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Abstract. The excitation functions for production of 48 residues in the interaction of **O with °®Rh have
been measured at incident energies varying from about 40 to 400 MeV. Their analysis shows that many
competing reaction mechanism contribute to the formation of these residues including complete fusion,
break-up-fusion reactions and '®O inelastic scattering. The cross-sections of most of these mechanisms
are obtained by independent measurements of the spectra of intermediate-mass fragments observed in
the interaction of 10 on Nb. The agreement between measured and calculated excitation functions is

satisfactory in most of the cases.

PACS. 25.70.Gh Compound nucleus — 25.70.Mn Projectile and target fragmentation

1 Introduction

There is an increasing need for information on inclu-
sive nuclear reactions induced both by light particles and
heavy ions due to their relevance in interdisciplinary fields
and applications. The data required for these purposes are
the multiplicity and the spectra of the emitted particles
and the intermediate-mass fragments (IMFs) which may
be produced, the yield and the spectra of the evaporation
residues and the +, 8 and/or « particle spectra from the
subsequent radioactive decay.

Reactions induced by light particles are better known
both from an experimental and a theoretical point of view.
The available information in this field has been reviewed
in recent international conferences, see for instance [1],
and in reports such as [2]. The knowledge in the case of
heavy-ion reactions is much less systematic and often es-
sential experimental information is lacking, even in the
case of ions such as '2C and 60, which are increasingly
important in applications and interdisciplinary fields such
as hadrontherapy [3] and space radiation protection [4].

A large variety of different mechanisms contribute to
reactions induced by such ions even at rather low ener-
gies, originating both from their fusion with the target
nucleus and their fragmentation which, as shown for in-
stance in [5], occurs with sizeable cross-sections already at
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incident energies below 10 MeV/n. In a recent paper we
have analysed the excitation functions for production of
a large number of residues in the interaction of 2C with
103Rh from the Coulomb barrier up to incident energies
of ~ 35MeV/n, which is a case that we consider to be
representative of asymmetric reactions involving carbon
ions in this energy range [6]. In this paper we discuss the
reactions induced by 'O on the same target nucleus at en-
ergies varying from the Coulomb barrier up to 25 MeV /n.

The analysis of these data as well as of complementary
data, as will be discussed in sect. 2, leads one to recognize
the presence of a fast stage of the interaction (up to a time
of about 200 fm/c¢) in which fast light particles and IMFs
are emitted leaving an excited intermediate nucleus in sta-
tistical equilibrium and a subsequent slow stage requiring
to be completed times up to about 1076 s, during which a
statistical competition between the different decay modes
of equilibrated nuclei occurs.

What happens in the fast stage may be studied in the
case of asymmetric reactions by measuring the hardest
part of the emitted light particle spectra and the spectra
of IMFs, which are strongly suppressed once an equili-
brated nucleus is created at the end of the fast stage. Re-
cent experiments have suggested that the IMFs are pro-
duced both by projectile fragmentation and, with unex-
pectedly large cross-sections by nucleon coalescence dur-
ing nuclear thermalization, the cascade of nucleon interac-
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tions through which the excited nuclei produced in the pri-
mary two-ion interaction reach statistical equilibrium [5,
7-9].

The slow stage of the reaction eventually leads to the
production of residues which, though well separated in
mass by the particles emitted in the fast stage of the reac-
tion, may nevertheless have a considerably smaller mass
than the target nucleus even at incident energies of only
a few tens of MeV/n.

The fast stage of the reaction greatly biases the sub-
sequent slow stage. The average excitation energy of the
equilibrated nuclei left at the end of the fast stage is only
a fraction of the initial energy, substantially reducing the
number of particles which may subsequently evaporate.

As mentioned before, in this paper we present a com-
prehensive account of the reactions occurring in the inter-
action of 10 with '93Rh at incident energies up to about
25MeV /n. We achieve that through the analysis of a large
number of excitation functions for production of evapo-
ration residues. However, as discussed later, this analy-
sis alone is not sufficient to provide unambiguous conclu-
sions and it needs to be accompanied by the simultaneous
analysis of complementary data [6]. In the next section
we will review this complementary information which we
have obtained through the study of the spectra of parti-
cles emitted during the fast interaction stage. In sect. 3
the experimental procedures adopted for measuring the
excitation functions are described. In sect. 4 the analysis
of these data is presented and sect. 5 is devoted to the
conclusions.

