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Light charged-particle emission and neutron emission have been measured for the fusion-
evaporation and fusion-fission channels in the ®Ni+ Mo reaction at 550 and 655 MeV bombard-
ing energies. Temperatures, emission barriers, and multiplicities for the particles detected in coin-
cidence with evaporation residues and fission fragments have been determined. For the evaporation
residue data, the “first-chance” spectra of particles emitted from the compound nucleus have been
isolated and the same initial temperature for the different evaporated particles has been extracted.
The inverse level density parameter K = A4 /a reaches a value of 13.8+0.7 MeV at E; ~236 MeV.
A decrease of the apparent emission barriers for the charged-particle emission at high excitation en-
ergy suggests dynamical effects on the de-excitation process. Analysis of the fissionlike events shows
a saturation of light particle emission from the fission fragments. Using the average energies and
multiplicities of the emitted neutrons, and charged particles, it has been found that for both initial
excitation energies, 251 and 293 MeV, scission occurs at an excitation energy =140 MeV. For both
fusion evaporation and fusion fission, the light charged particles are preferentially emitted during
the early part of the de-excitation cascade. Statistical models and dynamical calculations have been
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used in an attempt to interpret the experimental data.

I. INTRODUCTION

Over the past few years, a systematic investigation of
the properties of hot nuclei has been initiated.! Hot nu-
clei are now routinely produced in heavy-ion reactions.
One of the important questions in studies of these nuclei
is to establish whether the hot nuclei are significantly
different from cold nuclei. For this purpose, one can get
information on the excited nuclei by detecting the eva-
porated light particles and fragments. These emissions
reflect the behavior of the nucleus at various stages of the
de-excitation cascade.

For two different nuclei, estimates of some mean life-
times for excitation energy equilibration (lower shaded
band), collective deformation (upper shaded band), neu-
tron emission (solid curves), and cumulative decay times
for neutron emission (dashed lines) are shown in Fig. 1.
These estimates have been done using the results from
analytical estimates, empirical analyses, and Boltzmann-
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Uehling-Uhlenbeck (BUU) calculations.? In this paper
we study the decay properties of a medium-mass nucleus
(A ~160) at excitation energy near 300 MeV. For such
high excitation energy, the time scale of the evaporation
process approaches the time scale of energy equilibration
and becomes shorter than that of nuclear deformation.
One might thus expect an enhancement of nuclear dy-
namic effects and, therefore, a change of the physical in-
gredients in the statistical models which successfully de-
scribe the properties of nuclei at lower excitation energy.
Collective decay modes like the fission process provide
a natural framework for the study of dynamical effects in
the hot nucleus. The competition between evaporation
and fission which is governed by statistical considerations
at low temperature seems to be more sensitive to the nu-
clear dissipation at high temperature.’ To study such
effects, it is important to inquire first whether a statistical
equilibration has been achieved in the hot nucleus. If this
can be established, the statistical and dynamical proper-
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FIG. 1. Characteristic time scales for neutron emission, ener-
gy equilibration, and shape deformation (Ref. 2). (See text.)

ties of the system can be studied through determinations
of multiplicities and energies of emitted species.

The organization of the paper is as follows: We shall
describe in Sec. II the experimental procedures. Sections
III and IV are devoted to the fusion-evaporation channel
and the fissionlike channel, respectively. In each of these
two sections, data and results from statistical and dynam-
ical calculations are presented. In Sec. V, we compare
the data of the fusion-evaporation channel with the data
of the fissionlike channel. Remarks and conclusions are
contained in Sec. VI.

II. EXPERIMENTAL PROCEDURES

To clarify the properties of hot nuclei with 4 ~ 160, we
have employed the **Ni+!®Mo reaction at 9.2 and 10.9
MeV/nucleon bombarding energy and detected both the
light charged-particle emission and neutron emission in
coincidence with evaporation residues and fission frag-
ments. The reaction and bombarding energies were
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selected to produce nuclei with well-defined excitation en-
ergies near 300 MeV. The residue and fissionlike triggers
were selected to isolate the most central collisions. Some
results for the evaporation residue data were already pub-
lished in letter form.*

The experiment was performed at the Argonne Atlas
Accelerator Facility. A self-supporting '®Mo target of
thickness 420 ug/cm was bombarded with 550 and 655
MeV %Ni ions. The experimental arrangement is shown
in Fig. 2. An electrostatic deflection system (£25 kV)
was used to separate fusion residues from the beam. Si
surface-barrier detectors divided into seven strips were
used to detect the evaporation residues at various angles
in a plane perpendicular to the light particle detector
plane. The distance between these detectors and the tar-
get was 113.5 cm. A collimator (*1°) was set in front of
the deflector plates to reduce elastic scattering and slit
scattering into the evaporation residue detectors. Light
charged particles were detected using three Si telescopes
consisting of 50, 300, and 2000 um backed by CsI crystals
placed at 6=30°, 60°, and 75°, one telescope consisting of
20, 200, and 5000 pum placed at 6=90° and two telescopes
consisting of 200 and 5000 um placed at 6=135° and
150°. On the opposite side of the beam, four (5 in. X2 in.)
liquid scintillator detectors made of NE 213 were used to
detect neutrons at 6=45°, 90°, 110°, and 130°. Fission
fragment energies and masses were obtained with two Si
detectors (150 um) set on each side of the beam (£18°).

