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The 238U +1%7Au reaction has been studied at 15 MeV/nucleon bombarding energy. Correlations between
two to seven final fragments with Z=8 have been measured using CR-39 nuclear track detectors. An event-
by-event kinematic analysis was carried out for three-body exit channel reactions which exhaust about half of
the final fragment production cross section. Most of these ternary processes can be associated with intermediate
and peripheral impact parameters. The dominant reaction mechanism is shown to be that of a first binary
quasielastic or dissipative collision followed by the sequential binary fission of the excited quasi-U (or to a
lesser extent of the excited target remnant). We observe also a net drift of nucleons from the target to the

projectile prior to its decay.

PACS number(s): 25.70.—z, 25.70.Pq

I. INTRODUCTION

Nuclear reactions in heavy-ion collisions at intermediate
energies (10-100 MeV/nucleon) have been widely studied
both experimentally and theoretically over the last decade
using varied projectiles and targets. Lately, the possibility of
accelerating heavier projectiles to higher energies has al-
lowed the study of highly excited nuclei with mass numbers
A>200. This fact, together with the development of almost
41r detectors capable of measuring exit channels of increas-
ing multiplicity, has attracted interest in the evolution of the
different reaction mechanisms and decay modes as a function
of the excitation in these heavy systems. The purpose of our
experiment was to investigate the characteristics of final
fragment correlations in an intermediate-energy reaction with
a very heavy (A,+A,>400 u) projectile-target configuration
at moderate excitation energies (E, ,~2.2 MeV/nucleon),
where the deexcitation process is expected to be dominated
by sequential binary fission and/or light-particle evaporation
[1]. More precisely, the present paper concentrates on the
study of the mechanism of three-final-fragment production in
the 2%U+"'%"Au reaction at 15 MeV/nucleon.

Several experiments [2—12] studying ternary and quater-
nary processes in very heavy nuclear reactions with uranium
projectiles have been performed at bombarding energies be-
low 10 MeV/nucleon. They show that in this low-energy
regime the most probable reaction channels are one-neutron
quasielastic transfer and sequential fission following a dissi-
pative reaction with multinucleon transfer. In all these ex-
periments the sequential fission of the ***U projectile was
observed with higher probability as the bombarding energy
increased.

Heavy-ion collisions at 10-30 MeV/nucleon bombarding
energy leading to three-body events have been usually inter-
preted in terms of an incomplete fusion process where only
part of the projectile and target fuses to produce a transient
dinuclear system. The subsequent evolution of the reaction,
the reseparation and deexcitation of the system, has been
described either from a high-energy point of view
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(participant-spectator picture) or from a low-energy one
(deep inelastic dynamics plus fission). The former approach
leads to the dynamic formation of a three-body final state
(see, for example, [13]). In the latter scenario, either the slow
or prompt sequential fissionlike decay of an excited projec-
tilelike fragment issuing from a deep inelastic phase can also
produce ternary events [14—18]. Other reactions do not have
such a clear-cut production mechanism (see, for example,
[19)).

Both the absence of similar studies in the intermediate-
energy region with very heavy colliding nuclei like 28U and
197 Au and the diversity of conclusions concerning the nature
of the three-body events, where the question of the relative
role of the instantaneous and sequential mechanisms is of
major interest, have motivated our experiment. A heavy and
quasisymmetric system such as 2%U+!"’Au at moderate in-
cident velocities (B,,;=~0.177) has two major advantages: it
minimizes the preequilibrium emission of light charged par-
ticles and neutrons and favors the thermalization of the ex-
citation energy produced in the collision. Moreover, since the
reaction partners have nearly the same mass, on the average
theoretically both should be equally excited.

In our experiment we used CR-39 solid state nuclear track
detectors, which have been employed for the study of heavy
fragments produced in low-, intermediate-, and high-energy
nucleus-nucleus collisions [20-27]. All these different ex-
periments have shown that CR-39 permits a good energy loss
determination and an excellent spatial resolution of measured
trajectories which makes it a fine tool for the study of heavy-
multifragment emission phenomena. Its most important
drawback, however, is that it requires individual track count-
ing and thus the acquisition of statistically significant results
is very time consuming.

The paper is organized as follows. In Sec. II the experi-
mental techniques (including the setup and the kinematical
reconstruction method for each ternary event) are described.
Section III is devoted to the presentation and interpretation
of the experimental results: first, global observables such as
the reaction multiplicity and cross sections and secondly
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other significant variables concerning three-body processes.
The possible reaction mechanism and decay modes are dis-
cussed, the two-step nature of the ternary processes is estab-
lished, and the fission properties of the system are treated.
The summary of the experimental results is presented in Sec.
Iv.

