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Abstract. In this paper, we report a detailed study on the de-excitation of the 46Ti
compound nucleus populated by means of four different reactions: 10+3%Si at 7 and
8 AMeV, 80+428Si at 7 AMeV and "YF+27Al at 7 AMeV. The GARFIELD detection
array was used to measure the light charged particles and the heavy fragments emitted.
This setup covers a large fraction of the solid angle with high-granularity. Complete
events are chosen through total charge (Zror=22) detection. Fusion-evaporation
events are selected based on the condition that only one heavy fragment is detected in
coincidence with the light charged particles. The analysis of global observables, such
as charge distribution and light charged particle multiplicities, is compatible with the
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formation of a thermalized compound nucleus for all the four reactions. Nevertheless,
an enhanced emission of a-particles with respect to a pure statistical picture is observed
at very forward angles (<20°). This enhancement is mainly visible in the even-Z residue
exit channels populated through the emission of only a-particles.

1. Introduction

The study of heavy-ion collisions at increasing bombarding energy allows to probe the
properties of hot nuclei and the evolution of the reaction mechanisms [1]. In particular,
the competition between short time-scale (i.e. fast, non-equilibrated) and long time-
scale (i.e. thermally equilibrated) processes can be evidenced. Direct reactions, like
break-up or nucleon transfer, and pre-equilibrium particle emission can be included
among the short time-scale processes [2, 3, 4]. At bombarding energy above 10
AMeV, the pre-equilibrium particle emission becomes an increasingly important process
[5,6,7,8,9, 10, 11, 12, 13]; such particles are forward focused and emitted in the very
early stages of the collision before the full statistical equilibrium is achieved. The fast
processes cannot be neglected also for energies lower than 10 AMeV because peculiar
structures of the reaction partners may play an important role [14, 15]. Indeed, when
nucleons as well as clusters of nucleons (like d, t, 3He and a-particles) are emitted
or captured in a nuclear collision, a strong correlation between nuclear structure and
reaction dynamics is observed [16].

In recent years, our group has extensively studied the charged particle emission in
nuclear collisions at bombarding energy from 10 to 20 AMeV, where the pre-equilibrium
process is well established [17, 18, 19, 20, 21]. In these measurements, we focused on
the effects that the structure of the colliding nuclei induces on the reaction dynamics
and on the decay of the excited systems. Special attention was given to the a-cluster
structure of the reaction partners. In this energy regime, however, disentangling the
effects due to the pre-equilibrium itself from other mechanisms is not trivial. Within
this framework, the present work aims to provide a benchmark in a lower energy region
(< 10 AMeV), where the pre-equilibrium contribution to the particle emission is almost
suppressed. Four reactions populating the same compound nucleus #6Ti at different
excitation energies were measured: °04-3°Si at 7 and 8 AMeV, 80+2Si at 7 AMeV
and YF+27Al at 7 AMeV.

Preliminary results of this work were already reported in previously published
conference proceedings. Issues of target contamination were encountered in the early
phases of the analysis where the only condition applied for the data selection was the
presence of at least one fragment with Z>11 [22, 23]. Later, the analysis of Quasi-
complete Events (Z, > 18) allowed to remove completely the target contamination and
to benchmark with high statistics the gross features of the reactions [24, 25]. Eventually,
a preliminary analysis of the Complete Events (Zix = 22) was discussed [26, 27]. In
the present paper, the selection of Complete Events is applied, and the final results are
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Table 1. Main characteristics of the four studied reactions: beam and target;
bombarding energy; entrance channel mass asymmetry: n = (Ar - Ap)/(Ar +
Ap), where Ap and Ap are the projectile and target mass numbers, respectively;
formed compound nucleus (CN) and its excitation energy (Eg ), in the hypothesis
of complete fusion; center of mass velocity (vem); grazing angle (0gq4); fusion cross-
section, calculated using the Bass formula [28] (0f,s); angular range (in the laboratory
frame) of evaporation residues (A§14%).