The excellent time structure of the rebunched beam
(=500 ps) was used in the measurement of velocities of
the residues, determinations of the masses of the light
charged particles emitted at 6=135° and 150°, and deter-
minations of the neutron energies. The telescope energy
calibrations were done using 2*Th and 25?Cf sources and
standard range energy curves. The “plasma” time delay
in the Si detectors has been estimated using the results of
Neidel et al.,’ and the pulse-height defects have been
corrected using the systematics of Ogihara et al.® The
time of flight was used to separate neutrons from gamma
rays (228.5 cm flight path). All neutron detectors were
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FIG. 2. Schematic of the experimental arrangement.
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shadowed from the Faraday cup by thick concrete blocks
and borated plastic sheets. In order to estimate the in-
beam background, several runs were done with iron sha-
dow bars set in front of each neutron detector. The neu-
tron detector efficiencies were calculated using a Monte
Carlo code of Anghinolfi et al.” and normalized to data
obtained with a 232Cf source.

III. FUSION EVAPORATION

A. Data and statistical model calculations

As can be seen from Fig. 3, the invariant velocity spec-
tra of the evaporation residues show well-defined Gauss-
ian distributions. The mean velocity observed in each
detector strip is presented in Fig. 4. For each energy a
dashed line indicates the velocity corresponding to a total
linear momentum transfer. At 9.2 MeV/nucleon the
mean velocity is that expected for complete fusion.®? At
the higher bombarding energy of 10.9 MeV/nucleon, the
velocities of evaporation residues indicate an incomplete
fusion characterized by about 94% linear momentum
transfer from the projectile to the target. Using the mas-
sive transfer picture, the average kinetic energy carried
away by the nonfused particles is about ~44 MeV. From
these results, we are able to derive the excitation energy
of the emitted hot composite nucleus.

Since the residue velocity indicates that, for these cen-
tral collisions, the threshold of an incomplete fusion
mechanism is passed between 9.2 and 10.9 MeV/nucleon
preequilibrium emission of light particles may be expect-
ed at the higher bombarding energy. This is confirmed in
Fig. 5 where a-particle and proton spectra observed in
coincidence with evaporation residues are shown at
6=30°, the most forward angle of observation for the
light charged particles. The solid lines represent the
thermalized moving-source parametrization for emission
from the recoiling hot nucleus. The parameters have
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FIG. 3. Invariant velocity spectra for the evaporation resi-
dues at the two bombarding energies. The arrows show the ve-
locities corresponding to complete fusion.
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FIG. 4. Mean residue velocity observed in each detector strip
at both bombarding energies. The lines indicate velocities for
full linear momentum transfer.

been determined from a global fit to data at all detection
angles. For both particle types, an additional high-
energy component is observed only at 10.9 MeV/nucleon.
This preequilibrium emission is not observed at larger an-
gles where the light particle spectra in coincidence with
evaporation residues exhibit one component representing
the equilibrated statistical evaporation of the hot com-
pound nucleus. Thus, for these central collisions leading
to nonfissioning evaporation residues both the residue ve-
locity measurements and the light particle spectra place
the threshold of the incomplete fusion process near 10
MeV/nucleon. This value has previously been deduced
from residue velocity measurements as a velocity thresh-
old (V7y=1.81£0.6 cm/ns) for the lighter reaction
partner.” Above this threshold (¥, > V), some nucleons
escape the compound nucleus Fermi sphere before statist-
ical equilibration.

To obtain good statistics for the coincidence runs, we
have detected the evaporation residues at zero degrees.
This has allowed an excellent isolation of the fusion-
evaporation mechanism from other mechanisms as shown
in Fig. 6 where the mass distributions of all species
detected for the two excitation energies 293 and 251 MeV
are presented. The evaporation residue peaks resulting
from the central collisions are clearly shown. The elastic
peak at 4 =60 is sharply reduced. Taking into account
the preequilibrium emission observed at the higher bom-
barding energy and using the average residue masses ob-
served for the two excitation energies, we find the hot nu-
cleus loses 16.41+2 MeV of excitation energy per eva-
porated mass unit. This value is consistent with the value
14 MeV resulting from statistical model calculations (as
discussed below) which include only n, p, a-particle, and
gamma emission. While the detection of the residues at
zero degrees discriminates against cases in which frag-
ments are evaporated, the fragment evaporation is not ex-
pected to have an appreciable contribution to the de-
excitation cascade at these excitation energies
(Eope /A <2 MeV).10

To deduce the parameters characterizing the de-
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FIG. 5. Proton and a-particle spectra in coincidence with evaporation residues. The solid lines represent the thermalized moving
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FIG. 6. Mass distributions corresponding to the two excita-
tion energies. The mean values for the evaporation residue
masses are indicated.

