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Abstract. We studied the sequential binary decay of the systems 328+%5Sc, "6Ge, 8°Y, *Co, %*Cu and
19F 4+ 93Cu induced by collisions at ~ 6 MeV-A. The two stages of the process have reaction-times compatible
with the dynamics of different mechanisms. The study of the excitation energy partition shows that the
reaction mechanism of the first step has influence on the de-excitation of the primary fragments producing
two decay components which have different time scale.

PACS. 25.70.Ef Resonances

1 Introduction

An important and still open question, concerning dissipa-
tive reactions induced by heavy ion collisions, is related
to the excitation energy partition between the produced
fragments.

Early studies of deep-inelastic reactions suggested that
the sharing of excitation energy is proportional to the frag-
ment masses [1-5], i.e. the fragments are heated to equal
temperature as it is expected if thermal equilibrium is at-
tained. However, some other measurements indicate that
the partition of excitation energy between the fragments
is nearly equal over a large range of dissipated kinetic en-
ergy [6,7]. Several theoretical models have been developed
so far to describe the basic mechanism leading to the ob-
served sharing of the excitation energy. In the framework
of the transport theory [8-11], for example, it is assumed
that the dissipation of the kinetic energy available in the
entrance channel occurs by stochastic exchange of nucle-
ons between the fragments. In this assumption, the excita-
tion energies of the fragments are predicted to be nearly
equal for moderate total kinetic energy losses (TKEL),
whereas for higher TKEL a transition to the equilibrium
energy division is expected.

At low excitation energy the kind of sharing has a rel-
evant influence on decay probability of the primary frag-
ments and then on their life-time. So, in particular at low
bombarding energy, the possibility to observe sequential

binary processes is ruled out by the dissipation mecha-
nism of the kinetic energy and by the excitation energy
partition.

A recent note [12] reports the presence of a sequen-
tial binary process in six reactions induced by low-energy
collisions (Fjqp < 6.5 MeV-A) in systems of the medium
mass region.

For these six reactions (32S+%Sc, "Ge, 39Y, 59Co,
63Cu and YF+%Cu) we report in this paper the study of
the reaction time-scale and of the excitation energy parti-
tion between the two primary fragments that was prelim-
inarly presented in [13].

2 Experimental

The six studied reactions were measured at ~ 60 MeV
over the interaction barrier. A first set of measurement
was performed at the Centre des Recherches Nucleaires
in Strasbourg by using a 180 MeV 32S beam colliding on
%9Co ([14]), #Sc ( [15]), "®Ge and 3Y ( [12]) targets. Pairs
of fragments, produced in the reaction, were detected in
coincidence measuring their atomic number (Z; and Zs)
and their kinetic energy (F; and Es) by two telescopes
AF(gas ionization chamber)-E(silicon surface barrier de-
tector, SSB) subtending 6 msr each. The telescopes were
placed on the opposite sides of the beam axis at the detec-
tion angles 61 = 25° and 0 = —25°, —35° — 45°; however
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only the two largest couples of angles were considered in
the analysis. This constraint was due to the mixing, at
0, = 25° and 0 = —25°, of three-body events with bi-
nary events from reactions on target contaminants (Car-
bon and Oxygen). The contribution to the yield, of this
last kind of events, was evaluated studying the 328+12C
and the 32S+TayO5 reactions: the experimental results
showed that the contamination was important at §; = 25°
and 62 = —25° and negligible at the largest angles.

A second set of reactions [15] (*2S+4°°Co, 19F+%3Cu,
328463Cu) was studied at the Laboratori Nazionali di Leg-
naro by using a 180 MeV 32S and a 120 MeV PF beam
with an apparatus covering a much larger solid angle. The
3254-59Co reaction was measured again to ensure that the
reaction characteristics, evidenced in the first set of mea-
surements, were not due to the quite particular acceptance
of the experimental apparatus previously used.

We used in the measurements two ionization cham-
bers with a large angular acceptance (50° < 01 <
115°,45° < 03¢ < 110°) operating with an Ar-CH,4
gas mixture (90% Ar) at 150 mbar. Both chambers were
backed by silicon surface barrier detectors to measure, at
steps of 7.5°, the residual energy of the detected parti-
cles; the solid angle subtended by each SSB was 3.5 msr.
Therefore twelve different angular correlations were possi-
ble between the SSBs placed at 6; =35°, 42.5°, 50°, 57.5°
and the SSBs placed at 5 =—31°, —38.5°, —46° on the
other side of the beam. The choice of relatively large ob-
servation angles was very effective to reject most of the
two-body events originating from interactions of the beam
with Carbon and Oxygen present in the target.

