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In 129Xe+"fSn central collisions from 8 to 25 MeV /A, the three-fragment exit channel occurs with
a significant cross section. We show that these fragments arise from two successive binary splittings
of a heavy composite system. The sequence of fragment production is determined. Strong Coulomb
proximity effects are observed in the three-fragment final state. A comparison with Coulomb trajec-
tory calculations shows that the time scale between the consecutive break-ups decreases with increas-
ing bombarding energy, becoming quasi-simultaneous above excitation energy E* = 4.0+£0.5 MeV/A.
This transition from sequential to simultaneous break-up was interpreted as the signature of the on-
set of multifragmentation for the three-fragment exit channel in this system.

PACS numbers: 25.70.-z, 25.70.Jj, 25.70.Pq, 06.30.Ft

I. INTRODUCTION

In central heavy ion collisions at bombarding energies
around 10 — 20 MeV /A, namely well above the Coulomb
barrier but below the Fermi energy regime, different types
of reaction mechanism leading to the production of one,
two, three, or more heavy fragments in the exit chan-
nel are possible, namely fusion-fission, quasifission, and
deeply inelastic collisions [1-3]. Only by detecting all re-
action products in coincidence and achieving a full kine-
matical reconstruction event by event can we hope to bet-
ter understand the underlying reaction and decay mech-
anisms. Such exclusive experimental data are relatively
scarce for multibody exit channels in this energy range
[4-7] leaving room for ambiguities in the interpretation
of the reaction mechanism. New theoretical efforts are
made to cover this energy range including time depen-
dent microscopic approaches [8, 9], transport models [10]
and molecular dynamics calculations [11], which require
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comparison with new exclusive measurements in order to
advance.

Recent exclusive data on '?9Xe+"%*Sn central colli-
sions measured with the INDRA 47 charged particle mul-
tidetector [12] show that at 8 MeV/A bombarding en-
ergy almost all events contain two heavy fragments in
the exit channel with a total charge close to that of the
incident nuclei (including evaporated light charged par-
ticles) [13]. Above 12MeV/A bombarding energy (see
Fig.1), the three-fragment exit channel becomes signifi-
cant, overcoming the two-fragment production rate above
18 MeV/A. The question we want to address in this paper
is the underlying mechanisms responsible for these three-
fragment events: are they the result of deeply-inelastic
reactions (followed by fission of one of the two partners,
or with the third fragment resulting from a neck formed
between projectile and target), or do they result from
the decay of a composite system (not necessarily fully-
equilibrated) ? Is the break-up a sequential continuation
of low-energy fission processes to higher available ener-
gies, or is it a precursor of the simultaneous nuclear disas-
sembly (multifragmentation) observed at higher energies
for this same system [14, 15]7?

To answer these questions, a dynamical characteriza-
tion of the decay mechanism is needed, based on a full



kinematical reconstruction of the multibody exit chan-
nel. In particular, we will show that the determination
of the order in which fragments are produced and the es-
timation of the involved time-scales allow to disentangle
sequential fission and simultaneous three-fragment break-
up. This information is of great importance in view of
constraining reaction models with predictive power in
this energy regime.
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Figure 1: (color online). Evolution of different exit channel
production probabilities as a function of the beam energy for
129X e4"%*Sn central collisions.

Several methods have been proposed for time-scale
measurement in peripheral heavy-ion collisions, which
are dominated by deep-inelastic reactions, neck formation
and decay, and so-called dynamical fission of projectile-
or target-like nuclei [6, 16, 17]. Such methods were re-
cently used to probe the isospin equilibration between
projectile and target nuclei [18-21]. However, they are
not applicable to cases where an intermediate composite
system is formed, hence losing the distinction between
“projectile-like” or “target-like” fragments, as it may oc-
cur in central collisions.

In the case of central collisions, two-fragment correla-
tion functions have been used to extract emission time
scales in multifragmentation events, typically observed
at intermediate energies [22-27]. The extracted emission
properties are affected by space-time ambiguities. More-
over, distortions of the correlation function shape induced
by momentum and energy conservation laws [28], collec-
tive motion and reaction plane orientation effects [29, 30],
while small or negligible in the case of light particle cor-
relation studies, may become important and difficult to
deal with in the case of massive fragment-fragment cor-
relations [24, 30].