excitation cascade of the hot nucleus, i.e., the light eva-
porated particle multiplicities, the emission barriers, and
the apparent and initial temperatures, we have fitted the
evaporation spectra by surface Maxwellian-like distribu-
tions in the moving nucleus frame. The procedure fol-
lowed to calculate these parameters for the neutron, pro-
ton, deuteron, triton, and a-particle emission was previ-
ously published.* The light charged-particle spectra have
been fitted by a surface Maxwellian function
(E —B_.)exp[—(E —B.)/T,,,] and the neutron spectra
have been fitted using the expression E'’?exp(—3E/
4T,,,). The parameters E, B, and T,,, represent, re-
spectively, the channel decay energy, the emission bar-
rier, and the apparent temperature. The difference spec-
tra, obtained by subtracting the spectra observed at 550
MeV bombarding energy from those at 655 MeV, have
been fitted by surface Maxwellian functions to determine
the average parameters corresponding to the “quasi-first-
chance” emission spectra. We refer to those tempera-
tures as initial temperatures. For neutrons and tritons,
we also have determined the initial temperatures by us-



42 DYNAMICAL EFFECTS ON THE DE-EXCITATION OF HOT . .. 2129

T T T T T
e  ONi+'PMo -
o ' -
S * % ; —
Sal- T % g

2 T

F L s .
3 -
L 5 _
2= -

| 1 1 1 1

n d t a

p
particle type

FIG. 7. Apparent (open dots) and initial (solid dots) tempera-
tures for the particle evaporation at 293 MeV excitation energy.
The solid line at T =4.62 MeV shows the average initial tem-
perature.

ing, for the average energy of the difference spectrum, the
expression'!
_ My(E,)—M(E,) _

<E‘init ) - - init ?

M,—M,

where M represents the multiplicities and where the sub-
scripts 1 and 2 refer to the low and high excitation ener-
gies. The results are presented in Fig. 7 and in Table 1.
Neutron emission is the dominant decay mode of hot
medium-mass nuclei, reflecting Coulomb barrier effects
for the charged-particle emission. At the higher excita-
tion energy of 293 MeV, the emission of 14.8 neutrons
takes away about 219 MeV excitation energy from the
hot nucleus. This value has been estimated using the
average kinetic energy, the multiplicity, and an average Q
value for the neutron emission.

Light charged particles are emitted preferentially in
the early steps of the de-excitation cascade. Evidence for
this is seen in Fig. 7, where the initial temperature of the

hot nucleus at 293 MeV excitation energy is compared
with the apparent temperatures representing the entire
de-excitation cascade. The increase of the apparent tem-
perature with the type of the emitted particle suggests a
more favorable emission probability at the higher excita-
tion energies for the charged particle. Even though the
decay probability is less favorable for the neutrons at the
higher excitation energies, we derive, within experimental
error, the same initial temperatures for all daughter nu-
clei produced in first-chance emission (all these daughter
nuclei are produced at approximately the same excitation
energy). This provides strong evidence of thermal equi-
librium in the primary nucleus.

When the nucleus is heated to 300 MeV excitation en-
ergy, an evolution of the nuclear properties is observed.
Assuming the validity of the degenerate Fermi-gas mod-
el, the apparent increase of the density of states with the
excitation energy is less than one could have expected
based on low-energy data. We have obtained a value for
the level density parameter a of 11.1+0.6 MeV !
(A/a =13.84£0.7 MeV) for the daughter nucleus at 236
MeV thermal excitation energy (see Ref. 4). At low exci-
tation energy, this parameter is 19+1.5 MeV 11> The
decrease of a was already observed in the a-particle de-
excitation channel in previous experiments.!>!* This
strong variation of the level density parameter can be
reproduced by several theoretical calculations.!®~!7
These works have shown that the temperature variation
of the frequency-dependent effective mass of the nucleon
reduces the parameter a at high excitation energies, but a
complete description of the temperature dependence of
the level density is still needed.

The emission barrier extracted from the evapora-
tion spectra using the simple parametrization
(E —B_)exp[ —(E —B_)/T] changes with the tempera-
ture of the hot nucleus. At 293 MeV excitation energy
and for the integrated a-particle emission spectra (plotted
in Fig. 8), we observe effective emission barriers of 11
MeV for the ‘‘quasi-first-chance” emission spectrum
(middle spectrum) and 13 MeV for the total de-excitation
cascade emission spectrum (bottom spectrum). At 251
MeV excitation energy (top spectrum), the average emis-

TABLE 1. Apparent temperatures, multiplicities and emission Coulomb barriers for light particles

emitted by the hot nuclei.

Ex Tapp _ Bc
(MeV) Particle (MeV) M (MeV)

293 a 4.07+0.10% 0.901+0.200 13.0+0.5
t 3.90+0.30 0.073+0.010 8.0£1.0
d 3.82+0.20 0.190+0.020 6.2+1.0
p 3.58+0.10 1.32+0.20 5.5+0.8
n 2.401£0.100 14.80+0.50

251 a 3.78+0.10% 0.579+0.150 14.0£0.5
t 3.59+0.30 0.058+0.010 8.0+1.0
d 3.48+0.20 0.131+0.020 6.0+1.0
D 3.27+0.10 1.10£0.15 6.5+0.8
n 2.240+0.100 13.74£0.50

2Angular momentum corrected values (see Ref. 4).
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FIG. 8. Energy spectra of a particles at 251 M.V excitation
energy (top spectrum) and 293 MeV (bottom spectrum) in the
moving-source frame. The middle spectrum is obtained by sub-
tracting the top spectrum from the bottom spectrum. The lines
show the single-source fits.

sion barrier is 14 MeV. Similar trends have been ob-
served for the proton emission. A systematic reduction
of the emission barriers at high excitation energies has
been observed by Parker et al.'® Such a reduction might
be due to an increase of static deformations, shape oscil-
lations, or modified density distributions of the hot nu-
cleus.”