2 Review of independent data relevant to
present investigation

Some years ago, for the interaction of 60 with %°Ho and
181Tq at incident energies up to about 8 MeV/n, the ex-
citation functions for production of evaporation residues
and the forward range distributions of some of them were
measured using the activation technique. The analysis of
these data, summarized in [10], suggested that already at
such low energies many different mechanisms contribute,
such as the two-ion fusion and the incomplete fusion of
fragments produced in 'O binary fragmentation. The
fragments considered in that work were 12C, ®Be, SLi and
« particles. It was also possible to estimate the absolute
cross-sections of the contributing mechanisms. The results
obtained are summarized in fig. 5 of [10], which shows
the measured reaction cross-section for the interaction of
12C and 100 ions with '®1Ta from an incident energy cor-
responding to the two-ion Coulomb barrier up to about
8MeV /n, as well as the contributions of complete fusion
and the already-mentioned incomplete-fusion processes.
These investigations revealed that for such heavy tar-
gets, the ratio of fission to the spallation reaction cross-
section increases quite steeply with increasing incident
160 energy, making it increasingly difficult to separate
the contributing mechanisms. Consequently, in order to
investigate how these contributions evolve with increas-
ing energy, minimizing the contribution of fission, it was
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decided to study the interaction of °O with a lighter tar-
get nucleus. The nucleus '°*Rh was chosen for this pur-
pose because of the favourable radioactive properties of
an abundance of residues which could be produced in an
activation measurement. The results of the experiment,
which enabled us to measure the excitation functions for
production of a large number of residues up to an incident
energy of 25 MeV /n, are discussed in the next section of
this paper.

In the course of this investigation we were soon con-
vinced that, in order to reach unambiguous conclusions,
the study of these data, which reflect the full complexity
of the interaction, should be accompanied by the contem-
porary study of the processes occurring during the initial
fast stage of the interaction. The data which eventually
provided the more significant information are the spectra
of the IMFs emitted in the interaction of 160 with %3Nb up
to about 25 MeV /n [5,7]. The choice of this target nucleus
was motivated by the fact that it was not possible to ob-
tain self-supporting '°3Rh targets as required by this type
of experiments and 3Nb was considered sufficiently close
to 193Rh to enable the use of the information obtained in
the analysis of the rhodium data. This presumption was
confirmed by the similarity of the conclusions drawn from
the analysis of the spectra of IMF's produced in the inter-
action of 0 with 5Co.

The analysis of these data showed that 'O binary
fragmentation greatly contributes to the measured IMF
spectra and this process appears to be more complex than
originally anticipated. Indeed, it is found that the average
energy of the IMFs produced by binary fragmentation and
the width of their spectra are smaller and wider, respec-
tively, than those expected for a quasielastic fragmenta-
tion process. This may indicate that either the projectile,
before fragmentation, or the observed fragment, after be-
ing produced, underwent a considerable energy exchange
with the target or the residual nucleus, thus losing quite a
significant amount of their energy. The results obtained in
the analysis of the IMF spectra produced in the interac-
tion of 2C with the same nuclei led to the same conclusion
and suggested the predominance of the initial-state inter-
action of the projectile as discussed in [8,9,11,12]. This
assumption allowed a very reasonable reproduction also
of the spectra of the IMF produced in the '60 interac-
tion [5,7].

An initial-state interaction appears indeed a very rea-
sonable possibility since even in the more peripheral
inelastic-scattering interaction, the projectile may lose
quite a considerable amount of its energy. A simple way of
accounting for these spectra was proposed by introducing
a projectile survival probability function (PSPF) to mass
exchange and break-up, which was assumed to exponen-
tially decrease with increasing projectile energy loss (as
suggested by the energy averaged spectra of the inelasti-
cally scattered ions), and folding the IMF spectra eval-
uated with the local plane-wave approzimation (LPWA)
proposed by [13,14] with the PSPF as discussed in [5,7,
11,12]. Another interesting observation was that 160 (as
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Fig. 1. Comparison of experimental (black dots) and calcu-
lated (full lines) excitation functions for production of Te iso-
topes. Here and in the following figures, up to fig. 11, the lines,
which connect the calculated values (open dots) do not rep-
resent the true shape of the calculated excitation functions,
especially in the region of the maxima, and are simply meant
to visualize the trend of the calculated cross-sections.

was also found for 12C [8,9]) may fragment in many differ-
ent ways, a fact which was not clearly recognized before.