In this paper, we propose a new Coulomb ”chronome-
ter® suitable for three-fragment exit channels in cen-
tral collisions. The proposed method is similar to that
used for the study of three-fragment coincidences in
129X e+1228n collisions at 12.5MeV/A bombarding en-
ergy [31], with the crucial addition of the knowledge of
the fragment emission sequence, and the use of a 4mn-
multidetector, which reduces biasing the detected exit

channels. We have used this chronometer to study
the underlying prodution mechanism of 3-fragment exit
channels and to extract the evolution of fragment emis-
sion time-scales in 129Xe+"**Sn central collisions from 8
to 25 MeV /A bombarding energy.

II. EXPERIMENTAL DETAILS
A. Experimental setup

Collisions of '?9Xe+"%*Sn at 8, 12, 15, 18, 20, and
25 MeV/A were measured using the INDRA 47 charged
product array [12] at the GANIL accelerator facility.
The 2°Xe beam at 25 MeV/A was directly delivered
by the coupling of the two main cyclotrons, CSS1 and
CSS2. However, this combination does not allow to ob-
tain incident energies between 8 and 20 MeV/A. There-
fore the 2°Xe beam was first accelerated by the coupled
cyclotrons to 27 MeV /A with a 407 charge state and then
decelerated to the required beam energies of 20, 18, 15,
12 and 8 MeV/A using a carbon degrader foil placed in
the beam line whose orientation was modified to give dif-
ferent effective thicknesses. The charge state and purity
of the 129Xe beam after the degrader were ensured using
the alpha-spectrometer of GANIL, whose Bp setting was
optimized for each incident energy. For the two lowest
energies, 8 and 12MeV /A, more than one charge state
were transmitted, inducing uncertainties on these inci-
dent energies: 0E = 0.5 (0.2) MeV/A at 8 (12) MeV/A
beam energy.

The '2°Xe beam then impinged on a self-supported
350 ug/cm?-thick "*Sn target placed inside the INDRA
detector array [12]. This charged product multidetector,
composed of 336 detection cells arranged in 17 rings cen-
tered on the beam axis, covers 90% of the solid angle. The
first ring (2° to 3°) is made of 12 telescopes composed of
300 pm silicon wafer (Si) and CsI(T1) scintillator (14 cm
thick). Rings 2 to 9 (3° to 45°) are composed of 12 or 24
three-member detection telescopes : a 5cm thick ioniza-
tion chamber (IC) with 2.5 um Mylar windows operated
with 20-50 mbar of C3Fg gas; a 300 um or 150 pm silicon
wafer; and a CsI(T1) scintillator (14 to 10 cm thick) cou-
pled to a photomultiplier tube. Rings 10 to 17 (45° to
176°) are composed of 24, 16 or 8 two-member telescopes:
an ionization chamber and a CsI(Tl) scintillator of 8, 6
or 5cm thickness. Events were recorded with an on-line
trigger requiring at least 2 independent telescopes hit in
coincidence.

In the offline analysis, charged reaction products were
identified from AFE — E correlations between successive
IC-Si, Si-CsI(T1) or IC-CsI(Tl) detectors. In the IC-Si
telescopes, where most of the heavy reaction products are
stopped at these energies, extrapolation of experimental
AFE - FE maps using range-energy tables [32, 33] was used,
achieving charge identification with unit resolution up to
Z ~ 20 and with a resolution lower than 5 charge units
for Z ~ 80. In addition, energetic light ions (Z < 5)
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Figure 2: (color on-line). (a—d) Experimental correlations between the cosinus of the flow angle, cos (faow), (see text) and the
total detected charge (Ziot) event by event, for events with three heavy fragments (Z > 10) in the exit channel. Round symbols
show the distribution of Z¢ot. (e—h) Distribution of the cosinus of the flow angle (cos (ffow)) for three-fragment events: (full
symbols) before and (open symbols) after the selection in total detected charge (Ziot > 90) indicated by the arrow in each of

figures (a—d).

punching through to the CsI(T1) scintillators were iso-
topically identified by pulse-shape discrimination (PSD)
of the fast and slow components of the light output. At
forward angles (<45°), coherency checks between Si-Csl
and CsI-PSD identification allowed to discriminate neu-
trons which undergo reactions with the nuclei of the CsI
scintillator.

Resulting charge identification thresholds are around
0.5MeV/A for the lightest fragments (Z ~ 10) and
1.5—2MeV/A for the heaviest (Z > 50) (see Fig.l of
[34]). This means that slow-moving (< 2cm/ns) heavy
ions such as target-like fragments from the least dissi-
pative binary inelastic reactions have a very low proba-
bility of correct identification, being stopped in, or only
just punching through, the IC. Nonetheless, a minimum
atomic number can be estimated for such products based
on A Ey¢, which allows to exclude events where such frag-
ments are present from the analysis.