The parameters characterizing the hot nucleus can be
compared with statistical model estimates. For this pur-
pose we have used the code CASCADE.?° At 251 MeV ex-
citation energy and for an average inverse level density
parameter (K = A4 /a) K =10 MeV, the predictions for
the evaporation multiplicities are 8.17 neutrons, 3.12 pro-
tons, and 1.73 a particles. These calculations overesti-
mate the light charged-particle emission and underesti-
mate the neutron emission (see Table I). We note, howev-
er, that the calculation predicts an evaporation of 18.2
evaporated mass units which is reasonably consistent
with the experimental mass of the evaporation residue
14512 found at 251 MeV excitation energy (see Fig. 6).

A formal way to reproduce the experimental multipli-
cities is to cut artificially the charged-particle de-
excitation cascade below some excitation energy.?! For
example, with a threshold of 120 MeV for light charged-
particle emission and using an average inverse level densi-
ty parameter of K =11 MeV, reflecting the higher aver-
age excitation energy for the charged-particle emission,
the calculated multiplicities are 0.75 proton and 0.65 a
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particle. The discrepancy between the calculated and the
experimental proton multiplicities indicates a lower emis-
sion threshold for the protons than for the a particles.
Surely these artificial thresholds are too high and must be
taken only as an approximation of a smoother emission
probability distribution. On the other hand, this result is
qualitatively consistent with our previous work?? for the
N +15*Sm reaction. In that reaction we observed a low
probability of a-particle emission in coincidence with
evaporation residues below =100 MeV thermal excita-
tion energy. It appears that statistical models like CAS-
CADE do indeed overestimate the emission of light
charged particle below ~100 MeV for medium-mass nu-
clei.?® This effect might originate from angular momen-
tum effects which are not handled correctly in these sta-
tistical model calculations. We performed different sta-
tistical model calculations to check the results obtained
with CASCADE. Using the code PACE2 (Ref. 23) at 251
MeYV, for instance, we found 7.01 neutrons, 3.06 protons,
and 2.41 «a particles, which are close to the CASCADE pre-
dictions.

As previously pointed out, the apparent temperature
should reflect the dependence of the emission probability
with the excitation energy. Using the sharp threshold for
the onset of charged-particle emission and assuming
a = A /11 at an excitation energy of 251 MeV, we find a
calculated apparent temperature of 3.66 MeV which is
close to the experimental value. We can go a step further
by summing this calculated spectrum with a spectrum
calculated starting at 293 MeV but allowing only two de-
cay steps (with @ = 4 /13.8 MeV ~!). The resultant spec-
trum may be compared to the total de-excitation spec-
trum at an initial excitation energy of 293 MeV excitation
energy. The fit gives an average temperature of 4.06
MeV almost equal to the experimental one. This simula-
tion with the statistical model provides some confidence
in the subtraction technique used to obtain the “quasi-
first-chance” emission spectra* which assumes negligible
differences in the de-excitation cascade for the nuclei pro-
duced at 293 MeV excitation energy and those produced
at 251 MeV excitation energy.

For the a-particle emission in the nuclei considered
here the potential barrier extracted from optical-model
parametrizations is about 18 MeV. This value is
significantly higher than the experimental value. Similar
behavior has been observed many times and interpreted
in terms of static nuclear deformation or a modified den-
sity distribution. In some studies, the static deformation
has been simulated in the calculations by increasing the
radius of the spherical nucleus thus modifying the
optical-model transmission coefficients.”* We have ap-
plied this technique in an attempt to reproduce the
“quasi-first-chance” emission spectra at 293 MeV excita-
tion energy. The transmission coefficients have been gen-
erated using optical-model parameters from Huizenga
and Igo.” In order to evaluate deformation effects, the
‘“‘quasi-first-chance” spectrum provides a better basis
than the spectra resulting from the whole de-excitation
cascade since the complexity of the total decay cascade
requires one to deal with average values which are less
meaningful. In Fig. 9, both the experimental and calcu-
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FIG. 9. Statistical model prediction (solid points) and experi-
mental data (open circles) for the a-particle “quasi-first-chance”
emission spectrum at 293 MeV excitation energy in the
moving-source frame. Solid lines represent a surface evapora-
tion emission (E — B, )exp[ —(E —B,_)/T]. See text.

lated a-particle spectra are shown. The slope of the spec-
trum from the two first decay steps (a = 4 /13.8 MeV 1)
reproduces the experimental initial temperature. The ob-
served Coulomb barrier for the emission (111£0.5 MeV)
requires an increase by a factor of two in the optical-
model radius. For the proton emission the reduced emis-
sion barrier (4.5+1.0 MeV) also requires important
modifications for the optical-model parameters. The
change of the optical-model radius required by the
“quasi-first-chance” a-particle spectra can be slightly at-
tenuated by increasing the value of the diffuseness param-
eter. The correlations between these two parameters
from B,=11 MeV to B, =18 MeV are shown in Fig. 10.
A variation in the diffuseness parameter represents a
change in the density distribution at the surface of the
hot nucleus. Assuming volume conservation, a value of
r/ro=1.5 corresponds to axis ratios of 3.37/1 and 1.83/1
for oblate and prolate shapes, respectively, and a value of
r/ry=2.0 leads to axis ratios of 8/1 and 2.82/1, respec-
tively. Because the statistical model normally assumes
spherical nuclei, the calculations with these reduced bar-
riers lead, as is apparent in Fig. 9, to an overprediction of
the a-particle multiplicity for the ‘“quasi-first-chance”
emission.