For both the experimental apparatus the energy reso-
lution was AE/E~1% and the charge identification was
better than one charge unit up to Z-values ~22.

3 Results

Independently from the experimental set-up, all the reac-
tions studied show features that are similar.

In particular in the scatter plot of total measured en-
ergy (E1 + Es) versus the total measured charge (Z1 + Z)
are distinguishable three sets of events (Figs. la-b report
data from 328+°?Co and 'F+%Cu reactions as an ex-
ample): the group B due to dissipative binary processes
coupled with light particle emission, the group T charac-
terized by a large missing charge and the group C which
comes from beam reactions with target contaminants.

Let us focus our attention, in the analysis, on the
second set (T) of events which is distributed around
71+ Z5~22 for PF+%3Cu and around Z; 4+ Z»~28 for the
other reactions. These events are about 3+6 % of the de-
tected binary events and show an average value of Z; + Zo
considerably smaller than the system atomic number. This
large charge deficit (11<AZ = Zp,ojectite + Ztarget — (Z1+
Z3) <28, see Table 1) indicates that at least a third mas-
sive fragment was produced in the reaction, because the
light particle emission alone cannot take into account of
~ 22 or more emitted nucleons.

P. Boccaccio et al.: Time-scale and excitation energy partition in sequential binary decays

200

50

\\\\\\\\{‘\\\\‘\\\\

_o
o | -

Zi+2Z,
140

b)

112

(MeV)

84

E,.+E,
o
o)

N
4]

&.i ’1\ T

1219 26 33 40
Zy+7Z,

Fig. 1. Scatter plot of the total measured energy versus the to-
tal measured charge for pairs of coincident fragments detected
in the reactions: a 32S+%?Co and b **F+%Cu
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According to this, also the relative angle between the
two detected fragments (612 in Table 1) in the c.m. in-
dicates that they are not produced in a binary process
coupled to particle emission, indeed the value of 05 is
quite small with respect 180°. The relative small FWHM
of the 015 distribution (see Table 1) is a first indication
that the two detected fragments are correlated; this hy-
pothesis is also supported by the evidence of a strong
charge (Figs. 2a-f) and energy (Figs. 3a-f) correlation that
suggests Z; and Z3 come from the decay of a single source
(see [12,14,15]).

Table 1. Mean values and FWHM, in parentheses, of the
experimental distributions: fragment source atomic number
(Zs = Z1 + Zs); charge deficit (AZ = Zs3); relative angle in
the c.m. of the two detected fragments (612 in deg); fragment
source emission angle in the laboratory system (s in deg)

SYSTEM Zs AZ 012 05

8254453¢  27.0 (3.8) 11.0 144 (18)  0.13 (5.6)
32947Ge 273 (3.0)  20.7 114 (16)  0.19 (5.1)
325189y 27.0(34) 28.0 112 (10)  0.05 (4.2)
3254%9Co 285 (3.6) 14.5 144 (18)  1.83 (5.9)
329403Cu 28.8 (4.2) 162 143 (18)  1.41 (7.8)
PpyScu 225 (44) 155 139 (22)  0.75 (9.8)
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Fig. 2. Scatter plot of the atomic numbers for pairs of co-
incident fragments detected in three-body final states pro-
duced by the reactions: a 3254+%°Sc, b 32S+75Ge, ¢ 3254+39Y,
d 22S+59Co, e 225+53Cu and f 1°F+53Cu

In Fig. 2 it looks like that the decay occurs a bit asym-
metrically (with (Z1 — Z2)/(Z1 + Z2)~0.15+£0.20) for the
3254458c, 3284-76Ge and 32S+87Y reactions and symmet-
rically ( with (Z1 — Z2)/(Z1 + Z2)~0.04 & 0.17) for the
others. This little difference (smaller than the width of
the Z-asymmetry distributions) is due to the lower accep-
tance of the experimental apparatus used for the first set
of measurements (in Strasbourg) that introduces a weak
bias in the angular correlations.

