'Ta mpm E/A = 35MeB, BuMmipsuux mig xyramu, 6amspkumu g0 0°. Jladi MawoTh
JIBOKOMIIOHEHTHY CTPYKTYpPY: OJHAa KOMITOHEHTa TPU IIBUAKOCTI mMydka (“mpsMa KOMIOHEHTa ), a Apyra — 3 OUIbII
HHU3BKAMH LIBUAKOCTSIMH (“‘AMcHIaTHBHA KOoMIIOHeHTa ). [Toka3aHo, 0 PO3paxyHKH 3 BUKOPHCTAHHSM TPaHCIIOPTHHX
MoOJIeNel OIMUCYIOTh OCHOBHI OCOONMBOCTI AMCHIATHBHOI KOMIOHEHTH peakiii. ¥ po3paxyHKax OpaBcs 10 yBaru
CTaTHCTHYHUM pO3Maj MEpBUHHUX 30yKEHHX TPOAYKTIB (parMeHTamii Hamitailogoi dacTWHKA. lLle mokpamrye
MOPIBHSAHHS PE3yJIbTaTiB PO3pPaxXyHKIB 3 EKCHEPUMEHTOM. YCTAaHOBJICHO ICTOTHO pi3HY MOBEAIHKY IMCHITaTUBHOI
KOMITOHEHTH B PEAKI[iSIX 3 JIETKOIO Ta BAXKKOKO MIIlICHSIMHU.

Knrouosi cnosa: TniOOKOHENPYKHI peakiii, TpaHCHOPTHI Mojei, eHeprist depmi.
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JACCHUITATUBHBIE MPOLECCHI B 0 +°Be M "0 + '*'Ta PEAKIIMSIX
[PU SHEPTUSIX ®EPMU

b. Opanemunmar, T. U. MuxaiisioBa, A.I'. Aptiox, I'. Kamuncku, 0. M. Cepena,
M. Kosionna, M. /lu Topo, I'. I'. BoaTep

[IpuBeneHs! pe3yibTaThl HCCIEIOBAaHUS NEepUPEPUHHBIX SIEPHBIX CTOJIKHOBEHUH B 00xactu »Hepruit depmu c
TIOMOIIBIO TPAHCHOPTHBIX MOAETIed. DTO MOTHBHPOBAHO SKCIIEPUMEHTaMH, HAIpPaBICHHBIMH Ha HW3yYCHHE BBIXOJOB
M30TONOB B peakuusix O Ha *Be u '*'Ta npu E/A = 35 M»sB, H3MEpeHHBIX 0] yrIaMH, OMu3kuMu K 0°. JlaHHbIe
HUMEIOT JIByXKOMIIOHEHTHYIO CTPYKTYpY: OJlHA pacIOJIOXKEHa BOJM3M CKOPOCTH HayeTaromed dvacTuisl (“npsmas
KOMIIOHEHTa””), a BTOpasi — IpH 0oJiee HU3KUX CKOpOCTAX (“‘IuccumaThBHAs KomroHeHTa ). IlokazaHo, 9TO pacyeTsl ¢
HCIOJB30BAHUEM TPAHCIIOPTHBIX Mo,ueneﬁ OIHMCBHIBAIOT OCHOBHBLIE OCOOCHHOCTH [lHCCHHaTPIBHOfI KOMITOHCHTHI
peakuuy. B pacuerax mpuHUMaics BO BHMMaHWE CTaTHCTHYECKHH pacmaj]] MEepBHYHBIX BO30YXKIEHHBIX HPOJYKTOB
(bparMeHTanMy HajeTarolmled YacTHIbl. DTO yIydlllaeT corjlachue pe3ylbTaToB PacueToB C dKcIepuMeHToM. HaiineHo
3HAYUTEIBHOE PA3JINYKe B TOBEJACHUH JIUCCUIIATUBHOIN KOMIIOHEHTHI B PEaKIUsIX Ha JIETKOH U TSHKETO0H MUILICHSIX.

Kniouesvie cnosa: TyOOKOHEYNIpYTHe peakluy, TPAaHCIOPTHBIE MOJIETH, SHeprus depmu.
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