The axis ratios suggest that the elongation of the hot
nucleus could be significant for static deformations. For
nuclei 4~160 with an average angular momentum
I ~ 454, the rotating cold liquid-drop model?® has predict-
ed a slight oblate deformation b/a~1.2/1 for the
ground-state configuration. This elongation could not ex-
plain the emission barrier for the “quasi-first-chance”
emission spectra.

8ONi + 9% FIRST STEPS  CASCADE
i
g
© L
10 18\17 16\ 15 14 13 12 M
1.0 1.5 2.0
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FIG. 10. Correlation in the optical-model calculation be-
tween the diffuseness (d) and the radius (7) for different emis-
sion barriers. d, and r, refer to the standard parameters (Ref.
25).

In an attempt to explain the a-particle emission bar-
rier, we might consider the possibility of ‘“superde-
formed” oblate shapes for the rare-earth nuclei since
some calculations?’ have predicted a 2 to 1 major to
minor axis ratio at high spin which is correlated with the
existence of fission isomers. Nevertheless, the shell effects
which give rise to these ‘“‘superdeformed” shapes should
disappear for temperatures higher than 3 MeV (Ref. 28)
and, in addition, these “superdeformed” states take place
only for the highest angular momenta while the *“quasi-
first-chance” emission spectra do not restrict the spin of
the emitting nucleus to these high values. Thus, the
strong reduction of the emission barrier in the “quasi-
first-chance” emission more likely originates from
dynamical deformations. It should be pointed out that
the “quasi-first-chance” emission spectra include only
equilibrium emission. The preequilibrium contribution
has been excluded (see Ref. 4).

B. Emission barriers and dynamical calculations

In order to see whether dynamical effects could play a
role in the ‘quasi-first-chance” emission spectra, the
transport equation of Vlasov-Uehling-Uhlenbeck (VUU)
has been solved for the ®Ni+!®Mo reaction (10.9
MeV/nucleon bombarding energy) in a central collision
(b =0 fm). The dynamics of the collision is predeter-
mined by the time dependent mean field in the Vlasov
term and by the in-medium nucleon-nucleon cross section
in the collision term. The calculations are fully presented
in Ref. 29. A reduced numerical uncertainty of the total
energy allows us to use this model at low bombarding en-
ergies. The time evolution of the density distribution is
described in Fig. 11 up to 500 fm/c (1.65X 10721 5). As
can be seen, the damping of the initial collective energy
along the beam axis (z axis) results in rather important
deformations. Part of the initial energy leads to
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FIG. 11. Time evolution of the density distribution p(z,x,y =0,t) for a central collision of ®Ni+'“Mo at 10.9 MeV/nucleon. The

time is given in units of fm/c.

compression-extension modes (monopole, quadrupole,
etc.). The amplitudes of these collective motions can be
seen in Fig. 12(a) where the time evolution of the radii
along the z axis and x axis are presented. We note that
the relaxation of the collective motions takes a rather
long time. Figure 12(b) shows the evolution of the collec-
tive kinetic energy E_; (which includes the kinetic ener-
gy carried away by the emitted particles) as well as the
evolution of the intrinsic excitation energy E *.

Let us now follow the time evolution of the collision.
The maximum overlap between the projectile and the tar-
get occurs at =100 fm/c (~3X1072? ) which corre-
sponds to a maximum intrinsic excitation energy and
therefore a minimum collective kinetic energy. At that
time, according to the calculations, light particle emis-
sion starts. The energy per unit of time carried away by
these particles peaks near 150 fm/c (the delay represents
approximately the time needed to escape the system) as
can be seen from Fig. 13. This emission during the first
step of the collision should correspond to a preequilibri-
um emission. The integrated energy taken away by this
peak reaches 60 MeV (Fig. 13) which is comparable to
the preequilibrium energy estimated from the evaporated
residue data (44 MeV). After t~150 fm/c, evaporation
emission takes place, cooling down the hot nucleus. At

this stage, however, the hot nucleus still evolves with
different relaxation times for the collective degrees of
freedom and the emission of light particles. At 175 fm/c,
the total collective energy is about 150 MeV (£50 MeV)
which corresponds to a value of ~80 MeV for the kinetic
energy of the collective oscillations. We note that at 175
fm/c the preequilibrium emission phase is ended. Since
this time is in reasonable agreement with the estimated
particle evaporation lifetimes shown in Fig. 1, we focus
on 175 fm/c as a time to estimate the effects of the collec-
tive motion on the particle emission. The hot nucleus is
now strongly deformed in the z-axis direction, with a
1.6/1 axis ratio.