Another unexpected finding was that a considerable
amount of IMFs with energy around the Coulomb barrier
is produced in these interactions. The Boltzmann Mas-
ter Equation (BME) theory, which we previously used to
describe the cascade of nucleon-nucleon (n-n) interactions
which lead to nuclear thermalization and the spectra of the
light particles emitted in the course of this cascade [15,16],
successfully reproduced this contribution to the measured
IMF spectra. An example of the results obtained may be
found in [5,7] where are shown the spectra of boron, car-
bon and nitrogen fragments produced in the interaction
of 160 with ?3Nb at incident energies varying from 100 to
400 MeV.

The analysis of the IMF spectra provided values for the
fragmentation cross-sections, the average initial loss of en-
ergy of oxygen before fragmentation and other important
computational parameters which are used as input for the
excitation function calculations, as will be discussed in
sect. 4.

3 Experimental procedure and results

We have measured by the activation technique the exci-
tation functions for production of 48 residues with mass
and charge varying, respectively, from 117 to 85 and 52 to
39 in the interaction of 60O with '9*Rh at energies vary-
ing from about 40 up to 400 MeV. The °3Rh targets were
thin (310 ug/cm?) foils deposited on a 1.5 um thick my-
lar backing (provided by Goodfellow Cambridge Limited,
Cambridge, England). The measurement of the induced
activity in the target and a catcher in close contact with
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Fig. 2. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the full lines) excitation func-
tions for production of Sb isotopes.

it started a few minutes after irradiation and lasted for
several weeks.

At incident energies below ~ 126 MeV the irradiations
were made at the Laboratori Nazionali del Sud (LNS) in
Catania, Italy. At energies ranging from ~ 93 to 400 MeV
the rhodium targets were irradiated at iThemba LABS
(formerly the National Accelerator Centre) in Faure, Som-
erset West, South Africa.

At the LNS, two sets of irradiations were made: i) the
first was made using single rhodium targets and thick alu-
minium catchers and consisted of 5 irradiations at energies
varying from 50 to ~ 112MeV, ii) the second was made
using the stacked-foil technique and consisted of 4 irra-
diations at energies of 57, 82, 100 and 126 MeV. In each
irradiation the stack consisted of three rhodium targets in-
terspaced by aluminium foils which acted as catchers and
degraders.

In the irradiations performed at iThemba LABS we
used stacked foils of 16 '°3Rh targets interspaced with
aluminium foils acting as catchers and degraders. The
rhodium targets were the same as before, i.e. 310 ug/cm?
foils deposited on a 1.5 um thick mylar backing. In total,
three irradiations were performed at incident 60 energies
of 201.6, 294.8, and 398.5 MeV.

In all irradiations both at LNS and iThemba LABS the
beam current was monitored every few seconds to allow
one to account for possible fluctuations of beam intensity
in evaluating the production cross-sections of the residues.
Many tests were made for estimating the uncertainty of
the measured time-integrated beam fluence which led to
an estimated accuracy between 5 and 10%.

Both at LNS and iThemba LABS, the activities in-
duced in the targets and catchers were measured with cal-
ibrated HPGe detectors. The residues were identified by
their respective characteristic v lines as well as their half-
lives by measuring the decrease of the activity with time.
Table 1 gives the list of the identified isotopes with mass
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Fig. 3. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) excita-
tion functions for production of Sn isotopes. The assumptions
underlying the two theoretical predictions are explained in the
text.

Table 1. Identified isotopes with mass exceeding 113, their
half-lives and spin, energies and abundances of characteristic
v lines. The corresponding information for lower-mass residues
may be found in table 1 of ref. [6]

Isotope Half-life J™ B, Abundance Reference
(h) (keV) (%)
HiTe 1033 1/2Y  719.7 65 [17]
H6me 2.49 0t 628.72 3.21 (18]
1055.3 0.51
Hape  0.097 7/27  723.569 30 [19]
Hipe 0253 o 726.9 7.35 [20]
244.59 6.8
1417.4 6.06
479.56 5.47
Ursp 2,80 5/27  158.562 86 [21]
H6gh 0263 3t 1293.558 84.8 [18]
H5gh 0535 5/2T  497.358 98 [19]

higher than 113, their half-life and spin, the energy and
abundance of the characteristic v lines which were used.
The corresponding information for lower-mass isotopes is
given in table 1 of [6].