Reactions Eéggm n CN  E&n Ve, Ograz  Ofus AG%%
beam+target (AMeV) (MeV) (cm/ns) (deg) (mb) (deg)
16043084 7 0.30 “Ti 88.0 1.28 10.1 1081 0-30
16043084 8 0.30 *Ti 984 1.37 8.8 1070 0-30
18028651 7 0.22 *Ti 985 1.44 9.0 1110  0-28
1277l 7 0.17 “Ti 103.5  1.52 8.9 1100 0-28

presented for all the reactions under study. The thermal properties of the excited “°Ti
are reported. In addition, this work focuses on the detailed analysis of the exclusive
output channels. The presented results are interpreted within the framework of the
statistical model.

2. The experiment

The experiment was performed at the Legnaro National Laboratory (INFN, Italy).
The beams were delivered by the TANDEM XTU electrostatic accelerator: 90 at
bombarding energies of 7 and 8 AMeV, O at 7 AMeV and '°F at 7 AMeV. These
beams impinged onto three 100 pg/cm? thick self-supporting targets: 3°Si, 28Si and
27Al, respectively. The selected combinations of the four beams and targets led to
the formation of the same excited compound nucleus, “°Ti. Table 1 reports the main
characteristics of the four reactions.

The same bombarding energy per nucleon (7 AMeV) has been chosen for the
reactions 10+3%Si, ¥O+2Si and YF+27Al in order to have the same pre-equilibrium
component, which is known to be dependent on the beam velocity [16]. On the other
hand, the choice of the bombarding energy of 8 AMeV for the reaction $0+3°Si was
used to populate the compound nucleus at the same excitation energy of the reaction
1804-28Si at 7 AMeV. In this way, the same statistical component in the CN decay is
expected for these two reactions.

2.1. Ezxperimental setup

The experimental setup consists of the GARFIELD detector, covering almost completely
the polar angles from 29.5° to 150.4°, and the Ring Counter (RCo) annular detector,
centered at 0° with respect to the beam direction and covering the forward angles in
the range 5.5° < 6 < 17.4°. The detailed description of the apparatus can be found in
Ref [29]. Here only the main characteristics will be recalled.
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The GARFIELD detector consists of two microstrip gas drift chambers, placed back
to back, followed by CsI(T1) scintillation detectors placed in the same gas volume. Light
charged particles (LCP) and light fragments (LF) are detected and efficiently identified
using different techniques. LCP (Z = 1, 2) are identified by Pulse Shape Analysis
(PSA) in the CsI(T1) scintillators, through the use of the Fast and Slow correlation.
Good charge and mass separation were achieved in this experiment. The LF (Z = 3 to
Z = 11) identification is performed using the AE — E technique from the microstrip
and CslI(T1) energy signals, with an energy resolution of 5%.

10°

102

0 20 40 60 80 100 120
Eg, (MeV)

Figure 1. The AE — FE correlations between ionization chamber and silicon pads in
RCo for the reaction 10 430 Si at 8 AMeV. The red lines over the ridges identify the
nuclei: from He to Ti.

The RCo detector is an array of three-stage telescopes: the first is an ionization
chamber (IC), the second a reverse mounted NTD silicon strip detector (8 strips) and
the last a CsI(T1) scintillator. In this experiment, the two inner strips were shielded with
a thick aluminum foil in order to prevent radiation damage effects in detectors by the
elastically scattered beam. The actually covered angular range is therefore 8.8° < 0 <
17.4°. The reaction products with Z > 3 were stopped in the silicon layer and could be
identified only in charge by the correlation AE — E between the energy loss in the gas
stage (IC) and the residual energy in the silicon. Energy resolution of about 5% was
achieved. An example of this correlation is shown in Fig. 1, where the region of heavier
products corresponding mainly to Evaporation Residues (ER) can be observed at high
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Table 2. List of used parameters for running G** code. See text for details.

w ko koo ax Cr ‘]?7 (h) n (MeV)

1.1 73 12  0.0517 0.0345 50 18.52

energy loss in the gas. For particles within the range 3<Z<7, above an energy threshold
of 3+5 AMeV, a mass identification was also possible with Pulse Shape Analysis (PSA)
in the silicon pads thanks to their excellent energy resolution (~ 0.1%). Light particles
punching through the silicon pads are identified both in charge and in mass with the
AFE — E correlation between silicon and CsI(T1).