II. EXPERIMENT

A. Setup

The experiment was performed using the incident **%U

beams delivered by the UNILAC accelerator at GSI in
Darmstadt (Germany). The bombarding energy was 15 MeV/
nucleon with fluences of 0.86X10° ions/cm?. The targets
consisted of layers of 1000 ug/cm? of '*’Au evaporated on
one surface of the CR-39 track detector. The target thickness
was determined with an accuracy of about 5%. The gold
targets were bombarded perpendicular to their surfaces. This
arrangement produced a 27 detection geometry in the labo-
ratory system and an ~100% efficiency in the case of our
reaction. Eight different detector plates, each one with an
area of 4X4 cmz, were irradiated. A chemical development
of the detectors was carried out in SN NaOH at 60 °C for
120 min. These etching conditions produced well-developed
tracks in the detector for each charged fragment (Z=8) in the
angular range 6,,,=3°—180°, the threshold of detection being
about 8 MeV cmz/mg. Tracks shorter than 3 um long were
not detected. These limits prevented characterizing frag-
ments with charges Z<8 [25]. More than 6x10° particle
trajectories, produced in 2X10? interaction vertices with dif-
ferent fragment multiplicities, were scanned optically and
measured. Determination of the ranges of the correlated par-
ticles, angles «;; between them, and angles 6; with respect to
the incident beam direction were performed with an accuracy
of £1.5 um and *1.5°, respectively.

To calculate the partial cross sections of our reaction, we
have classified as three-body events all reactions having
three detected fragments as well as those having two frag-
ments with relative projected angle on the detection plane
less than 180° (indirect or incompletely measured events).
Due to momentum conservation and taking into account the
angular error, these latter events were associated with a third
fragment which escaped detection. Moreover, some four- and
five-body events were found to be, respectively, five- and
six-body events by the same analysis. The large solid angle
coverage of our experimental arrangement strongly reduced
the number of such incompletely measured events except in
the case where the undetected charge was Z<(8, and there-
fore yielded more reliable results than other less exclusive
(though eventually more precise) experiments. In the ternary
processes analysis, however, the background of incompletely
measured events is understood to be subtracted and we have
only considered those events with three heavy fragments de-
tected (heavy fragments defined as nuclei with atomic num-
ber Z=8).

B. Kinematic reconstruction

A detailed kinematical analysis was made event by event
for the three-body exit channel processes with the help of a
FORTRAN code. In principle, ternary reactions are uniquely

characterized by measuring the range of each final fragment,
their emission angles, and the angles between them. Indeed,
for each individual interaction the momentum p; of each
primary (i.e., before any eventual light-particle evaporation)
fragment could be determined by solving momentum conser-
vation equations in the lab frame, knowing the emission
angles 6, (i=1,2,3) with respect to the beam axis and the
angles «;; between tracks. The mean error of each momen-
tum p; was *0.05p; (MeV/c). The charge Z; of each de-
tected heavy product was then determined from the value of
its momentum p; and its experimentally measured range R;
in the detector. For each fragment a comparison was made
between these two parameters and those derived from the
range-energy curves in CR-39 calculated by the code TRIM-90
[28]. To compute the ion’s incident energy E; we assumed
the mass number A; of each produced fragment to be in the
valley of stability (which is a reasonable supposition within
our experimental precision). With TRIM-90 we constructed
six-degree polynomial parametrizations of the path length R;
of all charges Z; (Z;=1,...,100) in CR-39 as a function of
incident energy E;, calculating the six polynomial coeffi-
cients c;,(Z;) of the expression

6
R{(Z))= 21 cin(ZHE(piA)]"

(i=1,2,3). (1)

Since there is no simple relation between track length and
fragment charge applicable for the whole range of measured
lengths (from 3 um for the shortest tracks to 400 wum for the
longest), we used three different sets of coefficients c;,(Z;)
for three different length regions: R;<15 um, 15<R;<50
pm, and R;>50 um. Our identification code assigned to
each final product the charge Z; of the ion with deduced
momentum p; and experimental track range R; compatible
with the Eq. (1). The propagation of experimental errors
through this procedure implied an estimated mean charge
resolution *+1 for those fragments with range longer than 50
pm, *£2 for fragments with tracks 15<R;<50 um, and *3
for fragments with track length shorter than 15 um. Obvi-
ously, the main source of systematic uncertainty in the
charge determination was the uncertainty of path ranges for
the shortest (R;<<15 um) tracks.

The velocity v; of each fragment was determined from its
mass number and momentum with a mean error +0.2 cm/ns.
These velocity values are little affected by light-particle
evaporation. Finally, cross sections were calculated with a
10% accuracy by counting the total number of tracks of the
incident beam ions directly on the detector surface using a
video camera connected to an image analysis computer.