A residue may be produced both independently in the
interaction of the two ions and by the decay of precur-
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Fig. 4. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) exci-
tation functions for production of In isotopes. The assumptions
underlying the two theoretical predictions are explained in the
text.

Table 2. Cumulative cross-sections for production of residues
with mass exceeding 113. The corresponding information for
lower-mass residues may be found in table 2 of ref. [6].

Residue Contributions to its production
H7Te H7Te 4 1.038171
116Te 116Te+ 116I
15 e H5Tes 4 1.28911°1
14mes 14es 4 1.002'141
H7g} 1781 4+ 1.582M7Te 4 1.60471
116Sbm 1168bm
llﬁsbg IIGSbg _ 0.120(116Te + 1161)
H5ghe | 15ghe 41,2211 Te™ 4 1.26515Te? + 1.2971151

sors which are also independently produced together with
the residue of interest. If the residue is not chemically
separated by its precursors, and its activity is measured
at times much larger than the precursor half-lives, the
cross-sections for formation of the precursors, multiplied
by factors which depend on the branching for the decay of
the precursors to the residue and on the half-lives of the
precursors and residues, add to the independent formation
cross-section of the residue to give a cumulative formation
cross-section [22,23]. For residues with mass higher than
113, table 2 integrates the list of the cumulative cross-
sections for formation of the observed residues as a func-
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Fig. 6. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) excita-
tion functions for production of Pd isotopes. The assumptions
underlying the two theoretical predictions are explained in the
text.
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Fig. 7. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) excita-
tion functions for production of Rh isotopes. The assumptions
underlying the two theoretical predictions are explained in the
text.

tion of the residue and precursor independent production
cross-sections, given in [6]. The experimental value of these
cumulative cross-sections deduced from the known beam
fluence, irradiaton time, ~ line intensity, etc., is obtained
as discussed in [23]. The measured excitation functions are
shown in figs. 1 to 11.

The uncertainty affecting the absolute values of the
measured cross-sections is estimated to be about 25% at
all energies due mainly to the uncertainty in the thickness
of the target specified by Goodfellow and to a lesser ex-
tent to the uncertainty in the beam fluence, the measured
HPGe efficiency, the electronic dead time, and statistical
erTors.

A preliminary theoretical analysis [24,25] of the excita-
tion functions for production of residues in the interaction
of 12C with 13Rh suggested that the near-target residues
should be produced with the highest cross-sections. We
speculated that the same could happen in the case of in-
teraction of 10 with 193Rh. Unfortunately, the most im-
portant of these residues, those with mass 103, could not
be identified in the experiments described above.

In fact, the measurement of the production cross-
section of residues such as '3Pd and '°3™Rh requires
rather complex radiochemical procedures because they
have very weak characteristic v lines, thus, in order to
achieve an accurate evaluation of their production cross-
section, the measurement of the yield of the 20.074 and



198

300 400

Energy (MeV)

Fig. 8. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) excita-
tion functions for production of Ru isotopes. The assumptions
underlying the two theoretical predictions are explained in the
text.

10 10°
o 10° L
10t
10° L i
QEgTC 10"k 95gTC
. "071 1 1 1 1071 1 1 1
S 50 150 250 350 450 @ 50 150 250 350 450
€
® 10’ 10°
2
107 ¢ 5
0%k
10'L ]
o 10'F
10 F 99T E
10’1 L L L "OD L L
50 150 250 350 450 150 250 350 450

Energy (MeV)

Fig. 9. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) excita-
tion functions for production of Tc isotopes. The assumptions
underlying the two theoretical predictions are explained in the
text.

20.216keV K, X-rays is required. However, many other
residues which may be produced in the considered two-
ion interaction have X-ray lines with energies between 19
and 22keV and thus a measurement of their production
cross-section is not feasible without chemical separation.
The other member of the isobaric multiplet, '°*Ru, has
quite abundant ~ lines, but its production cross-section
was predicted to be very low, so, also in this case, chem-
ical separation was advisable in order to make its ~ lines
visible above the quite intense background.

In an experiment especially designed to identify these
residues, two tin disks of RhCls - zH5O (supplied by Strem
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Fig. 10. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) ex-
citation functions for production of ™Mo, *°*Mo, °6Nb and
87¢Y. The assumptions underlying the two theoretical predic-
tions are explained in the text.
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Fig. 11. Comparison of experimental (black dots) and calcu-
lated (open dots connected by the dashed and full lines) exci-
tation functions for production of 8™Y, 8%7Zr 887Zr and %¢7r.
The assumptions underlying the two theoretical predictions are
explained in the text.