2.2. The simulation code: GEMINITT

A set of simulations has been performed with the Monte Carlo statistical code
GEMINI*™* (G**) [30]. This code is based on the Hauser-Feshbach formalism and
describes the decay of the excited compound nucleus, explicitly considering the influence
of spin and angular momentum on particle emission. Table 2 summarizes the values
used for the key parameters in the G™" calculation. The parameter w takes into
account the thermal fluctuations of the emission barrier. The barrier is estimated
averaging over transmission coefficients calculated for three different nuclear radii: Ry
(spherical nucleus) and Ry + dr. dr is evaluated as wv/T, where T is the nuclear
temperature of the daughter nucleus. The parameters kg, ko, a, and ¢, allow to
calculate the effective level density parameter as a function of the excitation energies:

*) A . .
aeff(E*) = koo_(koo_ko)exp{_k:o(é;co% . ko and k., give the asymptotic values at low and

high excitation energy: k% and ki. a, and ¢, are needed to calculate how fast the long
range correlation washes out with excitation energy through the function x(A) = a.e4.

Shell corrections to the level density are taken into account through the parameters n
and J,. The Sierk parametrization of the yrast line has been adopted in this work to
take into account the well known deformation of the excited *Ti* nucleus [31].

The simulated events were filtered through a software replica of the GARFIELD
+ RCo apparatus which reproduces all the detection conditions (geometry, energy
thresholds, energy resolution, etc.). In this way a direct comparison with the
experimental data can be performed. Figure 2 shows the correlation plots between
energy and emission angles in the laboratory frame for the ER. The left panels display
the 47 correlations, while the right ones show the effects of the software filter. As a
result, the filtered ER angular distributions are limited to the angular coverage of the
RCo (8.8°+17.4°). Moreover, the ER energy has a lower limit, due to the identification
threshold, at ~ 25 MeV (that is ~ 0.6 <+ 0.8 AMeV). In fact, since we have selected
charge-identified evaporation residues, they have to cross the ionization chamber and
stop in the silicon detector in order to fill the AE-E correlation. Figure 2 demonstrates
that, in spite of the energy and geometrical cuts caused by the experimental apparatus,



Enhanced a-particle production from 6 Ti 6

the peak of the ER distribution is within our detection capabilities.

80+3%Si at 7 AMeV
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Figure 2. Two-dimensional plots of residues laboratory energy vs. their laboratory
emission angle as predicted by GT™F without (left panels) and with (right panels)
geometrical filter. From top to bottom, the four studied reactions 60+430Si at 7
AMeV, 160+4398i at 8 AMeV, '80+428Si at 7 AMeV and 'YF+427Al at 7 AMeV.

2.3. Events Selection

We focused the present analysis on central collisions leading to complete fusion-
evaporation reactions. To this purpose a strict selection of the detected events has
been applied.

Figure 3 reports the experimental correlation plots between the charge (Z) and the
energy (Ej.) of the detected particles (panel (a)) and between the total charge (Zror)
and the longitudinal momentum (q./@peam) for each detected event (panel (b)). The
correlations are shown for the reaction O-+2°Si at 8 AMeV, but similar results are
obtained for the other three reactions.

Complete events and most dissipative collisions are selected with the conditions
that, in each event, the total detected charge is Zror = 22 (i.e. the total charge of
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Figure 3. Experimental plots for the reaction °0O+3°Si at 8 AMeV. Panels (a) and
(b) show the Z vs. Ejqp, and the Zyor vs. @ /qpeam correlations for the raw data set.
Panels (¢) and (d) respectively display the Z vs. Ej,; correlations for the complete
events selected by the red gate in panel (b) and after the request of the coincidence of
LCP with one heavy fragment.

the entrance channel) and that the average longitudinal momentum, . /qpeam, is within
the limits 0.7-1.2 as shown in Fig. 3 (b). Figure 3 (c¢) illustrates the effect of the
gate selection on the charge vs energy correlation. Selecting the complete charge events
(Zror = 22), all quasi-elastic and almost all peripheral collisions have been removed
since only partial charge could be detected for those events. Indeed, the heavy partner
is normally stopped either within the target or inside any dead layer of the detector.
This is shown in Fig. 3 (c¢), where all fragments with charge around Z = 8 have been
cut, as expected.

To further clean our set of data, the coincidence between LCP or LF (Z < 6)
detected in the whole apparatus (GARFIELD + RCo), and only one heavy fragment
with Z > 12, detected in the RCo, has been required. In this way, events from fusion-
fission and/or deep inelastic collisions are suppressed. The correlation between charge
and energy of our final data set is displayed in Fig. 3 (d).