Using the density distribution of the hot nucleus calcu-
lated with the VUU equation and following the optical-
model procedure, an estimation of the emission barriers
for an a particle has been done at 175 fm/c. Figure 14
shows the nuclear potential resulting along the z axis and
x axis, respectively, and the corresponding values for the
transmission coefficients. The VUU potential has been
fitted with a standard Woods-Saxon (WS) potential used
in statistical model calculations. Some discrepancies ap-
pear at the surface of the hot nucleus resulting from sta-
tistical fluctuations in the test-particle method used in the
calculations. Based on the VUU density distribution, the
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value of the emission barriers are 11.8 MeV along the z
axis and 18.5 MeV along the x axis. The higher emission
barriers obtained with the WS potential, 13.5 and 18.0
MeV, respectively, emphasize the role of the density dis-
tribution at the surface of the deformed nucleus. We
note that the emission barriers along the z axis deduced
from the VUU calculations are consistent with our exper-
imental value deduced from the <‘“quasi-first-chance”
emission spectra (11.0+0.5 MeV). Nevertheless, wheth-
er a particles could be emitted predominantly from the
surface where the emission barrier is the lowest is an
open question. One might expect a weighted average
emission barrier for the deformed nucleus between 11.8
and 18.5 MeV. In such a case, our lower experimental
emission barrier could indicate that the calculations have
underestimated the amplitude of the collective motion.
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FIG. 12. (a) Time evolution of the radii along the z axis and x
axis. See text. (b) Time evolution of the total energy for the sys-
tem. See text.
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FIG. 13. Differential and integrated kinetic energy of the em-
itted particles versus the time according to the VUU calculation
for ®Ni+'®Mo at 10.9 MeV/nucleon.

The magnitude of these oscillations is determined mainly
by the incompressibility modulus associated with the
effective interaction.

Because of the statistical fluctuations included in the
VUU calculations, a different approach could be used to
estimate the emission barrier for the a particle at 175
fm/c. This approach consists of taking the VUU calcula-
tions to get the deformation of the hot nucleus and of us-
ing the Hartree-Fock description to calculate its
diffuseness. This model predicts a small thermal expan-
sion of the nuclear matter at high temperatures due to
variations of the density distribution at the surface. Us-
ing the Skyrme effective interaction SIII, Saurer et al.*
have deduced that the density diffuseness increases with
the temperature T as d(T)=d,(1+9X107°T?). By as-
suming that the increase of the rms radii with the tem-
perature is mainly due to this variation in the diffuseness,
we reproduced the results of Bonche et al.’! for the SIII
effective interaction. With the SKM effective interaction
associated with a stronger variation of the radii with the
temperature, we deduced the following expression for the
temperature dependence of the diffuseness:

d(T)=d,(1+14X107°T?) .

A similar variation for the diffuseness in the nuclear po-
tential has been considered. For temperatures near 5
MeV, the diffuseness could increase by a factor of 1.35.
Thus an average deformation of r/ry=1.5 along the
beam axis due to compression-extension modes and a
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FIG. 14. Nuclear potentials and transmission coefficients for
the a particle emitted along the || and L axes at t =175 fm/c.
See text.

diffuseness parameter of d /d,=1.35 due to thermal ex-
pansion would lead, for instance, to an emission barrier
of ~12.8 MeV (Fig. 10), which can be compared with
our experimental emission barrier of 11 MeV.

In addition to the effect on the emission barrier, the
compression-extension modes will affect the extracted
value of the level density parameter a for the hot nucleus.
Correcting our excitation energies by subtracting the cal-
culated collective kinetic energy at 175 fm/c, the ap-
parent level density parameter could drop from A4 /13.8
to approximately A /20. This last value, which is low
with respect to theoretical predictions,> might suggest
that the calculation overestimates the collective energy or
that the energy of the collective oscillations induces an
energy enhancement in the spectra of the emitted parti-
cles.

We conclude from these calculations that the damping
of the collective motions can modify the shape of the hot
nucleus for a rather long time with respect to the lifetime
of the hot nucleus. Compression-extension modes could
reduce significantly the emission barriers for the charged
particles.
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IV. FISSIONLIKE EVENTS

A. Data and statistical model predictions

In order to investigate the emission of light particles in
the fissionlike channel, we detected fragments at labora-
tory angles of +18°. In Fig. 15 we show the fragment en-
ergy distribution at the lower bombarding energy. One
can see fragments corresponding to quasielastic, deeply
inelastic, and fissionlike reactions. Symmetric fission was
selected by setting an energy bin indicated by the dashed
lines. The observed energy is consistent with that expect-
ed from systematics.*?