During the course of a heavy-ion collision, the emission
of light particles (principally n, p, and «) is a typical process
occurring between the initial excitation of the colliding nu-
clei and the deexcitation of the final products. For the
neutron-rich heavy systems and present bombarding ener-
gies, reaction products deexcite predominantly by evaporat-
ing neutrons or, to a lesser extent, light charged particles
(Z=3) [29]. The measured range R; for each detected frag-
ment in CR-39 depends on two secondary quantities, its final
charge Z; and its momentum p;, whilst the momentum val-
ues found through the linear momentum conservation equa-
tions are primary (or preevaporative) values. The recoil ef-
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fects associated with the evaporation (assumed isotropic in
the c.m. of the emitting nucleus but not in the lab system) of
undetected light particles from the primary fragments, to-
gether with the subsequent reduction of the total mass (and
charge) available to the final fragments, constitute a source
of perturbation in the reconstitution of the kinematics. Thus,
due to the effects of limited experimental resolution and
light-particle evaporation, momentum conservation is not
completely exact for the detected heavy fragments in our
reaction. Applying no correction for these effects, in some
cases our identification code assigned to the fragments
charge values slightly. higher than the “real” ones, since for
a fixed track length a higher momentum (the preevaporative
value) is associated with a higher Z; (a heavier fragment),
leading to a total final Z greater than the sum of the colliding
nuclear charges. To overcome this problem, we used an ap-
proach similar to the kinematical coincidence method
(KCM) [14,30], but instead of requiring the conservation of
mass as an additional kinematic constraint on our system,
our code assessed iteratively the momentum loss due to the
evaporation of undetected light charged particles and neu-
trons from primary fragments and due to energy loss in the
target. This assessment was done by imposing the require-
ment that the sum of all detected charges in an event not
exceed the entrance channel value of 171. This being the
case, we subtracted a small contribution from the py,,, value
of the linear momentum conservation equations (assigning
this missing momentum to the emission of undetected light
particles and to momentum loss in the target) in an iterative
way until satisfying the total charge requirement.

To select events as well characterized as possible, i.e., to
reject poorly reconstructed events, we retained only events
leading to detection of at least 80% of both the total charge
and total parallel momentum in the entrance channel
(Z,,;=171 and peam=39.95 GeV/c). Applying this filtering,
we rejected about 10% of the initial set, mainly correspond-
ing to incompletely measured events of multiplicity 4 and to
events originated from reactions on the CR-39 detector con-
stituents. The mean value of the total detected charge from
summing all Z=8 fragments for each selected “complete”
three-body event was (Z)=168=6, corresponding to ~98%
of the sum of the projectile and target atomic numbers, and
the mean total linear momentum along the beam axis in the
exit channel was (p),,,;=36.5 GeV/c (about 90% of ppeam)-

1II. EXPERIMENTAL RESULTS AND INTERPRETATION
A. Multiplicities and cross sections

Figure 1 shows the multiplicity spectrum of nuclei de-
tected in the CR-39 plates, corrected to take into account the
incompletely measured events of higher order. Events of
multiplicity 2 have also been normalized to subtract contri-
butions from elastic scattering interactions that could be
identified by their typical Coulombian-like kinematics. The
first remarkable aspect of this plot is the small number of
binary events detected in contrast with the results found in
analogous very heavy systems at intermediate bombarding
energies (such as 2®Pb+!97Au at 29 MeV/nucleon [31]). Our
two-body events, which exhaust only about 5% of the mea-
sured reaction cross section, can be ascribed essentially to
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FIG. 1. Experimental fragment multiplicity spectrum of all
events in the CR-39 detectors for the reaction studied. This spec-
trum has been corrected to take into account the incompletely mea-
sured events of higher multiplicity.

quasielastic or deep inelastic collisions in which the U-like
and Au-like reaction products survive fission after probably
evaporating several nucleons.

The three- and four-body events exhaust approximately
83% of the total cross section. In contrast to many other
reactions in the Fermi energy domain (see, for example,
[16,31,32]), the spectrum does not decrease steeply with in-
creasing multiplicity. Instead, there is a maximum for pro-
cesses with three heavy final bodies. This effect is due to the
fact that we deal with a heavier system in which binary fis-
sion of one (or both) reaction partners is an important exit
channel as predicted by different statistical models: the Ber-
lin model [33] and the GEMINI code [34]. **®U undergoes
fission even at low excitation and thus it is expected that a
considerable fraction of the reactions would have at least
three heavy nuclei in the exit channel. In the present work we
will not study the origin of quaternary events since our kine-
matic reconstruction method does not provide a unique solu-
tion to their kinematics without an extra constraint.