To check the data selection reliability, we have performed a complete G*F
simulation of the four reactions. The same conditions described above have been applied
to the total generated events, which have also been filtered with the software replica of
the apparatus. This is illustrated in Fig. 4, for the reaction '°0O+2Si at 8 AMeV, in
analogy with the previous Fig. 3.

The comparison between panels (a) and (b) of Fig. 3 and of Fig. 4 shows a strong
contribution, in the experimental data, of reaction channels in which fragments with
charge close to Z = 8 (i.e. the oxygen beam) are emitted. As mentioned above, these
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Figure 4. Same of Fig. 3 but for simulated events.

fragments are related to elastic and quasi-elastic scattering and peripheral collisions with
exchange of few nucleons between the reaction partners. This contribution is obviously
not present in the simulated data since only the decay of the CN is considered in the
G*T code.

In addition, the experimental data present an extra yield of reacted particles due
to oxygen contamination in the used targets. This relevant feature has been further
investigated and verified through elemental analysis techniques. In particular, using
the Rutherford Back Scattering method, fractions between 30% and 50% of "**O have
been found. The decay products emitted by the reactions on the target contaminants
have similar characteristics as the products from quasi-elastic scattering and peripheral
collisions of the reactions under study. This is demonstrated by an additional G+
simulation. As an example, in Fig. 5 the Z vs. Ej,;, plot for the contaminating reaction
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Figure 5. Correlation plot between Z and FEj,; of the simulated events for the
contaminant reaction 10+"%0 at 8 AMeV (panel (a)) and its comparison with the
same experimental plot for the reaction 1°0+3°Si at 8 AMeV (panel (b)), already
shown in Fig. 3.
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160440 at 8 AMeV is shown in panel (a), while in panel (b) the simulated events are
superimposed on the experimental plot of reaction 0+3%Si at 8 AMeV.

As one can notice in the panels (¢) and (d) of Figs. 3 and 4, with the application
of the very strict conditions on the data selection, the reactions on the contaminants
are rejected together with unwanted peripheral events. The final result is a rather clean
class of events. Hereafter, we will refer to these selected data as Complete Events.

3. Data analysis: Complete Events

Despite the fact that the Complete Events represent only 0.5% of the total statistics, we
were able to perform a complete analysis of this data set as illustrated in the rest of the
discussion. The total amount of selected events is about 0.2, 0.6, 0.5 and 0.7 millions
for the reactions **O+3%Si at 7 AMeV, 160+3°Si at 8 AMeV, 80+2Si at 7 AMeV and
YEL27A] at 7 AMeV, respectively.
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-U =
g E** s
> - a
g 10’%* N a 2
- 'Y
N0k  aa . *
8 F
g 10F .
Z10% s
F P a
1 075?
E. . ! ! L !
0 5 10 Z 15 20 25
? B 0+¥Si@7 AMeV (E*,,-88.0 MeV) (b)
1 0; A "0+si@7 AMeV (E*_=98.5 MeV)
% 1;. . ¢ F+’Al @ 7 AMeV (E* =103.5 MeV)
S Y
5 10k o477
g8 .t t5 ]
S0 A £
© E [] . L
Eiox t
s F ¢
2 107%, x Anm
o :
10k
E. . | | * ? | [
0 5 10 v 4 15 20 25

Figure 6. Experimental charge distributions: (@) comparison of the two reactions
populating the CN at the same excitation energy: °0+3°Si at 8 AMeV (EX , = 98.4
MeV) in green dots and '80+28Si at 7 AMeV (Ef,y = 98.5 MeV) in red triangles;
(b) comparison of reactions with the same bombarding energy: 60+3°Si at 7 AMeV
(Efy = 88.0 MeV) in magenta squares, "#0+2*Si at 7 AMeV (Ef = 98.5 MeV) in
red triangles and 19F+27Al at 7 AMeV (Ef, = 103.5 MeV) in blue diamonds. The
distributions are normalized to the total number of the Complete Events.