Chemicals Inc., Newburyport, MA) were produced by
pressing the powder in a punch-and-die set to a pressure of
20 bar. They had a 15 mm diameter and 79 mg/cm? thick-
ness. The two disks were irradiated with a 393.6 MeV,
50nA 'O beam, the first for one hour to measure the
production cross-section of the shorter-lived nuclides, the
second for 5 hours to measure the cross-section of the
longer-lived nuclides. In both cases the 6O energy at the
target half thickness was about 350 MeV. The experiment
and the chemical separation technique are described in
detail elsewhere [26]. The uncertainty of the measured
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Fig. 12. Comparison of the yield of 85 < A < 105 isobars
produced in the interaction of oxygen ions of 350 MeV with
193Rh as measured in [6] (open squares) and in the experi-
ment here discussed (black dots) with that evaluated by sub-
tracting, in complete-fusion processes, as discussed in the text,
the initial energy loss from the projectile kinetic energy (full-
line histogram). The observed isobars are given in parentheses:
A =105 (®Ag), A = 104 (Cd and ®Ag), A = 103 (®Ag, Pd, "Rh,
Ru), A =102 (™#Rh), A = 101 (Pd and ™Rh), A = 100 (Pd
and ™*8Rh), A = 99 (Pd and ™*8Rh), A = 97 (¥Rh, Ru),
A =96 (8Tc), A = 95 (Ru, ™"#Tc), A = 94 (5Tc), A = 93
(5Tc and ™Mo), A = 90 (Mo and ®Nb), A = 88 (Zr), A = 87
(™T8Y), A =86 (Zr and #Y), A = 85 ("™Y).

cross-sections was estimated to be about 15%. Figure 12
shows, as a function of residue mass number, the produc-
tion cross-section of the more abundant isobars observed
at a nominal energy of 350 MeV.

4 Theoretical analysis

In order to evaluate the production cross-section of a given
residue one has to consider all the different reaction paths
which may lead to its formation or to the formation of
precursors which may decay to it. Due to its complexity,
the analysis of the excitation functions alone without com-
plementary information may introduce ambiguities in the
interpretation of the data, which may partially cast doubt
on any conclusions.

The calculations presented in this paper take advan-
tage of the results of the experiments made to mea-
sure the IMF production cross-sections [5,7], which were
briefly summarized above. The most relevant information
concerns the binary fragmentation cross-sections of 160,
whose values are obtained by extrapolation from those
measured for the interaction of oxygen with ?*Nb, and
the average loss of energy which, according to our inter-
pretation, 160 suffers before breaking-up.

The very succesful analysis of the excitation functions
for residue production in the interaction of 2C with 1°3Rh
was made assuming that after 12C binary fragmentation,
one fragment may be absorbed by the target nucleus, i.e.,

Fig. 13. Reaction cross-section, or and cross-sections of
the contributing reaction mechanisms (ocf = complete fusion,
omnsc = inelasticscattering, oi2¢ = incomplete fusion of one
120, osp, =incomplete fusion of a ®Be, o, =incomplete fusion
of one a-particle, o, = proton transfer, o, = neutron transfer,
04 = deuteron transfer, o11p.51; = incomplete fusion of a ''B
or a 5Li, oiop-61; = incomplete fusion of a '°B or a °Li).

a break-up—fusion mechanism. This assumption is also re-
tained in the present calculations. Thus, the cross-section
for fusion of one fragment is simply given by the cross-
section for observation of the complementary spectator
fragment deduced by the analysis of the measured IMF's
spectra [5,7]. The break-up—fusion hypothesis allows one
to evaluate also the excitation energy distributions and the
recoil distributions of the nuclei produced by the fusion of
the participant fragment once the spectra of the spectator
fragment are known. These are evaluated by folding the
LPWA spectra [13,14] with the projectile survival prob-
ability function, which satisfactorily reproduces the mea-
sured spectra [5,7].

In addition to break-up—fusion reactions, other pro-
cesses which most presumably contribute to residue pro-
duction are the complete fusion of the projectile and the
target (for which we take the values given by [27]) and
the inelastic-scattering cross-section, the value of which is
assumed to be given by the difference between the reac-
tion cross-section [27] and the sum of all the contributions
previously mentioned.