An interesting aspect of our investigated reaction is that,
in spite of the moderate excitation energies available in our
system (E . ~2.2 MeV/nucleon), events with a multiplicity
M of up to six and even seven heavy fragments are ob-
served. These multifragment exit channels are presumably
due to more central collisions after a series of successive
sequential binary decays of the two excited heavy primary
nuclei. This mechanism is indicated by kinematic correla-
tions between final fragments in other systems at Fermi en-
ergies [35]. The observation of such complex processes at
lower Fermi energies, where one would expect a smooth
transition from the typical behavior of low-energy binary re-
actions, confirms first that the multiplicity associated with a
heéavy-ion reaction rises with increasing masses of projectile
and target. However, due to the low statistics for the M =5,
6, and 7 events (which occur with a combined probability
around 13%), the analysis presented below will be centered
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TABLE 1. Absolute and relative cross sections measured for
heavy fragments (Z=8) in the reaction 15 MeV/nucleon

2381977,
Final fragments o (mb) Opartial/ Tiotal (%)

2 22080 4.6*2.0

3 2200200 45.8+4.2

4 1740+300 36.3+6.2

S 520%150 10.8%3.1

=6 120£50 2.5+1.0

Total 4800400 100.0£8.4

on three-body events, for which we have better statistics and
for which we can make a comparison with other results.

The partial cross sections for the processes with multi-
plicities 2 to 7 observed in our reaction are listed in Table I.
The experimental value of the total cross section obtained
summing all partial cross sections amounts to
0, =4800%400 mb, in good agreement with the geometrical
value

VCoul

~4900 mb,
Ec.m.)

oRp= wRﬁ“( 1-

where R;,=1.16(A}/5+A > +2) fm~16 fm is the interac-

tion radius of the reaction.

B. Charge-velocity correlations in ternary events

The main features of the ternary events can be seen by
examining the charge-velocity plot of the reaction. Figure 2
shows the Z versus v/v,; (v being the fragment lab veloc-
ity, and the beam velocity v ,,;=~5.3 cm/ns) two-dimensional
contour plot for the heavy fragments detected in the ternary

processes. One can distinguish two regions. First, a
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FIG. 2. Two-dimensional contour plot of Z versus v/v
(Uproj=35-3 cm/ns is the projectile velocity) spectrum of all heavy
fragments (Z=8) detected in ternary events. PLF stands for projec-
tilelike fragment and TLF for targetlike fragment.

projectile-like fragment domain with fast (v/v,,;>0.7) nu-
clei of intermediate atomic numbers (30<Z<70) with a
maximum at about half the projectile charge, and second a
region with slow-moving (v/v,,;=~0.25) heavier charges
(60=<Z=85) that is more concentrated at Z~66 and 77 and
easily identified as targetlike evaporation residues. This con-
tour diagram indicates that our reaction, in its first step, pro-
ceeds principally via a binary process between the two col-
liding nuclei.

Hereafter, in order to facilitate the presentation of the
data, in each recorded three-body event the fragments will be
labeled “‘fast” (subscript 1), “intermediate velocity” (sub-
script 2), and “slow” (subscript 3) according to their veloc-
ity, assuming that the fastest and slowest nuclei normally
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FIG. 4. Dalitz plot for the charge distributions of three-body
events issuing from the reaction 2®U+'%’Au at 15 MeV/nucleon.
The fragment charges Z; are normalized to the total detected charge
in each event. The labels i=1, 2, and 3 refer to the fast,
intermediate-velocity, and slow final fragments, respectively.

issue from the quasiprojectile and quasitarget, respectively.
Quite often, however, the difference in velocity between the
fast and intermediate-velocity products is small.

C. Angular distributions in ternary events

The two main reaction products components (fast and
slow) found in Fig. 2 differ also in their angular distributions.
Figure 3 presents the angular distribution in the c.m. frame
for the three detected fragments of different velocities. The
angular distributions of the fast [Fig. 2(a)] and intermediate-
velocity nuclei [Fig. 2(b)] show forward peaking centered
slightly under or on the grazing angle of 29°. That of the
slowest fragments [Fig. 2(c)] shows backward peaking.
These angular distributions are consistent with peripheral or
midperipheral inelastic collisions with projectilelike frag-
ments (the two fastest nuclei) going forward and slow Au-
like fragments going backward in the c.m. Nevertheless, the
fact that the intermediate-velocity fragment angular spectrum
broadens towards more backward angles contrasting with the
fast fragment behavior suggests that it probably originates
from the part of the projectile most affected by the target
interaction.

These figures suggest a typical ternary event in which the
two fastest fragments emitted at forward angles seem to be
produced by the binary splitting of the quasiprojectile,
whereas the slowest fragment is a targetlike nucleus that re-
coils at lower velocity with a small momentum transferred in
its noncentral interaction with the incident uranium.