The fragment charge distribution of the Complete Fvents has been studied as a
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function of the CN excitation energy. In Fig. 6 (a) the distributions related to the
reactions °0O+3°Si at 8 AMeV and '80+28Si at 7 AMeV populating the 4°Ti at the
same excitation energy (Efy = 98.5 MeV) are presented. The two distributions are
identical, as expected for a fully statistical de-excitation of the CN. Fig. 6 (b), the
reactions °0+43°Si at 7 AMeV, BO+28Si at 7 AMeV and YF+27Al at 7 AMeV are
compared. Again, as expected for a pure statistical decay, the increase in Ef,y from 88
MeV (160+3%Si at 7 AMeV) to 103 MeV (Y¥F+27Al at 7 AMeV) leads to longer decay
chains. Consequently, the number of emitted LCP (1<7<2) and LF (3<Z<5) increases,
while the ER distribution is shifted toward lower Z. In fact, with increasing Ef., the
yields of the heavy ER (Z>18) increase, while for light ER the trend is reversed. In
addition, Fig. 7 shows the comparison between the experimental ER charge distribution
and the G simulation for the reaction *0+3°Si at 8 AMeV. The fair reproduction of
the measured data, also observed for the other three reactions [32], further demonstrates
the statistical behavior of the “°Ti decay. This is also confirmed by the trend of the
proton and a-particle multiplicities reported in Fig. 8. In fact, the higher particle
multiplicity is favored when EF , is increased.
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Figure 7. Comparison of experimental (points) and simulated G** (line) charge
distribution of evaporation residues for the reaction '90+3°Si at 8 AMeV. The
experimental errors bars are inside the points.

Complementary information about the validity of the statistical decay picture can
also be obtained from the analysis of the LCP energy spectra. In Fig. 9, the experimental
energy spectra, for the four reactions, at backward (97.5° < 6 < 150°), middle (29.5°
< 0 < 82.5°) and forward (8.8° < 6 < 17.4° ) angles are compared with the G+
statistical code simulations. The spectra are normalized to the experimental maximum
for a qualitative comparison of the shapes.

A fair reproduction of the proton spectra (upper panels of Fig. 9) is achieved in the
whole angular range, with the exception of the high energy tail in the middle angular
range. In the same region the shapes of the a-particle spectra are reproduced as far as
the Coulomb barrier is concerned (panel (e)), while the tails are not well described.

On the other hand, the « spectra are reasonably reproduced at GARFIELD
backward angles (panel (d)) for all the reactions and at RCo angles (panel (f)) except
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Figure 8. Experimental multiplicities: (a) for protons and (b) for a-particles.
Comparison of the four reactions: 160+3%Si at 7 AMeV (Ef y = 88.0 MeV) in magenta
squares, 150+3%Si at 8 AMeV (Efy = 98.4 MeV) in green dots, '80+28Si at 7 AMeV
(Efy = 98.5 MeV) in red triangles and YF427Al at 7 AMeV (Ef\ = 103.5 MeV) in
blue diamonds. The distributions are normalized to the total number of the Complete
Events.

for the reaction *O+43°Si at 8 AMeV which is the one at the higher beam energy
per nucleon (8 AMeV). In this case, the enhancement of the high energy tail could
be related to the onset of pre-equilibrium emission [9]. This is also supported by the
comparison with the reaction *O+28Si at 7 AMeV that populates the “Ti at the same
Ef.y. Furthermore, the increase of the entrance channel mass asymmetry could also
favor the pre-equilibrium emission in the reaction *O+3°Si at 8 AMeV with respect to
180+428Si at 7 AMeV [16]. To sum it up, the G calculations performed using the set
of parameters defined in Table 2 are able to reproduce the trend of all the spectra close
to the Coulomb barrier, while some discrepancies are observed on the tails.

Deviations from a pure statistical behavior are observed comparing the LCP
experimental angular distributions in the laboratory frame with the predictions of the
statistical code GT*. Those comparisons are reported in Fig. 10 (a) for the a-particles
emitted from all the reactions. The distributions are normalized to the solid angles
and to the total number of ER (i.e., the number of events). The G statistical code
reproduces well the data in the GARFIELD angular range (29.5° < 6 < 150°). In
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Figure 9. Experimental (full symbols) protons (upper panels) and a-particles (lower
panels) energy spectra compared with G™F simulations (open symbols) in the three
angular regions: 8.8° + 17.4° in (c¢) and (f) panels, 29.5° + 82.5° in the (b) and (e)
panels and 97.5° <+ 150.4° in (a) and (d). The simulated spectra are normalized to the
experimental maximum. The four reactions are shown with different colors: 60+3°Si
at 7 AMeV (Ef 5 = 88.0 MeV) in magenta squares, 1°0+3%Si at 8 AMeV (Efy = 98.4
MeV) in green dots, '80+28Si at 7 AMeV (Efy = 98.5 MeV) in red triangles and
9F4+27Al at 7 AMeV (Ef y = 103.5 MeV) in blue diamonds and they are, respectively,
plotted with a multiplication factor of 1, 103, 106 and 10°.