A comparison of particle spectra detected in coin-
cidence with fission fragments detected on each side of
the beam allows separation of the components of the light
particle emission originating from pre-scission and post-
scission emission. For example, the spectra of a particles
in coincidence with symmetric fission fragments are
shown in Figs. 16 and 17 for the two excitation energies.
The laboratory angles and the triggers are indicated in
the figures. The Maxwellian-like surface emission fits
(E —B_)exp[ —(E —B.)/T,,,] used to extract the tem-
peratures, multiplicities, and emission Coulomb barriers
are superimposed on the histograms. The dotted and
dashed lines represent the contributions from the com-
posite nucleus emission (pre-scission) and fully accelerat-
ed fragment emission (post-scission), respectively. The
solid lines show the sum spectra of the particles from
three emission sources. The velocity of the composite nu-
cleus source has been taken from the evaporation residue
results. The direction and velocity of the undetected
fragment source have been determined from two-body ki-
nematics and total kinetic energy systematics. Each fit
has a single normalization for all the data. For the a-
particle emission, we took recoil effects into account.
The spectra of protons triggered by the fission detector
set at = —18° are shown in Fig. 18 for the two excita-
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FIG. 15. Energy spectrum for heavy fragments detected at
6=18 for the lower bombarding energy. The dashed lines indi-
cate the symmetric fission contribution.
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tion energies. In the deuteron and triton cases, the statis-
tics were too poor to extract meaningful fits.

Some deviations between the experimental light parti-
cle spectra and those obtained with the three-moving-
source simulation have been observed at the most for-
ward angle (6=30°) at both bombarding energies. A
surplus of high-energy particles, present in the a particle
and proton spectra, is ascribed to a nonequilibrium emis-
sion already observed in the evaporation residue channel.
A more important surplus at low energy, observed only
in the a-particle spectra and for the trigger set at
6= —18° is attributed to a near-scission emission. As
can be seen in Fig. 19, the two different kinematics
(£18°) indicate clearly that this a-particle surplus origi-
nates from the neck region between the two fragments
emitted predominantly perpendicular to the scission axis.
This emission near the instant of scission is well known
for low- and high-energy fission** 3¢ and can result from
a ternary fission process’’ or evaporation from the par-
tially accelerated fragments just after scission. We ob-
serve a mean energy in the center of mass of about 8.5
MeV for this emission, consistent with the Coulomb
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FIG. 16. Coincident a-particle spectra at 251 MeV excitation
energy for different laboratory detection angles. The fragment
trigger angles are indicated. Lines represent moving-source fits.
The solid curves correspond to the sum of the composite nu-
cleus emission (dashed line) and the fragment emission (dotted
line).
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16.
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FIG. 19. Spectra of a particles detected at 6=30° for the
higher bombarding energy. Same notation as in Fig. 16.

focusing from the adjacent fragments assuming low ini-
tial kinetic energy for an emitted a particle.’® It should
be emphasized that our pre-scission source includes
presaddle and saddle-to-scission emission® but that the
observed near-scission emission may occur during the
descent from the saddle-to-scission point. Near-scission
emission for protons has not been observed in the spectra.
This may result from lower emission Coulomb barriers
which reduce the anisotropy of the emission and the ener-
gy of the emitted protons.

We have determined pre-scission and post-scission
multiplicities for the light particle emission assuming an
isotropic out-of-plane distribution. Thus these calcula-
tions represent upper limits for the a-particle multiplici-
ties. These are shown in Fig. 20, plotted versus the exci-
tation energy per nucleon in the hot nucleus. Our data
are compared with those obtained by Lindl et al.?¢ for
slightly different reactions and at lower bombarding ener-
gies. For the three reactions, the fission proceeds with
comparable fission barrier heights.

At low excitation energy, the pre-scission and post-
scission multiplicities follow the same trend, increasing
with the excitation energy of the nucleus. Above approx-
imately 1 MeV/nucleon excitation energy, the post-
scission multiplicity remains constant. The increased ex-
citation energy is taken away before the composite nu-
cleus reaches the scission point. As a result, the fission
process remains a relatively cold process. Recent studies
of Hilscher et al.*’ show also this result in neutron emis-
sion measurements.

Some neutron spectra measured at 6=45° in coin-
cidence with the fission fragments are shown in Fig. 21.
The identification of the pre-scission and the post-scission
emission has been done as in the charged-particle cases
using the two triggers set on each side of the beam. Since
the neutron multiplicities are large, implying a relatively
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FIG. 20. Multiplicities of a particles for pre-scission and
post-scission emission as a function of the excitation energy per
nucleon in the compound nucleus. The present data are com-
pared with data for lower bombarding energies (Ref. 36).
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FIG. 21. Neutron laboratory spectra (6=45°) in coincidence
with fission fragments detected at §=+18° for the two bom-
barding energies. Same notation as in Fig. 16.
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long emission cascade, we have used the function
E'?exp(—3E /4T,,,) to fit the neutron data. The same
formulation was previously used in the evaporation resi-
due channel.* Because of the suppression of the Coulomb
field, it was not possible to distinguish the near-scission
emission. Further, since the neutron spectra do not con-
tain Coulomb barrier effects, the relative contribution of
the pre-scission and post-scission has been obtained with
slightly larger uncertainties than in the charged-particle
cases.

At 550 MeV bombarding energy, we have found
post-scission  multiplicities per fission fragment
of M,=18(£0.5), M,=0.21(£0.05), and M,
=0.081(+0.02) for neutron, proton, and a-particle emis-
sion, respectively. At 655 MeV bombarding energy, the
measured post-scission multiplicities are M, =2.3(+0.5),
M,=0.22(£0.05), and M,=0.080(+0.02). Although
for neutrons, the error bars are larger, the multiplicities
all show, within experimental error, a saturation with
bombarding energy. The comparison of these values to
calculated ones provides information about the excitation
energy of the fission fragments. Using CASCADE and tak-
ing the primary fragment to be a nucleus with 4 =75 at
45 MeV excitation energy and / =~ 104, we find calculated
multiplicities of 2.0, 0.28, and 0.075 for the neutron, pro-
ton, and a-particle multiplicities. These reproduce the
magnitude of the relative multiplicities between the
different particle emissions. We conclude that at each ex-
citation energy, the fission fragments share about =90
MeV of excitation energy.