D. Dalitz plot for charge correlations

For ternary events the initial binary nature of the events is
confirmed by the analysis of the charge partition among the
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V; (em/ns)

FIG. 5. Two-dimensional contour plot of ¥ =(v,.;)—(¥,e))min VeI-
sus relative velocities for ternary events in the 238U +197Au reaction
at 15 MeV/nucleon. For each event, three points are plotted for the
same value of Y.

three detected fragments. Figure 4 presents the experimental
three fragment charge distributions in the form of a Dalitz-
type triangular two-dimensional plot based on the conserva-
tion of charge =}_,u;=1 where wu;=Z,/Z,, correspond to
the individual fragment charges normalized to the total de-
tected charge of each event. Each fraction u; (i=1,2,3) is
represented by a point inside the equilateral triangle, with the
perpendicular distances to the three sides proportional to the
charge fractions u; . This plot shows an important clustering
of events inside the region determined between the mean
charge fraction values: (u;)=0.29+0.08, (u,)=0.26+0.08,
and (u3)=0.45%0.05. These fractionations imply an average
total charge sharing between the three detected fragments
centered at a most probable charge split (Z,)=49+*14,
(Z,)=44=*14, and (Z5)=77*9. This result is clearly compat-
ible with the supposition that the slowest fragment corre-
sponds principally to a recoiling quasi-Au evaporation resi-
due ((Z3;)=~77), while the two fastest products would
originate in the binary scission of the quasiprojectile
(Z,)+(Z,)~92) along a quite wide spectrum of charge
asymmetries with a maximum centered at half the projectile
atomic number (from Z;~36 and Z,~57 to Z,~62 and
Z,~31 in the most populated region of the Dalitz plot).
These correlations between the measured charges of the three
fragments show in another way that the primary step of the
reaction is predominantly binary.

E. Estimation of impact parameter

At first glance, an event-by-event analysis of Fig. 2 would
indicate that about 95% of the ternary processes are periph-
eral events, i.e., events characterized by the presence of at
least one projectile like fragment (defined as any final prod-
uct with velocity higher than 0.75v ;). The partition of the
ternary events into peripheral and central, however, is not so
immediate and must be done using other global variables.
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For each event we determine the so-calléd Y variable [36]
which measures the maximum dispersion of the three rela-
tive velocities between final fragments with respect to their
mean value: Y =(V,,)— (Vre)min- FOr a given ternary event,
a low value of Y indicates a low dispersion of relative ve-
locities which is evidence of a common source for all de-
tected fragments, i.e., of a central collision. On the other
hand, a large value of Y, i.e., a large dispersion of final
relative velocities, implies the presence of targetlike and pro-
jectilelike fragments typical of more peripheral interactions.

Figure 5 shows the two-dimensional spectrum of Y plot-
ted versus the three relative velocities between pairs of de-
tected final fragments in the ternary events. We can separate
two regions by the Y~1.2 cm/ns line. The upper zone (Y
>1.2 cm/ns), more densely populated, corresponds to the
peripheral or semiperipheral collisions while the lower part
(Y<1.2 cm/ns), less populated, is associated with the central
collisions. Approximately 65% of the ternary events fall in
the Y>1.2 cm/ns zone, where we clearly observe two
branches, each one linked with a different emission source
for the final fragments. The narrower branch peaks at
v;;=2.3 cm/ns relative velocity, which is the two-body Cou-
lomb repulsion value expected for fragments following Vio-
la’s systematics for the fission of a U-like or Au-like nucleus
[37]. The broader branch, centered around v, ;=5 cm/ns, cor-
responds to the relative velocity of a fast fragment with re-
spect to another slow one. For Y<<1.2 cm/ns the three rela-
tive velocities also peak at about v;;=2.3 cm/ns suggesting
that even for more central collisions at least two final frag-
ments arise from a fissionlike process.

The measured threefold events can thus be classified as
being produced in reactions where the impact parameters are
mainly noncentral and where a fissionlike process of one of
the primary fragments appears to be an important decay
mechanism at some subsequent stage of the reaction.

F. Energy dissipation

The total kinetic energy (TKE) of the final heavy products
in the c.m. system for each ternary event is usually deduced
assuming a binary process in the first step of the reaction
with the decay of one of the two primary fragments in the
second step. After identifying which pair of final fragments
originated from the decay of the same primary species (qua-
siprojectile or quasitarget), we determined the relative veloc-
ity V., between the two heavy partners after separation,
knowing that subsequent light-particle evaporation does not
affect, on the average, the fragment velocity vectors. The
TKE in the c.m. frame was then calculated by TKE=0.5
uVZ,, where u~108 is approximately the reduced mass of
the dinuclear composite system just before separation.