These assumptions are summarized in fig. 13 which
gives the cross-sections of all considered mechanisms as a
function of the incident energy.

These assumptions and the recourse to experimental
findings related to complementary data greatly reduce the
degrees of freedom of the ensuing calculations. This is
an enormous improvement with respect to previous anal-
yses of this type. In fact, the only really free parame-
ter in this part of the calculation is the one which gives
the energy distribution of the inelastically scattered ions
P(E) for which, in agreement with the energy dependence
of the projectile survival probability, we assume an ex-
ponential decrease with the scattered ion loss of energy
Eioss = Emax — E, i.e., P(E) x exp(—K Flpss ). The value
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of K was obtained by a best fitting of the excitation func-
tions of near-target residues, to the formation of which
inelastic-scattering reactions greatly contribute. At ener-
gies below about 150 MeV, the values of K which are de-
duced in this way are characterized by rather large un-
certainties. However, there is a clear indication of a de-
crease of K with incident energy which leads to an almost
constant value of about 0.02MeV ! at incident energies
exceeding 200 MeV.

The nuclei produced by complete fusion and break-up—
fusion reactions are in a state far from equilibrium. They
are assumed to progress towards statistical equilibrium via
a nucleon-nucleon interaction cascade which is simulated
by a set of Boltzmann Master Equations (BMEs). The
theory is discussed extensively in several articles (see [15,
16] and references therein) and therefore does not need
to be repeated here. Here, we simply recall its basic as-
sumptions. In BME theory one subdivides the states of
the nucleon into bins characterized by constant values of
Ap? (or Ae) and Ap,, where p? and p, are the square of
the nucleon’s momentum and the component of the mo-
mentum along the beam axis, respectively. The occupa-
tion probability of these bins, n(e, 8,t), which initially de-
pends on the particular two-ion interaction, changes with
time as a consequence of nucleon interactions (which may
lead to a redistributions of the nucleons among different
bins) and emission into the continuum of unbound nu-
cleons and of nucleons which, if their momentum falls
within a suitable sphere in momentum space, may coa-
lesce into a cluster. These processes are characterized by
their respective probabilities of occurrence per unit time
(decay rates). The evolution with time of the occupation
probability of each bin is calculated by solving a set of
Boltzmann Master Equations (BMEs). The state occupa-
tion probability of nucleon aggregates formed by nucleon
coalescence, N¢(FE,0,t), in the course of the interaction
cascade depends on n(e, 6,t) and the number and type of
their nucleons. Once n(e, 0,t) and N (FE,0,t) are known
one may evaluate the ejectile spectra [15,16].

As mentioned above, these calculations very satisfac-
torily reproduce the experimental spectra of IMF emitted
with energy around the Coulomb barrier, as shown, e.g.,
in [5,7] and this result strengthens our opinion that the
theory is reasonable.

In the case of a-particle incomplete fusion, both as
single entities and/or as a part of a ®Be fragment, another
process taken into account is their re-emission, with a large
fraction of their original energy after a few interactions
with the target nucleons, as suggested by previous work
on a-particle-induced reactions [28,29]. The probability
of these events is evaluated as explained in [30].

At the end of the n-n interaction cascade which follows
complete or incomplete fusion, nuclei in thermal equilib-
rium are created whose excitation energy and the A and
Z distributions are evaluated by the theory. We also as-
sume that the target nucleus excited by inelastic scatter-
ing should be in a state of thermal equilibrium. The subse-
quent decay of these equilibrated nuclei by particle evapo-
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ration (evaluated by rather standard techniques [31]) leads
to the observed residues.

Unfortunately, the complete calculation, to be
tractable, requires a number of approximations which
may carry some bias onto the numerical results. One of
these approximations concerns the Monte Carlo simula-
tion of pre-equilibrium emissions from systems created in
incomplete-fusion events. In this case the energy and angu-
lar dependence of the spectra of the light particles emitted
in the course of the n-n interaction cascade is assumed to
be equal to that of the spectra evaluated by BME theory
for complete-fusion reactions, and their absolute value is
simply scaled by the ratio of the mass of the absorbed
fragment to the mass of the projectile. This is a very good
approximation in the case of single-nucleon emission but
becomes progressively worse with increasing emitted par-
ticle mass. The correct evaluation of the pre-equilibrium
particle spectra for each fusing fragment with each pos-
sible energy implies an enormous increase of computing
time which, up to now, we have been unable to confront.
For the same reason, we neglect in break-up—fusion pro-
cesses the quite considerable emission of IMFs produced
by nucleon coalescence.