B. Event selection

In this analysis, we considered only kinematically com-
plete (well-detected) events with three identified heavy
fragments (Z > 10) in the exit channel. To select such
a set of events, we consider the total charge detected in
each event (Ziot) and the angle 0q4, which characterises
the global orientation of each event with respect to the
beam axis [34]. Here, the kinetic energy tensor [35] used
to determine fqqy was built using the three detected frag-
ments in each event.

Event-by-event correlations between these two global
variables are presented in Fig.2(a—d) for different beam
energies. It should be reminded that in order to build
these correlations, we require the detection and identifi-
cation of three heavy fragments (Z > 10) in coincidence,
therefore not all reactions are represented: most notably,
slow target-like fragments have a very low probability of
correct identification (see Sec.ITA), therefore the least
dissipative reactions are under-represented with respect
to collisions in which a significant momentum transfer
occurs. This bias is more noticeable the lower the beam
energy, as then only the most dissipative binary collisions
can impart sufficient momentum to target-like fragments
for them to be identified. Conversely, the detection ef-
ficiency is highest and less dependent on beam energy
for collisions with a full momentum transfer, i.e. fully-
damped binary collisions or fusion.

The Ziot — Oaow correlations in Fig.2(a—d) show that
three fragment events are dominated by two contribu-
tions with different kinematical properties, whatever the
beam energy. The first contribution, for which Zg.; ~
60 — 80, has a strongly forward-peaked g,y distribution,
with most events being oriented in the beam direction.
It can be seen (symbols in Fig.2(a—d)) that the relative
proportion of this contribution increases with the beam
energy. These two observations are consistent with what
is expected for most reactions proceeding by a dissipa-
tive binary collision in the first step, for which target-like
fragments have a small probability to be identified (see
previous paragraph).

The second contribution corresponds to a strong peak



in the Zo distribution around Zior ~ 90 — 100 (we re-
call that the total charge of projectile and target is 104).
This contribution populates all fg4y angles, and it should
be noted that the total detected charge is independent of
the orientation of events in this case. Fig.2(e—h) shows
the flow angle distributions for all 3-fragment events (full
symbols) or only the contribution with Zios > 90 (open
symbols). The effect of this selection is to effectively sup-
press the forward-peaked anisotropy in the full distribu-
tions which is associated with the low-Z,; contribution.
The remaining events have a quasi-isotropic distribution
of Ogow. The reduced yield at the most forward angles
for 12 and 15 MeV/A (Fig.2(e—f)) can be ascribed to
lower detection efficiency (no IC-Si telescopes at labora-
tory angles < 3°). The total kinetic energy of the frag-
ments for these events is independent of the flow angle,
which indicates that they have the same degree of dis-
sipation. Therefore the events selected with Zi,; > 90
which will be used in the following are compatible with
reactions where the first step is either a fully-damped
deeply-inelastic collision, quasifission, or fusion-fission.
The associated measured cross-section for the selected
events, calculated using the integrated beam-current and
corrected for acquisition dead time, is almost indepen-
dent of bombarding energy and represents ~ 50mb. We
will return to the exact nature of these reactions later.
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Figure 3: Evolution of the light charged particle multiplicities
as a function of the beam energy for '**Xe+"*'Sn central
collisions.

The evolution of the average multiplicity of light
charged particle detected in coincidence with the three
heavy fragment as a function of the beam energy is
diplayed on Fig. 3. Whatever the nature of the emitted
particle, the average multiplicity increases quasi-linearly
with increasing bombarding energy.

IIT. FROM SEQUENTIAL TO SIMULTANEOUS
BREAK-UP

A. Qualitative evolution

To begin the analysis of the three-fragment exit chan-
nels, we will show in a qualitative way the evolution of
the decay process from two sequential splittings towards
simultaneous fragmentation. If two successive indepen-
dent splittings occur, three possible sequences of split-
tings have to be considered. For instance, in one se-
quence, the first splitting leads to a fragment of charge
Z1 and another fragment which, later, undergoes fission
leading to Z and Z3. Let us call this sequence 1. The
sequences 2 and 3 are readily deduced by circular per-
mutation of the indices.