Figure 6 shows the experimental final kinetic energy spec-
trum for the three-body processes detected in our reaction.
This spectrum covers a broad range of exit channel total
kinetic energies from the dissipative (400<TKE<900 MeV)
into the partially damped (900<TKE<1300 MeV) and then
quasielastic regions (1300<TKE<1600 MeV). To explain
the observed TKE spectrum one must consider the existence
of a dissipative step responsible for a kinetic energy loss in a
significant fraction of the ternary processes.
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FIG. 6. Reconstructed total kinetic energy (TKE) spectrum of
three-fragment events in the exit channel of the reaction.

The difference between the total kinetic energy in the en-
trance channel (E_,, =1.62 GeV) and that of the final frag-
ments (TKE), i.e., the so-called “total kinetic energy loss”
(TKEL) or dissipated kinetic energy, has been shown to be
one of the most relevant quantities for determining the pro-
duction of three-body (and higher-multiplicity) processes in
nucleus-nucleus collisions at Fermi energies [14,16,38]. Usu-
ally, the TKEL is interpreted as a measure of the excitation
energy (thermal and compressional) produced in the reaction.
Knowing that the energy loss due to preequilibrium emission
in very heavy systems is negligible [31,39], the TKEL can be
transformed into excitation energy per nucleon of the system
by the following expression: E*(MeV/nucleon)=TKEL/
(Ay+A ). Although we do not observe a complete damping
of the entrance channel kinetic energy in our reaction as seen
in low-energy very-heavy-ion reactions, according to the
former formula, a maximum value E *~2 MeV/nucleon cor-
responding to a temperature 7~4 MeV [according to
E*=(A/8)T?] is reached for some of our threefold events.
The energy analysis of the exit channels in ternary processes
supports the conclusion that they arise mainly from the bi-
nary decay of one of the primary products formed during a
first deep inelastic or quasielastic reaction step.

G. Fission properties of ternary events

Up to this point we have considered the correlations be-
tween variables that characterize principally the first stages
of the reaction. Now we focus on the mechanism that leads
to the production of ternary events. As seen in Sec. III E, the
relative velocities between the final fragments are some of
the most significant observables from which insight into the
reaction mechanism can be drawn. A relative velocity analy-
sis (Y variable analysis) of reaction products has already
allowed us to distinguish peripheral collisions from central
ones and can now help us to identify the existence of any
fissioning process. The three relative velocity spectra be-
tween each pair of final fragments for ternary processes are
presented in Fig. 7. The narrow distribution of v, is clearly
peaked at velocities around Viola’s value for two fragments
produced in the conventional low-energy binary fission of a
very heavy nucleus (A >220). Considering v y;q,~2.3+0.3
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FIG. 7. Relative velocities between (a) the two fastest fragments, (b) the two slowest fragments, and (c) the fastest and slowest fragments.

cm/ns, about 55% of the ternary events have v, compatible
with this value. This fact lends support to the idea that the
two fastest fragments originate mostly in the sequential fis-
sion of the quasiprojectile. The wider distributions of relative
velocities v,3 and v 3 reflect mainly the initial velocity of
separation between quasiprojectile and quasitarget. The v,
spectrum between the two slowest nuclei, however, shows a
small peak around vy, for about 15% of three-body pro-
cesses, indicating that some of them also arise from the fis-
sion channel of a quasi-Au in the collisions in which the
quasiprojectile survives fission. As expected by fissility argu-
ments, the gold nucleus needs a higher (linear and angular)
momentum transfer to fission as compared to the quasi-U
nucleus, which fissions with low excitation energy in more
peripheral reactions. However, due to the effect of the mod-
erated excitation energy present in the system, the charge
distribution of the fissioning fragments is centered around
symmetric division in contrast with the asymmetric and
double-humped fission charge distribution of “cold” sponta-
neous or low-energy-induced fission processes.

The total fission cross section represents thus about 70%
of the cross section for processes of multiplicity 3 in our
reaction and, presumably, also an important part of four-body
exit channel processes as observed in [40]. This value is
higher than the fission cross section found in other very
heavy systems in the intermediate-energy region (such as the
29 MeV/nucleon 2%Pb+17Au reaction [41]). In this latter
work, fission of the quasiprojectile occurred also for rather
peripheral collisions but exhausted no more than 20% of the
reaction cross section for ternary events. Our data like the
data of [41], typical of a sequential emission process, ex-
clude the existence of a prompt multifragmentation process
as observed in other reactions in the Fermi energy regime.

