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Impact parameter dependence of incomplete fusion between 10 and 20 Mev/nucleon
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Incomplete fusion reactions have been studied for the system Ne+ Al at 10.8, 14.7, and
19.2 MeV/nucleon by measuring correlations between evaporation residues and a-particles. The
exclusive evaporation residue mass distribution can be explained in a breakup fusion model where
preequilibrium emission of one a-particle occurs. Complete fusion and incomplete fusion compete
over a wide range of impact parameters in the entrance channel.

The understanding of the reaction dynamics for central
collisions at projectile energies close to Fermi energy is
important for determining the conditions that govern the
production of highly excited nuclei. At beam energies be-
tween 10 and 20 MeV/nucleon, a dominating reaction
process is incomplete fusion (ICF), in which a part of the
excitation energy and angular momentum is removed by
the forward emission of fast light particles prior to
fusion. '

The first systematic studies of single heavy-residue ve-
locity spectra were performed by Morgenstern and co-
workers3'4 for Ne+ Al in the energy range between 3
and 20 MeV/nucleon. They observed evaporation resi-
dues (ER's) originating from fusionlike reactions with in-
complete momentum transfer and determined the cross
sections for complete fusion (CF) and ICF from the re-
sulting velocity deficit. In exclusive experiments the ICF
process can be selected by the measurement of ER's in
coincidence with fast light particles. The multiplicities of
nucleons and a particles from preequilibrium emission are
about equal' and thus most of the angular momentum is
dissipated by the (heavier) a-particles. In this Rapid
Communication we derive the impact parameter range for
ICF reactions in the system Ne+ Al from the yield of
ER's correlated with fast a-particles.

Targets of Al (thicknesses of 360-570 pg/cm ) were
bombarded with Ne ions accelerated by the Groningen
KVI cyclotron to energies of 10.8, 14.7, 19.2 MeV/nu-
cleon. A heavy-residue counter consisting of a time-of-
fiight system and a AF. -F. telescope was placed at forward
angles for the identification of the ER's. In this way,
mass, charge, and energy of heavy ions, typically with
masses up to 40 and energies down to 1 MeV/nucleon, can
be measured simultaneously at three angles. In the 10.8-
and 19.2-MeV/nucleon experiment 5', 6, and 7' were
chosen, whereas at 14.7 MeV/nucleon these angles were
4.8', 6', and 7.2'. Three silicon-detector telescopes were
placed on the opposite side of the beam at angles between
10' and 60' for the detection of a-particles. Energy spec-
tra of a-particles correlated with ER's (Z ~ 13) are given
in Fig. 1 for a projectile energy of 14.7 MeV/nucleon
(filled circles).

A good description of the energy spectra at 40' and 60'
is obtained with an evaporation model (dashed histo-
grams, which will be discussed below), but at 10' an addi-
tional high-energy component due to preequilibrium emis-
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FIG. l. Energy spectra of a-particles (filled circles) in coin-

cidence with heavy residues (Z~ 13) at 14.7 MeV/nucleon.
The solid and dashed curves are results of calculations (see
text).

sion is observed (solid line). In the coincident ER yield
this ICF component was enhanced with respect to the CF
component by selecting only events in which the velocity
of the a-particles was greater than v, ~0.87vb„. The
mass distributions of ER's coincident with the fast a-
particles are presented in Fig. 2 for the three beam ener-
gies (filled circles). The shaded area indicates the low-
mass region where the ER velocity distribution broadens
due to the contamination of mainly deep-inelastic col-
lisions (DIC); the contributions from fission can be
neglected for the present beam energies.

At beam energies in the range between 10 and 20
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FIG. 3. The calculated heavy residue mass distribution at
10.8 MeV/nucleon for (a) complete fusion, (b) preequilibrium
a-emission, and (c) preequilibrium Be emission.

FIG. 2. Mass distributions of heavy residues in coincidence
with preequilibrium a-particles. The two models for the locali-
zation in l space (see text and inset) are indicated by the dashed
and solid curves. .

MeV/nucleon breakup-fusion is the most likely reaction
mechanism for preequilibrium a-emission. '2 6 The ener-
gy distribution of fast light particles resulting from a
breakup reaction can be described by a Fermi-gas mod-
e) 1,2

According to Murphy it can be written as

d2
cJE exp[ —m(E+Eb —2cos8+EEb)//a ],dEdn

where the width is obtained from

z m(mp —m)
(2)

(m~ —1)
In Eqs. (1) and (2), E is the energy of the particle in

the laboratory frame, m its mass, 8 the scattering angle,
m~ the projectile mass, and Eb the energy of the particle
traveling with beam velocity. The parameter oo for Ne
is about 65 MeV/c. '

Measurements of multiplicities ' and Monte Carlo
simulations (Fig. 3, see discussion in text) show that in
ICF reactions approximately one a-particle is emitted pri-

or to fusion. This was used in formulas 1 and 2 for the
description of the high-energy component in the spectra of
coincident a-particles at the three projectile energies
(solid curve in Fig. 1). The restriction v, ~ 0.87vb„ in-
cludes at least 87% of this breakup component and
reduces contributions from statistical decay to at most
15%. Thus the coincidence requirement is in fact a good
selection of the ICF process.