particular, the kinematic boost due to the center of mass velocity is well accounted

for by the simulations, being the emitted a-particles more forward-focused when v,
increases. On the other hand, the G** calculations fail in reproducing the data in
the very forward angular range covered by the RCo (8.8° < 6 < 17.4°). In particular,
Gt strongly underestimates the number of particles emitted at these angles. In Fig.
10 (b), the 8.8° < 6 < 17.4° zone is expanded for a better view. As it can be seen,



Enhanced a-particle production from 46 Ti 13

10% o (a)
E® ¢ ¢
10°F ¢
E ¢ 19,27
s 0 0 ¢F+ Al @7A|\gev
;103;;3&; A A A,
E c A, P05 si @7AMeV
D10°E o 4 a xi0°
gmi‘m ee e .
5 e o "°0+si @8AMeV
Z | o ® & x10
F " wm
10 mm B " B, °0+¥si@7AMev
E Il ‘ Il Il ‘ Il \. \!l \X1\
0 50 100 150
615 (deg)
10
E (b)
6L TS TR T S 6
o OF $ 3 ¢ o o o X0
o 10°F
> 104% A A A A A A
bt 10°E A A A A A A
N E
= 2L
g 10 E ¢ ¢ x10?
3 10? ° ° °
- 1% n ] [ | ] ]
E x1
107 @ o o0 o o
C | | |
10 15 20
0, (deg)

Figure 10. Comparison of a-particles angular distributions: experimental (full
symbols) vs. GTT simulation (open symbols) for the four studied reactions. The
reaction 1%0+3°Si at 7 AMeV (Efy = 88.0 MeV, v, = 1.28 cm/ns) is drawn in
magenta squares. The plots of the reactions '°0+30Si at 8 AMeV (Ef,y = 98.4
MeV, vep = 1.37 cm/ns) in green dots, '80+28Si at 7 AMeV (Efy = 98.5 MeV,
Vem = 1.44 cm/ns) in red triangles and F+27Al at 7 AMeV (E%, = 103.5 MeV,
Vemn = 1.52 cm/ns) in blue diamonds are drawn with a multiplication factor of,
respectively, 102, 10* and 10°. In panel (a) the whole angular distribution is shown;
while, in panel (b) the zoom on the very forward angles (RCo) is presented. The
distributions are normalized to the number of Complete Events and to the solid angles.
The experimental error bars are within the points.

the overproduction of experimental a-particles appears to be very high for the reaction
160+39Si at 7 AMeV and decreases as the CN excitation energy increases. Similar
conclusions can also be drawn for the other emitted LCP. However, the experimental
overproduction at forward angles is lower for deuteron, triton and *He with respect to
the a-particles case and almost disappears for protons [32].

To quantify the extra amount of particles emitted with respect to a pure statistical
picture, the ratios between the experimental and the G predicted particle yields (Y%‘“’)
are reported in Fig. 11 for protons and a-particles as a function of the detection angle.
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Figure 11. Comparison of the ratios between experimental and simulated yields as
a function of the detection angle, for the four studied reactions: protons (a) and a-
particles (b). The four reactions are plotted with different colors: 150+39Si at 7 AMeV
(vem = 1.28 cm/ns) in magenta squares, 10+39Si at 8 AMeV (v, = 1.37 cm/ns) in
green dots, 180+28Si at 7 AMeV (ve, = 1.44 cm/ns) in red triangles and 19F+27Al at
7 AMeV (ven, = 1.52 cm/ns) in blue diamonds. Before evaluating the ratio, the yields
have been normalized to the number of events and to the solid angles. The errors bars
are inside the points.