Bizard et al. [36] proposed a method to show qual-
itatively the nature of the process. To test the com-
patibility of an event with the sequence of splittings i,
we compare the experimental relative velocities between
fragments with those expected for fission. For each event
we build the following quantities:

Pi = (i) — vl + 57 — o ()

where 7 = 1, 2, 8 the index of the fragment produced
in the first splitting; vZ%p is the experimental relative
velocity between fragments o and § ; and v}f"la is the
expected relative velocity for fission, taken from the Viola
systematic [37] extended to include asymmetric fission
[38]. The first (second) term in Eq.(1) refers to the first
(second) splitting. The three values of P; are calculated
for each event and represented in Dalitz plots (Fig.4). In
this diagram, the distance of each point from the
three sides of the triangle are a;, a2 and as; with
a; = P;/(Py+ P>+ P3). Therefore, the population
of the Dalitz plot reflects the relative values of Py,
Pg, and P3.

At 12MeV/A bombarding energy (Fig.4(a)), events
populate mainly three branches parallel to the edges of
the Dalitz plot, which correspond to the three sequences
of sequential break-up (P; <« Pj,P). Simultaneous
break-up events would be located close to the centre of
this plot (P; ~ P; ~ Py), where few events are observed.
The strong accumulations of events on the corners
(P; ~ P; < Pg) correspond to the intersection
of two sequential branches. For these particular
kinematic configurations, two sequences cannot
be disentangled. Consequently, Fig.4(a) shows that,
for this energy, three-fragment events arise mainly from
two sequential splittings.

It should be noted that at all bombarding energies, all
three splitting sequences are nearly equally populated,
showing that there is no biasing of the exit channels due
to the experimental apparatus. This is very different
to the previous study of 12.5 MeV/A '29Xe+!22Sn re-
actions by Gléssel et al. where only one sequence was
well-detected (see Fig.11 of [4]), due to the two PPAC
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Figure 4: (color online). Dalitz plot of P; (see text) for **Xe+"**Sn central collisions at different beam energies.

detectors used in that study being positioned for optimal
detection of fission fragments of projectile-like fragments
following deep-inelastic collisions [31]. The advantage of
47 detection with high granularity means that we are able
to study all possible exit channels without such bias.

With increasing beam energy (Fig.4(b—d)), the three
branches are still present but become closer and closer
to the centre of the Dalitz plot. This indicates that frag-
ment production becomes more and more simultaneous
with increasing beam energy, and the deexcitation pro-
cess evolves continuously from two sequential splittings
towards simultaneous fragmentation.

In the following sections we will quantify this effect by
measuring the time §t between the two splittings. First
we must determine, event by event, in which order frag-
ments have been produced.

B. Sequence of splittings

To establish the sequence of splitting event by event,
we start from the hypothesis that fragments are produced
sequentially, which was shown in the previous paragraph
to be reasonable at least at the lowest beam energies
(Fig.4). As mentioned above, three sequences of split-
tings have to be considered. In each possible sequence,
one pair of fragments is the result of the second split-
ting, and should therefore have a relative velocity close
to that expected for fission [37, 38]. Therefore, to identify
the sequence of splittings event by event, we need only
to find the pair with the most fission-like relative veloc-
ity and we trivially deduce that the remaining fragment
resulted from the first step. This procedure amounts to
computing, for each event, the three following quantities:

e = (¥ = uyie ), @
which corresponds to the second term of Eq.(1). The
lower the value of p;, the larger the probability of the
considered event to have been generated by the sequence
of splittings ¢. In each event, the smallest value of p; de-
termines the sequence i of splittings. This procedure has
been tested on simulated three-fragment break-up events

(see Appendix A) and was found to be, at worst, 66%
efficient in the most pessimistic scenario. This efficiency
is increased to 83% when limiting to the angular range
used to extract the inter-splitting time (see Sec.IIID).

Figure 5: Definition of the relevant kinematic observables for
the three-fragment exit channel, in the rest frame of the in-
termediate system Zg .

Once the sequence of splittings is known event by
event, fragments can be sorted according to their order
of production and the intermediate system can be re-
constructed. Let us now call Z/ and ZJ, the two nuclei
coming from the first splitting. The fragment Zg breaks
in Z3 and Z§ during the second step (see Fig.5).

(Ziot) (Zare) (Z4) (Z5) (Z3) o(Z3)
8MeV/A 97.6 95.1 28.6 66.5 33.2 10.8
12MeV/A 96.3 89.2 25.6 63.7 31.8 11.7
15MeV/A 952 85.0 24.6 60.4 30.2 11.6
18MeV/A 954 80.9 244 56.5 28.2 10.9
20MeV/A 948 781 24.5 53.6 26.8 10.2
25MeV/A 94.1 72.3 249 47.4 23.7 8.6