In [12] was demonstrated that the intermediate decay-
ing complex is formed, by the projectile and part of the
target transferred to it, in the first stage of a sequential
binary process. Thus, to study of the reaction time-scale,
it is important to estimate the contribution of each of the
two steps and, consequently, the partition of the excitation
energy between the primary fragments that has influence
on their decay.

Four evidences show that the two steps of the reaction
(source formation and its decay) are only weakly coupled.

i) The relative energy (FE3s) between the fragment
source (Zs = Z1 + Z3) and the third body (Z3) reaches at
maximum 60% of the Viola value [16] indicating that the
two primary fragments are distant when Z; decays (see
Figs. 4a-f).

ii) Accordingly to this the kinetic energy of the two
detected fragments, coming from the decay of Z;, is not
substantially influenced by the presence of the third body
(Figs. ba-f). In fact the final state interaction (essentially
Coulomb repulsion) between the third body and the two
detected fragments should increase the relative energy
(E12) between Z; and Z proportionally to the size of
Z3. On the contrary Fj2, normalized to the Viola value,
does not increase with the product Z3-Z, although, for
some systems, the magnitude of this product grows signif-
icantly (up to 53% for the 32S+4°Sc).

iii) A very little linear momentum is transferred to the
third body confirming that the two primary fragments
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Fig. 3. Scatter plot of the kinetic energies for pairs of co-

incident fragments detected in three-body final states pro-

duced by the reactions: a 3254+%°Sc, b 32S+75Ge, ¢ 325459V,

d 3284%9C0, e 328+%3Cu and f 1°F+%3Cu

are only weakly interacting. This can be inferred from
Figs. 6a-f in which is reported the absolute value of the
vector sum (p,=p; +P,) of the linear momenta relative to
the detected fragments. We calculated the linear momenta
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Fig. 4. Relative energy (Es3s) between the fragment source and
the third body, in percentage of the Viola value, plotted versus
the source atomic number (Z;); the sequence of the pictures is
the same than in Fig. 2
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Fig. 5. Relative energy (F12) between the two detected frag-
ments (Z1 and Zs), normalized to the Viola value, as a func-
tion of the product Z3-Zs of the atomic numbers of the two
primary fragments; the sequence of the pictures is the same
than in Fig. 2

of the three bodies present in the final state from their ki-
netic energies assuming as fragment masses the minimum
of the (-stability valley corresponding to the measured
charges; in the calculation particle evaporation was ne-
glected. As one can see in Figs. 6a-f the fragment source
takes most of the projectile linear momentum letting the
third fragment nearly at rest in the laboratory system.
iv) From the calculation of the linear momentum of the
fragment source can be deduced also its emission angle.
The direction of the motion of Z; is practically parallel to
the beam axis (see 05 in Table 1). This indicates that, in
the first step of the reaction the interaction, between the

o,9j ++ 0,9;

0.8\ 0.8\ 4.
[ | L

Ps/Po

o o

[o/] [e)
T T T

Ps/ Po
o
[{e]
T
s a—
e
e
el
e
—

9 ¢
o
—

Higriia Wi

0.8~ 0.8

20 ‘ 25 ‘ 30 20 ‘ 25 ‘ 30
Zs Zs
Fig. 6. Linear momentum (ps) of the fragment source, in units
of the beam momentum (po ), plotted as a function of the source

atomic number Zs; the sequence of the pictures is the same
than in Fig. 2

P. Boccaccio et al.: Time-scale and excitation energy partition in sequential binary decays

N
2V
ERUE

Fig. 7. Reaction @-value plotted as a function of the source
atomic number Zs; the sequence of the pictures is the same
than in Fig. 2

projectile and the target occurs without orbiting of the
system in agreement with the evidence of a little linear
momentum transfer. The absence of orbiting implies also
that the reaction time of the first step is of the same order
of magnitude of the transit-time of the projectile in the
region of the target (~5-10722 s).

In conclusion the four evidences previous reported in-
dicate that the third body is the part of the target not
transferred to the projectile during the interaction and
that it behaves as a weakly interacting spectator.

4 Excitation energy partition and reaction
time-scale

Data analysis in terms of three-body kinematics (i.e. ne-
glecting nucleon evaporation) allows all kinematic quanti-
ties to be determined, in particular we deduced the reac-
tion @Q-value (see Figs. 7a-f). The large inelasticity of the
studied process indicates that the threshold bombarding
energy is not much lower than 6 MeV-A.