In summary, the event-by-event relative velocity analyses
for ternary processes (Y-v;; correlations and v;; distribu-
tions) suggest a type of event consistent (in about 70% of the
original threefold sample) with the emission of a quasitarget
in coincidence with two fission projectilelike fragments
(about 55% of ternary cases) or of one quasiprojectile and
two fission targetlike nuclei (about 15% of the three-body
processes) after a first dissipative or a quasielastic binary
reaction step.

H. Reconstruction of the first reaction step

For those three-body events where the existence of a fis-
sionlike process was identified unambiguously, we recon-
structed the original charges of the primary deep inelastic
fragments in order to study the characteristics of the first
binary step of our reaction. Since the deexcitation of the
excited fission products is dominated by the evaporation of
neutrons, the use of Z5 ,=Z,+Z, as the charge of the fis-
sioning system is a good approximation [42]. The distribu-
tion of the reconstructed charge of the original fissioning
composite Zg=Z,+Z,, where Z, and Z, are all charges
separating with a velocity compatible with Viola’s systemat-
ics, is shown in Fig. 8. It is found to have a clear maximum
centered at the atomic number of the projectile, Z 5, ~92+3,
with a long tail towards higher Z up to 110*=10. More than
60% of the fissioning fragments have a charge higher than
that of the projectile (94<Z;,<<120). The reconstructed Z
distribution of each coincident primary nonfissioning partner
is also shown in Fig. 8. It is concentrated at Z~80=*3 and
643 values. The first peak corresponds to the target atomic
number and the second peak to the quasitarget Z value after
losing about 16 charge units (by transfer to the projectile

600 —— T

500 +

400 [ Z nondiss
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100

0 Lacormen i

120
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FIG. 8. Reconstructed primary charge of the fissioning compos-
ite nucleus Zg. and detected charge of the nonfissioning fragment
z

nonfiss *
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and/or subsequent evaporation of undetected light nuclear
fragments of Z<8 in the deexcitation process). Thus in
three-body events, the mean charge of the fissioning compos-
ite nucleus ({(Z4,)=97*10) is 5 charge units heavier than the
original charge of the projectile (and taking account of un-
detected light-charged-particle evaporation would increase
Zg)- Since the fission probability is larger when the deep
inelastic product gains nucleons with respect to the case in
which it loses nucleons, both the increased charge (and mass)
of the 28U nucleus and its overproportional share of the
available excitation energy favor the scission of this primary
reaction product in our reaction. The less fissile and excited
target remnant, on the other hand, decays by light-particle
emission into fragments that are too light to have a signifi-
cant fission branch.

One interesting aspect of our analysis is that the exit chan-
nel of the first binary step in our ternary events shows a
higher charge asymmetry than the initial entrance channel
configuration. Figure 8 demonstrates that the net transfer of
protons from the targetlike to the projectilelike fragment is
favored, leading to a small drift towards mass asymmetry.
This is evidence of the absence of a true formation of a
totally equilibrated dinuclear composite system during the
prefission stage and, indirectly, a qualitative indication that
the interaction time between the colliding nuclei is not suf-
ficiently long to attain thermal equilibrium and to completely
damp the incident kinetic energy of the system. This behav-
ior is in disagreement with the trends observed in several
other very-heavy-ion reactions at low energies interpreted in
terms of a “quasifission” reaction mechanism such as those
observed in 2**U-induced reactions on lighter targets
(16<Z=48) [43]. In those experiments one finds that mass
drift towards symmetry takes place in reactions where the
relative motion of the interacting nuclei has been completely
damped. Both effects, typical signatures of a “quasifission”
process, are not present in our reaction which reveals char-
acteristics more related with partially damped deep inelastic
scattering processes.

Mass distributions of fragments produced in dissipative
heavy-ion reactions can be described classically by a trans-
port equation of the Fokker-Planck type [44]. We can con-
sider the mass transfer process between projectile and target
by comparing our experimental data with the quantitative
predictions of the Fokker-Planck equation applied to the col-
liding 15 MeV/nucleon 28U+ 197Au system. Indeed, the ob-
served net mass drift of some nucleons from target to pro-
jectile is confirmed by using a one-dimensional Fokker-
Planck equation of the form

J
E P(Apruj,t): Tproj [V(Aproj yt)P(Aproj ,t)]
32
+ t9A—2 [D(Aproj’t)P(Aprojvt)]’

proj

which describes the distribution of the probability function
P(A o5 ,t) for the mass (A ;) of the quasiprojectile after the
first reaction step. For very short interaction times
(t~6%10"2! s) the solution has a Gaussian form:

D. G. D’ENTERRIA et al. 52

0.1 1 T L B | T

r 15 MeV/nucleon 2 U+ ' Au ]
0.09 | ]
0.08 [ t = 0.2x10%' s 3

i \
0.07 .
0.06 |-

i

[ I
0.05 [ |
‘4 {
f

|
| -
\

P(A proj yt)

0.04 —
003 | | ]
0.02 | t=54x10% s _
0.01 ~ ™~

O:Ixf/ P TP PR SR

180 200 220 240 260 280 300 320
Ao (u)

FIG. 9. Solution of the Fokker-Planck equation for three-
fragment exit channels.