Table I: Mean charges of the two splittings and standard de-
viation of the charge distribution of the second splitting for
129X 4"t Sn central collisions. (Zsqc) = (Z] 4+ Z1) (see text)
and the exponent f (s) stands for the first (second) splitting.
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Figure 7: Charge distribution for **Xe+"%'Sn reaction at
12 MeV/A simulated with Deep Inelastic Transfers (DIT) [39]
for: (empty symbols) all deep inelastic events, (full symbols)
the most dissipative deep inelastic events. (see Appendix B
for details)

The mean atomic numbers of the fragments produced
in each splitting are given in Tab.l. It can be seen that
the first splitting is strongly asymmetric: indeed, the re-
constructed fragment charge distribution for these two
initial fragments, Z{ and Zg , presents two well-separated
bumps (see Fig. 6). It is then the larger of the two, ZJ,
which subsequently undergoes a second splitting, giving
a symmetric charge distribution peaked at Z3 /2 (see Fig.
6). For the 12MeV/A bombarding energy, this is in con-
tradiction with the findings of [40] where an asymmet-
ric second fission was reported. Indeed, the authors of
that work found a dependency of the mass asymmetry of
the second step on the fission orientation: in the present
work, the (a)symmetry of both splittings is independent
of their relative orientation.

The mean total charge of the three fragments, (Zs,..) in
Tab.I, decreases from 95 at 8 MeV /A bombarding energy
to 69 at 25 MeV/A. As the total detected charge for all
events is fixed by the selection Zio; > 90 (see Sec. IIB),
this decrease reflects the increasing multiplicity of emit-
ted light charged particles with increasing bombarding
energy (see Fig. 3), due to both preequilibrium emission

[41] and evaporation from the excited fragments or from
any of the intermediate compound systems [14]. It should
be noted that as bombarding energy increases, the dif-
ference in the mean charge of the three final fragments
becomes smaller, and at 25 MeV/A all three fragments
have a mean atomic number Z ~ 23.

Although the charge/mass asymmetry of the
first splitting (Fig. 6) seems at first to be counter-
intuitive, it can be explained considering the
probability of sequential fission. Indeed, a sym-
metric first splitting will have little probability of
sequential fission as the fission barriers of both
fragments will be large. On the other hand,
if the first splitting is asymmetric, the heaviest
fragment will have a smaller fission barrier re-
sulting in a larger sequential fission probability.
Therefore the selection of three body events pref-
erentially select out asymmetric initial splitting,
whatever the underlying reaction mechanism (fu-
sion/fission, deep inelastic, quasi-fission).

The charge distribution of the first splitting
is also very broad. This is not consistent with
a binary reaction scenario as a first step. Fig-
ure 7 shows the charge distribution of binary
events simulated with the Deep Inelastic Trans-
fers (DIT) model [39] for the '29Xe+"%!Sn at
12 MeV /A reaction (see Appendix B for details).
The obtained charge distribution, even for the
most dissipative events, is too narrow to give rise
to the reconstructed charge distribution of the
first splitting (full symbols on Fig. 6): the most
asymmetric splitting obtained in the calculation
(ZTLr = 39, ZpLr = 65) has an associated cross-
section of 114 ub while the mean charge partition
experimentally observed is (Zf = 26, Zg = 64)
(see Tab.I).  Therefore in the following we will as-
sume that the first step of the reactions leading to three-
fragment exit channels is the formation of composite sys-
tems with Z ~ 80 — 100 , which subsequently undergo
fission (first splitting).

C. Angular distribution

We now characterize the two splittings by their rela-
tive orientation. Fig.8(a—d) show the distribution of the
angle 6 between the two separation axes (see Fig.5) for
different beam energies. At the lowest beam energies,
the angular distribution presents a “U” shape (Fig.8(a))
which is characteristic of fission of an equilibrated system
[42] with angular momentum. With increasing beam en-
ergy, the angular distribution flattens (Fig.8(b—c)) and
then develops a maximum centered on  ~ 90°(Fig.8(d)),
leading to anisotropy values W(0°)/W(90°) < 1. The
latter behaviour is unexpected for an isolated fissioning
system and suggests the presence of large final state in-
teractions, where the Coulomb field of the first emitted
fragment focuses the other two more perpendicularly to
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6 and the relative velocity of the second splitting v{,. Vertical error bars are smaller than the size of the points

the first separation axis. It is clear that the presence of
such an anisotropy requires the second splitting to take
place at a distance from the first emitted fragment of
the same order of magnitude as the distance between the
centers of the fissioning fragments at scission. It is these
Coulomb proximity effects which we will now use in order
to deduce the time interval between the two splittings.