The proton yields are slightly overestimated by the model in the whole angular range
(Fig. 11 (a)). This feature will be discussed with more details in Section 4. On the other
hand, these ratios are almost 1 for the a-particle case (panel (b)) for § > 29.5°, claiming
for a statistical behaviour of the emission at larger angles. As already mentioned, for
8.82 < 0 < 17.4° we observe an overproduction of experimental a-particles corresponding
to a factor of 2 to 10 higher than the statistical predictions. This factor increases as
the CN excitation energy decreases. The observed trend is in clear contrast with the
picture of an emission from a hot source during the thermalizzation.

4. Data analysis: Selected Exit Channels

To obtain more information on the behavior of the “6Ti de-excitation, selected decay
channels have been studied. Figures 12 (a) < (¢) show the ratios between experimental
and simulated yields (Y%*) of protons, emitted in coincidences with different residues
(Zres=13+20) for the three angular regions: (a) 97.5° <+ 150.4°, (b) 29.5° =+ 82.5° and
(c) 8.8° = 17.4°. These ratios are reasonably accounted for by simulations with a general
overestimation of the yields at all angles, in particular for Si (Z,.s=14) and Ca (Z,.s=20).
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Figure 12. Comparison of the yields ratios (Yg”"s) for protons emitted in coincidence
with different residue vs. the charge of those residues in the three angular region: (a)
97.5° + 150.4°, (b) 29.5° + 82.5° and (c¢) 8.8° + 17.4°. The usual color index is used
for the four reactions: '°04-39Si at 7 AMeV magenta squares, 0+30Si at 8 AMeV
green dots, '804-28Si at 7 AMeV red triangles, '"F+27Al at 7 AMeV blue diamonds.
Before building the ratios, the yields have been normalized to the number of events.

An underestimation is evidenced for Al (Z,.s=13) and Sc (Z,.s=21). The behavior of
the Y?“ for a-particles is shown in Fig. 13 for the three angular regions. A fairly good
reproduction of the experimental yield is obtained at 6 > 29.5° ., with the exception of
a-particles in coincidence with Ca residues (Z,.s=20), which are underestimated by the
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Figure 13. Same of Fig. 12, but for a-particles emitted in coincidences with different

residues.

model. At very forward angles (Fig. 13 (¢)) a strong underestimation of the model for
the a-particles production is clearly visible for the heavier Z, ..
A complementary information can be obtained looking at the Branching Ratios

(BR) of selected exit channels.

The BR is defined as the ratio between the yield

of a selected decay channel and the yield of the total channel populating the same
final residue. In Table 3 the experimental BR (BRgxp) for the main decay channels
are compared with the G™* predictions (BRg++), for all reactions. Each channel is
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Table 3. Experimental and simulated (G*1) branching ratio (BR) of the main
channels for the four studied reactions. All channels are defined except for the number
of emitted neutrons, which are not detected with our detection array.

16043081 at TAMeV | 1804+30Si  at 8AMeV | BO+2%Si  at TAMeV | F+27A1  at TAMeV
channels BREXP(%) BRG++ (%) BREXP(%) BRG++ (%) BREXP(%) BRG++ (%) BREXP(%) BRG++ (%)
27 "Sc+p+xn 92 £ 2 90 88 £ 2 88 88 £ 2 87 88 + 2 84
327"Cata+xn 76.6 £0.9 296 60.8 £ 0.6 110 60.4 £ 0.6 134 5344+ 0.6 9.8
30 “Ca+2p-+xn 198 +0.3  60.9 30.6 £0.3 748 30.7£04 708 35.6 +£ 04 715
1 "K+ptatxn 91.8 £ 0.8 917 86.1 £0.5 788 859+ 0.5 80.8 83.3+£05 745
15" Ar+2a-+xn 63.7+£0.7 289 43.0 £0.3 1168 39.6 £ 0.3 12.37 34.8 £ 0.3 856
187" Ar+2p+atxn | 30.6 £ 0.4 643 472403 781 50.0 £ 0.3 758 525+ 03 774
F=TClbp+2atxn | 864+ 1.5 913 81.5+ 0.6 848 814+ 0.6 845 76.8 £0.6 79.6
36 "S+3a+xn 83 + 2 68 63.2 +0.7 427 60.3 +0.7 398 50.1 £ 0.6 283
$-rS42p+2atxn | 87+05 9.1 26.0 £ 0.4 310 289+ 04 312 375+ 06  43.0
BTP41p+3atxn | 49 £ 4 30 68.2+1.4 525 71.0+ 1.4 519 735+ 1.3 60.1
3" Si+da+xn 81+9 67 70 + 2 46 71+ 2 49 62 + 2 43
337 "Si+3a+2p+xn | 1.6 £0.8 16 52+£04 20 48 £04 24 95+£05 48
1Al dat1ptxn | 27 £ 15 - 32+4 18 32+3 13 40 £3 25