For two step binary processes in which the two primary
fragments have not mutual influence on their decay, as
practically it happens in our case, the second step Q-value
(Q2) can be considered approximately equal to the relative
energy (FE12) between the secondary fragments. Therefore
the second-step @Q-value is a positive quantity (Qo~FE12 >
0) and only the first stage of the process is dissipative
(Q1 < 0), the amount of dissipated energy depending on
the first step reaction mechanism.

The excitation energies of the two primary fragments
(Zs and Z3) can be determined, by mass and energy con-
servation, according to:

E; = Q2+ Si2 + (B} + E3) (1)

E§ = Qggg —Q1— Q2 — (Eik + E;) (2)
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in which BT and E3 are the excitation energies of the two
fragments produced in the source (Z5) decay, Sz is the
associated separation energy and @gq4 is the mass differ-
ence between the entrance and the exit channel. The value
of the sum Ej 4+ E3 was considered small as compared to
the other terms in (1) and (2) (even as assumed at higher
bombarding energies [17,18]) and then it was neglected
in the calculations.

Under these assumptions the partition of the excita-
tion energy between the primary fragments was evaluated
and the results are shown in Figs. 8a-f and in Figs. 9a-f.

The width of the distributions reported in these fig-
ures suggests the presence of events with different degree
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in Fig. 2
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of equilibration. This can be evidenced comparing F; and
E3 with the values (¢¥ and €%) expected when the ther-
mal equilibrium is attained. In this case the sharing of
the excitation energy between the primary fragments is
proportional to their masses:

A+ A
=gy, T2 3
E tot Ap+At ()

(Ap + Ar) — (A1 + A2)
AT A (4)

where E},, = EY 4+ E7 is the total excitation energy, A; is
the mass of the i-th secondary fragment, A, the mass of
the projectile and A; the mass of the target. In Figs. 10a-f
is reported the difference between the excitation energy
deduced from experimental data (E%) and the calculated
value (%) in units of the total excitation energy (E},).
The pictures show that, for all the studied reactions, the
system is near to the thermal equilibrium because the de-
viation from the expectation for the largest part of events
is included inside 20% of the total excitation energy; there
is, however, a part of events which has excitation energy
higher then that predicted by the thermal equilibrium hy-
pothesis.

While the system is quasi-equilibrated it is reasonable
to assume that the primary fragments decay by a fission-
like process. Therefore we estimated the life-time of the
fragment source by the formula:

* *
g3 = By -

T="h/I}y (5)
in which I'y is the width of the fission process.

It is to note that 7 is the statistical-model time and
that contributions to the total-fission time [19] due to
dynamical effects (like the pre-saddle-delay time and the
saddle-to-scission time) are not taken into account. In fact,
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the contribution of the dynamical effects can be signif-
icant for heavy and medium-heavy fissioning nuclei and
becomes less important for lighter nuclei like the primary
fragments produced in the presently studied reactions.

In the statistical formalism [20] the different quantum
states are characterized by different values of the excita-
tion energy and of the angular momentum. Then, using
the excitation energy deduced from the experimental data
(see (1)), we calculated the distribution function of I'y for
the decaying intermediate complex (the heaviest of the
two primary fragments) by using the formula of [20]

2y/as(E* — Bf) —1
Iy = 2yl DL e 2 fas Bz~ By) (6)
dasmexp (24/a.EY)

In the calculation of I'y, we used the level density pa-
rameterization (a. and as) proposed in [21] and we took
into account the dynamical reduction of the fission bar-
rier (Bf) due to the angular momentum. The values of
the angular momentum can be deduced from the mea-
sured relative energy (E12) of the two detected fragments.
In fact E1s is always ~40% larger than the value predicted
by the Viola systematic (Evioq). This excess cannot be
justified by a final state interaction between Z3 and the
detected fragments (see Figs 5a-f); consequently the ad-
ditional amount of relative energy, with respect the Viola
prediction, indicates the presence of a rotational motion
of the breaking system (Z; + Zs). So we determined the
angular momentum of the fragment source fitting to the
experimental value of Fy5 the sum of a Coulomb and a ro-
tational term. In the fitting procedure the mutual distance
between the fragments Z; and Z, was assumed equal to
dig = 1.2~(Ai/3 + Aé/g) + 4 fm and the wave was let as
free parameter.