D. Inter-splitting time

To estimate the mean inter-splitting time (t), we used
the correlation between the inter-splitting angle 6 and the
relative velocity of the second splitting: v, =|| 05 — &5 ||
(see Fig.5). In fact, for long inter-splitting times the
second splitting occurs far from the first emitted frag-
ment. The relative velocity vj, is then only determined
by the mutual repulsion between Z{ and Z5 and should
not depend on the relative orientation of the two split-
tings. However, for short inter-splitting time the second
splitting occurs close to the first emitted fragment. The
relative velocity v7, is modified by the Coulomb field of
Z{ and depends on the relative orientation of the two
splittings. In this case, vj, should present a maximum
for & = 90°. We used this Coulomb proximity effect as a
chronometer to measure the inter-splitting time dt.

Experimental correlations between v{, and 6 are pre-
sented in Fig.8(e—h), for different beam energies. These
correlations present a maximum at 6 ~ 90°, which is
more pronounced as the beam energy increases. We
quantify this effect by the Coulomb distortion parameter
dv = v§5(90°) — v5,(0°). In practice, dv is computed in
the ranges |cos(#)| < 0.05 (0 ~ 90°) and |cos()| > 0.9

(6 ~ 0°). In this angular range, the sequence identifi-
cation procedure presents an efficiency of 83% (see Ap-
pendix A). dv increases with the beam energy (Fig.9),
indicating that the second splitting occured closer and
closer to the first emitted fragment.
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Figure 9: Evolution of the Coulomb distortion parameter dv
as a function of the beam energy for '*°Xe+"*'Sn central
collisions.

To translate dv in terms of inter-splitting time dt,
we performed Coulomb trajectory calculations for point
charges, which simulate sequential break-ups using mean
charges given in Tab.l. The initial conditions of the
calculation were chosen in order to reproduce the sys-
tematics of asymmetric fission [38]: for each step the
two fissioning fragments were separated by a distance

dij ?"O(AV3 + A;/S) with ¢ = 1.9 fm. v is then

3



computed by varying dt to get the calibration function
presented in Fig.10.

Finally, we obtained the evolution of the inter-splitting
time as a function of the beam energy (Fig.11). The verti-
cal error bars in Fig.11 reflect the statistical uncertainties
on the measurement of dv (Fig.9) and take into account
variations of the initial conditions in the trajectory cal-
culations: rop = 1.9 — 1.5 fm (see Fig.10). We verified
that the experimental apparatus does not introduce sig-
nificant systematic errors on the average values.
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Figure 10: Evolution of the Coulomb distortion parameter dv
as a function of the inter-splitting time &t obtained from the
Coulomb trajectory calculation. The charges used correspond
to that given in Tab.I for 15MeV /A beam energy.

A clear decrease of the inter-splitting time with in-
creasing beam energy is observed in Fig.11. At 8 and
12MeV/A, the inter-splitting time dt is greater than
500 fm/c (1.7 x 1072! s.). It shows that, for the lower
beam energies, fragments arise from two successive split-
tings well separated in time, validating our starting hy-
pothesis. As the beam energy increases from 12 MeV /A
to 20 MeV/A, §t decreases monotonically from 600 fm/c
to about 100fm/c. At 25MeV/A, §t becomes compati-
ble with 0 (6¢ = 20 £ 20fm/c). It reflects in fact here
the sensitivity limit of the method. Indeed, our trajec-
tory calculations show that below 0t ~ 100 fm/c the two
nuclei resulting from the first splitting do not have suf-
ficient time to move apart beyond the range of the nu-
clear forces before the second splitting occurs. For such
a short time, fragment emissions cannot be treated in-
dependently, and it is no longer meaningful to speak of
a sequential process. This inter-splitting time is reached
around 20 MeV/A. It should be recalled that, concur-
rently with this decrease in the break-up time-scale, the
mean charges of the three final fragments become more
and more similar (see Tab.l), culminating in the quasi-
simultaneous production of three equal-sized fragments.
In this case, one is justified in speaking of the onset of a
multi-fragment break-up process which appears as a nat-
ural evolution of the sequential fission decay processes
observed at lower energies.
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Figure 11: Evolution of the mean inter-splitting time &t as
a function of the beam energy (lower scale) and the esti-
mated excitation energy of the initial composite systems (up-
per scale) produced in '**Xe+"**Sn central collisions. Hori-
zontal error bars refer to the upper scale.

IV. DISCUSSION

Our results show that the three-fragment exit chan-
nel in central 129Xe+"%Sn collisions is compatible with
successive binary splittings of composite heavy systems
with estimated atomic numbers Z ~ 80 —100. The mean
lifetime of the second fission-like step becomes shorter
and shorter with increasing bombarding energy, leading
to a decay which is indistinguishable from simultaneous
multi-fragment break-up above 20 MeV/A.