Figures 1 to 11 show the comparison of the data (full
dots) and the theoretical predictions made with the pro-
cedure outlined above (dashed lines).

Even if the qualitative features of all the excitation
functions are satisfactorily reproduced and in most of the
cases also their absolute value, in a few cases the theory
does not reproduce accurately the excitation function at
the highest energies. We wish to suggest here how many
of these dicrepancies may be eliminated.

As we have recalled above, according to our theoreti-
cal approach, before breaking up the projectile may lose
a not negligible fraction of its energy. In our model, this
energy is assumed to excite quite low-energy states of the
target nucleus. We assume that once the participant frag-
ment fuses with the target nucleus, its nucleons initiate
the cascade of n-n collisions interacting with the target
nucleons. The target nucleons which have been slightly
excited in the initial interactions do not really contribute
to the emission of fast particles in the thermalization stage
and their energy is assumed to contribute to the excita-
tion energy of the equilibrated nuclei which are eventually
produced.

In our previous calculations a similar effect was not
considered in the complete-fusion process at energies
above about 10 MeV /n. In fact, below this energy, we as-
sume that when the projectile and the target nucleons
start to interact, the relative translational momentum of
the two ions is greatly reduced by their Coulomb repul-
sion and a sizeable fraction of the energy (equal to the
two-ion Coulomb barrier at contact) is frozen as collec-
tive deformation energy. At the end of thermalization this
energy transforms into chaotic thermal energy of the nu-
cleons of the equilibrated nucleus left. This assumption
proved essential to reproduce the tails of the observed ex-
citation functions at these low incident energies in the
interaction of '2C with heavy nuclei such as '®1Ta and
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Fig. 14. Average energy loss of %0, before fragmentation,
producing the indicated fragments, as a function of the incident
energy [5,7].

197 Au [10,23] and 19*Rh [6,32] and 60 with heavy nuclei
such as '5Ho and '8'Ta [10,23]. With increasing energy
above 10 MeV /n, the effect was assumed to disappear in
complete-fusion processes and all the projectile kinetic en-
ergy was considered in evaluating the cascade of n-n inter-
actions (above 20 MeV /n it was also increased to account
for the increased depth of the composite nucleus potential
well as compared to those of the projectile and the tar-
get [33]). This was made with the presumption that the
initial energy loss is a part of the process (simulated by
the cascade of n-n interactions) through which the two-ion
kinetic energy transforms into random thermal energy.

However, in analysing the present data we found that
the reproduction of quite a number of excitation func-
tions was noticeably improved by subtracting in complete-
fusion reactions the energy lost by the projectile while
approaching the target from the kinetic energy of the pro-
jectile nucleons and assuming it to contribute to the ex-
citation energy of equilibrated nuclei produced at the end
of the n-n interaction cascade. In this assumption the ini-
tial interaction heats the target nucleus and partly in-
hibits the emission of fast particles and particle aggre-
gates during thermalization which, nevertheless, remains
crucial for reproducing the energy dependence of many
excitation functions at the highest incident energies. Due
to the greater excitation energy of equilibrated nuclei at
the end of thermalization there is a considerable increase
of the multiplicity of the evaporated particles and a de-
crease of the ratio of fast to low particles emitted during
the nuclear de-excitation of the nuclei formed in the two-
ion interaction. The result critically depends on the initial
energy loss in complete-fusion events. The estimate of this
quantity is difficult because the average energy loss before
fragmentation, as deduced from the analysis of the IMF
spectra [5,7], seems to depend, as shown in fig. 14, on the
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Fig. 15. Mechanisms contributing to the formation of a few
representative residues.

particular fragmentation of 160, as it is also found in the
case of 12C induced reactions [8] with estimates numeri-
cally consistent with those used in this paper for '60.