1 —(A —(A m')O_Vt)z
P(Aproj ,t) — exp proj PTOj ,
47Dt 4Dt

where the calculated drift (v, =2.33x10?! u/s) and diffusion
(D,=5.75X10%* u?/s) coefficients are assumed to be con-
stant during the estimated interval of time t=5.4X10"%! s of
the first reaction step. Figure 9 shows the solution of the
Fokker-Planck equation for our reaction. The maximum of
the P(A ;,¢) distribution peaks at A ,,;~238 just at the be-
ginning of the process and at A ,,,;~251 for =5.4x10"""s,
i.e., there is a net mass drift from target to projectile of about
13 nucleons. This simple transport model calculation con-
firms semiquantitatively the experimentally observed
5-charge-units mean increase of the projectile charge after
the dissipative interaction with the target.

IV. SUMMARY AND CONCLUSIONS

Events with fragment multiplicities (Z=8) up to 7 have
been detected using CR-39 solid state nuclear track detectors
in the reaction 2**U+'"’Au at 15 MeV/nucleon. The present
study has focused on the identification of events leading to
the production of three heavy fragments in the exit channel
in which more than 80% of both total charge and parallel
linear momentum were detected. For each ternary process, an
analysis of the measured geometrical parameters (ranges and
angles) of all detected fragments allows the determination of
other reaction parameters (charges, velocities) assuming lin-
ear momentum conservation after estimating the minimal lin-
ear momentum loss due to light-particle evaporation and en-
ergy loss in the target.

The measured total cross section for the reaction amounts
to 0,,;=4800+£400 mb, in good agreement with the geo-
metrical cross section x~4900 mb. The fragment multiplic-
ity (M) distribution reveals the existence of several decay
modes for the system. It first supgports the conclusion that for
a system as heavy as 2®U+19’Au, the binary collisions
(M ;=2) with eventual light-particle evaporation represent a
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possible decay mode only for the gentlest collisions in con-
trast to what happens with similar systems at lower or similar
energies. Binary fission of one (U-like) or both (U-like and
Au-like) damped primary products clearly dominates for pe-
ripheral and intermediate impact parameters (M =3 and 4,
which exhaust more than 80% of the total cross section).
Multifragment emission sets in for the most central collisions
with an important emission of complex fragments (up to
M ;=7 where Z=8 have been detected) even if the maximum
excitation energy produced in our system does not exceed 2
MeV/nucleon.

A detailed analysis of three-body events confirms, as re-
gorted in similar experiments [16], that the reaction
3BU+17Au at 15 MeV/nucleon proceeds mostly via a se-
quential two-step mechanism: an initial peripheral or midpe-
ripheral projectile-target interaction (in about 65% of the
threefold sample) plus a deep-inelastic-like binary process
followed by the subsequent symmetric fissionlike decay of
the quasiprojectile and light charged particle and neutron
evaporation of the quasitarget. The relative velocity between
the two fastest fragments is strongly peaked at values close
to the predictions of the Viola systematics for the conven-
tional sequential fission of a very heavy nucleus (A >220) in
about 55% of the ternary events. These results rule out the
possibility of a prompt multifragmentation process as ob-
served at higher energies. The total fission cross section,
summing quasiprojectile and quasitarget fissions, represents
about 70% of the total three-body exit channel cross section.

The reconstructed charges of the primary deep inelastic
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fragments indicate that there exists a net transfer of nucleons
from target to projectile. This is evidence of the formation of
a nonequilibrated dinuclear system during the first stage of
the reaction, in disagreement with the results found in low
energy ‘‘quasifission” reactions with very heavy ions.

In conclusion, our very heavy system reveals typical fea-
tures expected in both the low- and high-bombarding-energy
regimes. While the reaction mechanism of the most impor-
tant exit channel (three-body processes) is entirely consistent
with a low-energy point of view (deep inelastic dynamics
plus sequential fission and light-particle evaporation) in
agreement with similar investigations at Fermi energies, the
observation of a mass drift that increases the initial entrance
channel charge asymmetry configuration implies that there is
no true formation of a completely equilibrated dinuclear
composite system during the first binary reaction step. This
observation is at odds with the typical “quasifission” results
observed in lower-energy very-heavy-ion reactions [43]. Fi-
nally, the fragment multiplicity M distribution shows the
presence of a multifragment component (M,=5, 6, and 7)
characteristic of higher-bombarding-energy behavior.
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