well defined except for the number of neutrons which are undetected in the present
experiment. In the case of even Z residues (Ca, Ar, S and Si) also the BR for the
competitive channel, where an a-particle is replaced by two protons, is reported.

In Fig. 14, the difference between experimental and simulated BR (Agr = BRexp
- BRg++) is depicted for the decay channels listed in Table 3. Agg is quite large when
the maximum number of a-particles is emitted in coincidence with even Z residues (up
to 35% =+ 45% for Ca and Ar). In the case of odd Z residue, however, the experimental
BR is quite well reproduced by the simulations (Agg ~ 0). The present results show

that decay channels in which the maximum number of a-particles is emitted seem to be
experimentally favoured for even Z residues. This confirms the findings reported in Ref
[33] for lighter nuclei.

For Ca and Ar residues the large positive Agg for the channels corresponding
to the maximum number of emitted a-particles is compensated by the negative Aggr
corresponding to the channels in which one a-particle is replaced by the emission of
two protons. This feature explains the overestimation of proton yields in the simulated
angular distributions shown in Fig. 12 (a).

The large positive Agg for maximum a-particle emission found in the case of longer
« chains (i.e. 3 and 4a) related to S and Si residues, is compensated in the simulation
by the opening of decay channels involving the emission of complex light fragments
such as B and Be. This is illustrated in Fig. 15 which compares BRgxp and BRg++
for all channels leading to the population of S and Si. In fact, in the case of S (Fig.
15 (a)) the simulations predict a sensitive enhancement of the channels Be+a+2zn and
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Figure 14. Comparison of the Agp of the four studied reactions: '60+43%Si at 7
AMeV in magenta squares, '60-+3°Si at 8 AMeV in green dots, '#80+428Si at 7 AMeV
in red triangles and PF+27Al at 7 AMeV in blue diamonds. The errors bars are inside
the points. All the reported channels are selected except for the neutron emissions,
which are not detected with our detection array.

B+p-+2zn. Similarly, for the Si residue the B+a+p+2zn channel is strongly populated in
the simulations.

5. Summary and conclusions

The excited %Ti compound nucleus has been populated through four different heavy-ion
reactions at bombarding energies close to the threshold for the onset of pre-equilibrium.
Light charged particle emission was studied in coincidence with evaporation residues for
events in which the total charge of the entrance channel has been reconstructed.

The charge distributions and the light charged particle multiplicities show the
expected trend for the decay from a thermalized source. In particular, the charge
distributions for the two reactions which populate the “6Ti at the same excitation energy
are consistent. In addition, GEMINI*T* statistical model calculation fairly reproduces
the evaporation residue charge distribution and the particle energy spectra for all the
studied reactions.

The angular distributions of the light charged particles at angles larger than 29.5°,
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Figure 15. Comparison of the BR for the most important channels with (a) S and (b)
Si residues for the reaction °0+3°Si at 8 AMeV. The green dots are the experimental
BR while the histograms represent the simulated data. The experimental error bars
are inside the points.

are in agreement with the predictions of the statistical model. An enhanced a-particle
production at forward angles (lower than 20°) has been, however, pointed out for all
the reactions. This extra amount of particles decreases as the excitation energy of the
compound nucleus increases, at odds with what expected for a pre-equilibrim emission.

This observed a-particle overproduction is mainly related to the population of the
higher Z residues. In addition, the comparison of the measured branching ratios with
GEMINI*™ predictions shows peculiar behavior for the exit channels where only a-
particles (and possibly neutrons) are emitted. The analysis shows that an excess in the
yield of those channels is compensated by a defect in the competing ones. This is a
common feature that underlines the importance of nuclear structure effects in the decay
of the a-conjugated compound nucleus.
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