In figs. 1 to 11 the full lines represent the results of cal-
culations made by assuming that in complete-fusion reac-
tions, which correspond to the most central collisions, at
incident energies above 200 MeV, the initial energy loss of
the projectile which contribute to the equilibrated nucleus
excitation energy should be about one half of the projec-
tile energy. In fig. 12 the experimental cross-sections for
production of residues of mass 85 < A < 105 measured
in the interaction of °O with °3Rh at 350 MeV inci-
dent energy in this work and in [26] are compared with
the theoretical predictions made with the same hypoth-
esis (full-line histogram). Although the improvement is
very impressive in some cases, we nevertheless feel that
in complete-fusion reactions the subdivision of the projec-
tile energy into thermal energy given to the target nucleus
in the initial interaction and orderly kinetic energy start-
ing the n-n interaction cascade is still an open problem
requiring further studies especially investigating the influ-
ence of this assumption on the analysis of the data which
we have considered in our previous works where we did
not find any clear evidence for a similar effect [5-9].

As one clearly sees, most of the excitation functions
are reproduced with remarkable accuracy, which is in
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fact comparable and in some cases even better than that
achieved in the analysis of the excitation functions of
nucleon-induced reactions [34]. This is a very rewarding
result if one considers both the much greater complexity
of a heavy-ion interaction and the fact that most of the
parameters we used in the calculations are given a priori
and are those that very satisfactorily reproduce the IMF
spectra measured in separate experiments [5,7].

In the lowest-energy region the excitation functions of
the heaviest residues are clearly structured. This happens
when a few mechanisms contribute to the formation of a
given residue. The tails of these excitation functions show
the prominent role of incomplete-fusion events.

With increasing energy the less-structured shape of the
excitation functions reflects the contribution of many dif-
ferent reaction paths.

It is instructive to follow in fig. 15 how the contribu-
tions of the reaction mechanisms considered evolve with
decreasing mass of the residue in a few representative
cases.

There is only one systematic disagreement between
the data and the theoretical results. It concerns the pre-
diction of the cross-sections for production of the lighter
residues (those farther removed from the target nucleus,
such as the Zr and Y isotopes) in the threshold energy
region. For some of these nuclei, as found in the same
energy range also by [6] in the case of the interaction of
12C with 193Rh, the calculated threshold is substantially
higher than the observed one. The excitation functions of
these residues are quite noticeably underestimated. As in
the case of 2C-induced reactions there is some indication
that with increasing energy the discrepancy is partially re-
moved. Thus, as in the case of 12C-induced reactions the
disagreement might not indicate an intrinsic deficiency of
the theoretical approach, but might be a consequence of
some of our approximations.

5 Summary and conclusion

As in the case of the reactions induced by ?C on '3Rh at
incident energies of a few tens of MeV/n we have shown
that it is possible to give a comprehensive account of the
reactions which may occur in the interactions of 60 with
a medium mass nucleus such as '3Rh.

In our model the considered reaction mechanisms,
such as projectile fragmentation and nucleon coalescence,
weakly depend on the target nucleus mass and charge,
thus we expect that calculations of this kind have a reliable
predictive ability and may satisfactorily predict the cross-
sections of reactions induced by '*O on nuclei of widely
different mass. A clear indication of this is afforded by the
comparison of the cross-sections for incomplete-fusion re-
actions given in [10] for the interaction of 150 with ¥1Ta
with those shown in fig. 13 for the interaction of 60O with
103Rh. In spite of some differences in the theoretical in-
terpretation of the data (in [10] the contribution of in-
elastic scattering was not considered, the importance of
which was only recognized in later studies) the energy de-
pendence and the absolute values of the cross-sections for
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CF, '2C, a-particle and ®Be incomplete fusion appear to
be similar and the differences found may be attributed to
Coulomb effects due to the considerably higher charge of
181 T3, in comparison with °3Rh.

The experiments and the ensuing theoretical analysis
which we have discussed in this paper were made not only
to increase our knowledge of the reaction mechanisms but
also for helping to meet the demands coming from appli-
cations and interdisciplinary fields which always require a
comprehensive information on the reactions which may oc-
cur in a nuclear interaction. The quantitative results that
we have obtained indicate that our investigation should
indeed be useful for this purpose.

In the course of the years we benefitted from the invaluable
help of many colleagues and students. Among the colleagues
to whom we are deeply indebted we must mention Drs. Steve
Mills, Meiring Nortier, Nico van der Walt and Khosro Aar-
daneh of iThemba LABS, Prof. J.P.F. Sellschop of Schonland
Research Centre, Profs. Enrica Gadioli Erba, Claudio Birat-
tari, Michela Cavinato, and Elsa Fabrici of Milan University.
Among the students, Trevor Stevens of Schonland Research
Centre, Mara Bello, Gianfranco Bello and Francesca Albertini
of Milan University.
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