For each beam energy, the excitation energy of the ini-
tial composite system has been estimated using a stan-
dard calorimetric procedure [43—45], including the light
charged particles detected in coincidence. The mean val-
ues are given in the upper scale of Fig.11. At the lowest
beam energies, where sequential fission is the dominant
decay mode, this energy has to be seen as an upper limit
for the excitation energy of the nucleus undergoing the
second splitting, assuming that the excitation energy of
the initial composite system is partitioned between the
partners of the first scission; however, at the highest en-
ergies this estimate corresponds directly to the excitation
energy of the system undergoing simultaneous three-body
decay, and it gives the threshold energy for the onset of
this process at E* ~ 4 MeV/A.

The inter-splitting times reported in Fig.11 are in good
agreement with fragment emission times extracted for ex-
cited gold nuclei formed in 7~ + Au reactions [23] over
the whole excitation energy range, although the mech-
anism forming the initial excited system is very differ-
ent in these two reactions. Break-up times for similar-
sized nuclei formed in heavy-ion induced reactions [46—-
49] show the same trend, but time scales for excitation



energies below 5 MeV/A are systematically larger than
those of [23], and measurements from different reactions
give widely varying results. This discrepancy can be due
to angular momentum or compression-expansion effects
which are negligible in hadron induced reaction [23] but
depend on the entrance channel in heavy-ion collisions
[45]. This issue could be fixed with a systematic study
of fragment emission times over a broad range of excita-
tion energy and system size, and also by extending the
presented method to exit channels with four- and more
fragments.

Compared to previous studies of three-fragment events
for the 129Xe+122Sn system at 12.5MeV /A , we find an
inter-splitting time 6t = 2 x 1072! s, which is of the
same order of magnitude as in [31] (factor of 2 greater),
but the characteristics of each of the two sequential split-
tings are found to be very different in our analysis. In
[40] the authors concluded that the dominant mechanism
was a deep-inelastic collision followed by an asymmetric
and strongly aligned break-up of one of the two outgoing
fragments, as has since been observed to dominate the re-
action cross-section for heavy ion collisions at bombard-
ing energies up to and around the Fermi energy [50-52].
On the contrary, we observe fully-relaxed and globally
isotropic events with a small associated (~ 50mb) cross-
section, for which the highly asymmetric first scission
is incompatible with deep-inelastic or quasifission reac-
tions, after which the heavier of the two primary fission
fragments rapidly undergoes a second, symmetric, fission
whose characteristic angular distribution only deviates
from the statistical expectation due to Coulomb proxim-
ity effects.

In light of the preceding discussion, it seems clear to us
that there is, in fact, no real contradiction between our
analysis and that of [4, 31, 40]: the three-fragment events
in the two studies do not correspond to the same class
of reactions. The experimental set-up of Gléssel et al.
was “optimized for three-body coincidences arising from
the sequential fission of deep-inelastic collision fragments
emitted into forward CM angles” [4]. On the other hand,
the use of a 47 multidetector such as INDRA imposes no
such a priori bias on the studied reactions, and brings
additional selectivity allowing to study low cross-section
phenomena, typical of central collisions, which were pre-
viously unattainable.

V. CONCLUSION

In summary, we proposed a new chronometer which
profit from Coulomb proximity effects observed in the
three-fragment final state. This is made possible thanks
to highly exclusive measurements performed with IN-
DRA. The originality of the method relies on the un-
ambiguous determination of the sequence of splitting.
This method is applied to probe the decay mechanism
responsible for the three-fragment exit channel observed
in 129Xe+"%*Sn central collisions at bombarding ener-

gies from 8 to 25MeV/A. We showed that these frag-
ments arise from successive binary splittings occurring on
shorter and shorter time scales. The involved time scale
becomes compatible with simultaneous three-fragment
break-up above E* = 4.0 + 0.5MeV/A, which can be
interpreted as the signature of the onset of multifrag-
mentation.
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Appendix A: Efficiency of the sequence
identification procedure

To test the validity of the proposed procedure of se-
quence identification, we simulated 300 three-fragment
break-ups using the experimentally-measured fragment
charges, for each event measured at 12 MeV /A beam en-
ergy. The sequence of splitting, as well as the relative
orientation of the two splittings 6 (see Fig.5) were set
randomly. For each splitting, the two fissioning fragments
were separated by a distance d;; = T()(Ag/B + A;/B) with
ro = 1.4fm. This value of ry is voluntarily much smaller
than that expected for fission (rg ~ 1.9fm [37, 38]) in
order to test the method in a non-ideal case. We used a
typical inter-splitting time of 300 fm/c (see Fig.11). Sim-
ulated events were then filtered using a simulation of
the INDRA detector response. Finally, the experimen-
tal procedure of sequence identification was applied to
these simulated events.