The I'y distribution function (Figs. 11a-f), relative to
the studied systems, exhibits the clear presence of two
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exponential shape components. For each component it is
possible to determine the average value of the width and
from it, using (5), an indication of the decay time-scale
of Z,. The values obtained by a fit are: 7~3-1072! s
and 75~6-10"2° s, they do not change significantly when
changing the system.

A possible explication of the different values of £ ex-
perimentally observed, that give origin to two different
time-scales in the decay of the fragment source, can be
the partial equilibration of the excitation energy between
the two primary fragments during the first step of reac-
tion.

So we arbitrarily divided the events in two sets, the
first one with I’y > 20 keV and then with source life-
time 7 < 3.3-10720 s, the second one with I'y < 20 keV
and then with source life-time 7 > 3.3-1072Y s. Figs. 12a-f
report, with different symbol for the two sets of events,
the ratio between the excitation energy of the fragment
source (E¥) and the total excitation energy (Ej;;,). This
ratio is plotted as a function of Z; and compared with the
thermal equilibrium (solid line).

The events with I’y > 20 keV (points) have excitation
energy E¥ higher than the other ones (triangles) whose be-
haviour better agrees with the trend of the thermal equi-
librium. Therefore it appears that in the first stage of the
reaction the primary fragments can be generated with a
continuum of excitation energy depending on the degree
of thermalization reached by the system.

We took into account that also the light-particle emis-
sion from the intermediate complex, before of its break-
up, can contribute to spread the E7 distribution. In this



P. Boccaccio et al.: Time-scale and excitation energy partition in sequential binary decays

case the source of the detected fragments (Z; and Zs)
should correspond to a cooled residue of the highest ex-
cited and massive primary fragment. If this happens the
Z distribution, relative to the slow-decay component
(r > 3.3:10720 s) should be shifted at low values with
respect the Z; distribution relative to the fast-decay com-
ponent (7 < 3.3-10720 ). This is expected because the
intermediate complex that gives origin to Z; and Zs is
highly excited and, for life time of order of m, survives
enough to emit some nucleons. On the contrary the Z;
distribution, relative to the slow-decay component, is not
shifted at low values suggesting that the excited interme-
diate complex does not emit light charge particles before
of its decay. Unfortunately this is not a proof but only an
indication because, in our data, there is not direct informa-
tion about the light-particle emission that, consequently,
cannot be excluded to occur.

Any way, it is worthwhile to note that, for short life
time (of order of 71 ), the prompt break-up of the fragment
source makes unlike the nucleon evaporation. Therefore,
particularly in this case, the different excitation energies
of the decaying fragment and then the differences in its
life-time seem in primis ruled by the reaction mechanism
of the first step.

5 Conclusions

The three-body channel of the 32S+%°Sc, "5Ge, 8°Y, %°Co,
63Cu and 19F+%3Cu reactions was studied at ~ 6 MeV-A
of incident energy.

The large amount of the energy dissipated in the pro-
cess indicates that the energy threshold of this ternary
process is not much lower that 60 MeV over the interac-
tion barrier.

The three massive fragments, produced in the final
state, originate in a sequential binary process in which the
two steps of the reaction have very different time-scale and
are only weakly coupled.

The first stage of the reaction is characterized by the
transfer of about 24 nucleons from the target to the pro-
jectile to form an excited intermediate complex (the heav-
iest primary fragment) which decays into two secondary
fragments. In the nucleon transfer from the target to the
projectile only a small part of the total momentum is made
over to the remaining part of the target. The partition of
the excitation energy between the primary fragments was
deduced by the mass and energy conservation.

Using the statistical model formalism and the exci-
tation energy deduced from the data we calculated the
fission width for the source of the secondary fragments.
Two components were evidenced in the width distribu-
tion that, in the hypothesis of statistical decay of the
fragment source, correspond to time-scales of ~ 3-1072! s
and ~ 6-1072Y s. The fast-decay component is associated
to events which have only partially relaxed the excita-
tion energy in the first step of the reaction, whereas the
slow-decay component is associated to events which have
reached the thermal equilibrium.
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In conclusion thought the two steps of the reaction are
not directly coupled, the decay of the excited intermediate
complex is affected by the reaction mechanism of the first
step in the sense that the excitation energy of the fragment
source, and consequently its decay-time, depend on the
energy equilibration in the first reaction step.

The different total mass and entrance channel asym-
metry do not seem to have influence on the reaction mech-
anism.
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