The impact-parameter range (or, equivalently, the
range of angular momenta in the entrance channel) con-
tributing to the ICF with a-particles produced in
breakup-fusion reactions was studied by means of Monte
Carlo simulations. The a-particle energy distribution was
calculated with the Murphy model. Since the distribution
is centered at the beam velocity, the preequilibrium emis-
sion of one a-particle moves on the average 20% of the to-
tal angular momentum in the entrance channel. Two ex-
treme models for the range of contributing angular mo-
menta in the entrance channel were considered. (1) CF
occurs in an / window between Oh and a critical value l„,
whereas ICF is located between l,„and l,„. (2) CF and
ICF compete over the whole / window between Oh andl,„. A schematic representation of these two models is
included in the insets of Fig. 2. The total cross sections of
CF and ICF were obtained from Morgenstern et al. and
used to calculate l„and /, „. The values of (l„,/, „) at
projectile energies of 10.8, 14.7, and 19.2 MeV/nucleon
are (34,40), (33,44), and (29,47) in units of h, respective-
ly. At the present projectile energies precompound multi-
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plicities are low' and thus the statistical model can be
used to describe the decay process. The decay of the nu-
cleus was simulated with a Monte Carlo version of the sta-
tistical model code PACE.

For highly excited nuclei the influence of the shell
structure vanishes and the parameters in the level density
can be derived from the liquid-drop model. ' Standard
values were chosen for the other parameters in the code
PACE.

The dashed histograms in Fig. 1 are calculations of the
statistical decay with model 2, scaled to the low-energy
part of the experimental spectra. The coincident ER mass
distributions were calculated for the models 1 and 2 and
scaled to the experimental data in the region where DIC
can be neglected (right of the shaded area). The interpre-
tation is based on the shapes of the ER distributions, be-
cause the absolute coincident mass distribution strongly
depends on the (unknown) angular distribution of the fast
a-particles. The calculations include the effects of the en-
ergy distribution of the preequilibrium a-particles by run-
ning PAcE for a distribution of initial excitation energies.
ER's from DIC are not taken into account and thus the
calculations underestimate the experimental yield for the
lowest masses. The mass distributions calculated with
model 2 (solid curve) are preferred to those of model 1

(dashed curve). Model 1 underestimates the mass in-
tegrated yield of ICF reactions at 10.8, 14.7, and 19.2
MeV/nucleon by 31, 25, and 15%, respectively, for masses
above the shaded area. The shape of the mass yield is also
better reproduced by model 2. A measure for the devia-
tion of the Monte Carlo yield F&h(A ) from the experimen-
tal yield F,„~(A) is the quantity:

A'-g [F„(A)—F„,(A)]'/~'(A), (3)

where tr(A) is the experimental error and the sum is
confined to the mass region where DIC can be neglected.
For beam energies of 10.8, 14.7, and 19.2 MeV/nucleon
model 1 gives values of A, which exceed the values of
model 2 by a factor of 7.6, 1.6, and 2.4, respectively. One
should notice that the ratio ICF/CF grows with increasing

beam energy; therefore, the /-windows in the two models
become more and more similar. A similar conclusion on
the competition of ICF and CF was drawn from the
analysis of the singles HR velocity spectra for the
' 0+ Al system at 9.4 MeV/nucleon.

The calculations indicate a change of the ER yield with
the number of a-particles emitted in the breakup process
and thus the experimental yields reflect the multiplicity of
fast a-particles. This is illustrated in Fig. 3, where in-
clusive ER mass distributions are shown for CF [Fig.
3(a)] and ICF with preequilibrium emission of either an
a-particle [Fig. 3(b)] or Be [Fig. 3(c)]. This latter pro-
cess is experimentally equivalent to the preequilibrium
emission of two a-particles. The calculations were per-
formed at a projectile energy of 10.8 MeV/nucleon with
the l-windows of model 2. Figure 3 shows that the ER
mass distribution shifts towards lower masses as the mass
of the spectator fragment increases. This trend is also
found at projectile energies of 14.7 and 19.2
MeV/nucleon. Figure 3(c) fails to describe the experi-
mental ER mass distribution of Fig. 2 (even if one in-
cludes the bias from the coincidence requirement) and
consequently the preequilibrium emission of Be is of
minor importance.

In conclusion, the breakup-fusion model of ICF in com-
bination with the statistical model of compound nucleus
decay is able to give a good description of the ER mass
distributions. Most of the ER's, measured in coincidence
with an a-particle, are produced in breakup-fusion reac-
tions in which the Ne projectile breaks up in a ' 0 and
an a-particle. Most important, the ICF and CF processes
compete over a wide range of impact parameters in the
entrance channel.
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