The correlation between the true and the extracted
sequence of splittings is presented in Tab.II(a). It can
be seen that our method is rather efficient, even in a
far-from-ideal case: the well-identified events (in bold)
represent approximately 66% of the total number of sim-
ulated events. The remaining 34% correspond to partic-
ular relative orientations of the two splittings where the
method does not allow to distinguish accurately two se-
quences. These ambiguities are mainly located around
6 ~ 50 + 10° and 6 ~ 130 + 10°.

The identification efficiency can be increased up to 83%
(Tab.II(b)) by considering only events with | cos(6)| > 0.9
or |cos(0)| < 0.05 (6 ~ 90°0r 0°), which corresponds to
the angular range where the Coulomb distortion param-
eter v is computed.



(a) All events (b) 6 ~ 90°0r 0°

3 6.5 | 73 |21.8 3 3.7 6.0 |{28.6

2 5.1 |21.9| 6.8 2 0.5 (26.3| 4.9

1 |21.7| 4.0 | 4.6 1 128.5/ 03|13
1 2 3 1 2 3

Table II: Correlation between the true (x axis) and the identi-
fied (y axis) sequence of splittings for: (a) all simulated events,
(b) events with 6 ~ 90°, 0° used to extract the inter-splitting
time (see text).

Appendix B: DIT simulations for '*Xe+4"*'Sn
collisions at 12MeV /A

Imax (B) or [mb] otus [mb] lsus [A]
Systematics [53] 517 3821 92 -
DIT [39] 519 3831 92£2 78

Table III: Reaction parameters for the system '2°Xe+"%'Sn
at bombarding energy 12MeV/A: (first row) calculated ac-
cording to systematics given in [53]; (second row) results of
the DIT calculations.

Calculations using the Deep Inelastic Transfers (DIT)
model of [39] have been performed for collisions of the
heavy quasi-symmetric system '2°Xe+"%'Sn at bombard-
ing energy 12MeV/A.
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Figure 12: Impact parameter distribution of fusion and deep-
inelastic (binary) events.

In this study, 10° events were generated with DIT cor-
responding to a total reaction cross-section of og ~ 3.8
barns (see Table III). The calculated reaction and fu-
sion cross-sections are very close to those given by the
systematics of [53]. Figure 12 shows the impact parame-
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ter distributions calculated for binary exit channels and
fusion events. Fusion occurs over quite a wide range of
(small) impact parameters (b < 4 fm). The correspond-
ing spin distribution of the compound nuclei has a mean
value of 78hA.
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Figure 13: Correlation between the fragment charge (Z) and
the total kinetic energy loss (TKEL) for binary exit channels.

Figure 13 shows the distribution of projectile-/target-
like fragment atomic number Z as a function of total ki-
netic energy loss (TKEL). As expected, this distribution
broadens with increasing dissipation but remains cen-
tered around the mean atomic number of (Zp + Z7)/2 =
52. Figure 7 shows the charge distribution of PLF/TLF
fragments for all binary events, and for a selection of the
most dissipative reactions (TKEL> 350 MeV/A), corre-
sponding to a total cross-section of 278 mb. The distribu-
tion is symmetric, and there is no significant cross-section
for highly-asymmetric exit channels.

Zpip 61 62 63 64 65
Zriw 43 42 41 40 39
o [mb] 2.72 1.38 0.38 0.42 0.11
Ao [mb] 0.32 0.23 0.12 0.13 0.07

Table IV: Calculated cross-sections for the most asymmetric
PLF-TLF splittings for very dissipative events (TKEL> 350
MeV) and their estimated (statistical) uncertainty.

Table IV details the calculated cross-section for each of
the most asymmetric PLF-TLF splits observed for these
most dissipative reactions. The most asymmetric split-
ting observed, (ZprLr = 65, ZTLr = 39), has an associ-
ated cross-section of 114 pb. This corresponds to 3 sim-
ulated collisions. We have therefore calculated a (statis-
tical) uncertainty for this and the other calculated cross-
sections using the simple Poissonian /N prescription,
which allows to show that increasing the total number of
simulated collisions would not significantly increase the
deduced cross-section for asymmetric splittings.
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