The pre-scission multiplicities measured at the two
bombarding energies are listed in Table II. The con-
sistency of these results can be checked by calculating the
energy balance in the fission process. At 251 MeV excita-
tion energy, for example, from the apparent tempera-
tures, emission barriers, and the multiplicities and calcu-
lating the Q values assuming a sequential emission of a
particles, protons, and neutrons, respectively, it turns out
that the pre-scission emission cools the hot nucleus down
to ~140 MeV. We have deduced ~90 MeV for the total
excitation energy of the fragments. The missing energy
corresponds to the difference between the fission Q value
and the fragment total kinetic energy (TKE)
(Q —TKE=—30 MeV) and energy not accounted for by
particle emission.

Comparisons of the experimental multiplicities with
the statistical codes PACE (Ref. 23) and CASCADE have
been done. The fission barrier heights were calculated us-
ing the Yukawa-plus-exponential finite-range model.*!
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Based on the energy balance of the fission process, the
CASCADE calculations have been made using a cutoff at
140 MeV excitation energy. The experimental and calcu-
lated multiplicities are contained in Table II. One of the
important features as previously observed*** is that
none of PACE2 and CASCADE predictions can reproduce
the large number of neutrons, protons, and a particles
emitted before scission providing strong evidence for
dynamical effects in the fission process.

Our total multiplicities for neutrons and a particles are
shown together with other data for medium-mass nuclei
in Fig. 22. We observe a change of the rate of increase of
the neutron multiplicity with excitation energy which
corresponds to the start of a-particle emission. The a-
particle emission is small below 100 MeV because of the
emission Coulomb barriers. The same threshold was de-
duced for the evaporation residue channel using statisti-
cal calculations.

B. Pre-scission multiplicities and dynamical calculations

Over the past decade, several groups*?*® have accumu-
lated neutron data and demonstrated that the standard
statistical model calculations cannot reproduce experi-
mental pre-scission multiplicities, even at excitation ener-
gies below 100 MeV.* This enhancement of neutron
emission before the scission point has been treated either
as an increase of the nuclear viscosity which increases the
saddle-to-scission time scale** or as a longer transition
time to reach the saddle-point deformation.*® As pointed
out by Hilscher et al.,*” at high excitation energies the
time needed to cool the hot nucleus by particle evapora-
tion can be comparable to or shorter than the time need-
ed to fission. The starting point of these models is to take
into account the relaxation times of the collective nuclear
degrees of freedom to allow more neutron emission before
the scission. They assume that all degrees of freedom for
the hot nucleus are equilibrated except the deformation.
The dynamical ingredients are then introduced by the
dissipative coupling of the fission degree of freedom and
the thermal excitation energy (nuclear friction constant,
nuclear viscosity).

Our results have been compared with dynamic calcula-
tions of Delagrange et al.*® where the fission process is
described with a diffusion equation involving the elonga-
tion degree of freedom. A generalized form of a Fokker-
Planck equation is used to follow the time evolution of
the hot nucleus. This formalism takes account of the
change of temperatures during the evaporation and also

TABLE II. Comparisons of the experimental pre-scission multiplicities with the statistical codes PACE2 and CASCADE and with

dynamical calculations.

E, =251 MeV E . =293 MeV
Particle n )4 a n p a
Data 6.1+1.5 0.51+0.07 0.48+0.07 8.5t1.6 0.70£0.08 0.75+0.08
PACE2 1.6 0.33 0.25 1.90 0.37 0.30
CASCADE 1.4 0.35 0.31 1.8 0.40 0.45
Dynamical
calculations 7.9 29 0.70 8.8 3.6 0.86
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FIG. 22. Total neutron and a-particle multiplicities for
fission versus the excitation energy per nucleon. Data of Holub
et al. (Ref. 43), Gavron et al., (Ref. 42) and Lindl et al. (Ref.
36) are also plotted. The lines are guide lines.

has the advantage of including the charged-particle emis-
sion in competition with neutron evaporation and fission.
The model is fully described in Ref. 48. The calculations
have been further improved by using a more realistic
description of the dependence of the fission barrier with
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the temperature.* The calculated multiplicities are con-
tained in Table II. In Fig. 23 we present our pre-scission
neutron multiplicities versus the excitation energies to-
gether with previous results of Gavron et al.*? and Hinde
et al.®® performed at lower bombarding energies. The
dot-dashed line represents the dynamical calculations for
the composite system !°Yb. The parameters associated
with '°Yb and decay daughter nuclei in the de-excitation
cascade were used for the '"®!5°Er de-excitation cascade.
Within experimental uncertainties, the dynamical calcu-
lations agree with the pre-scission neutron multiplicities
over a wide range of excitation energy. For the a-particle
case, the calculations give 0.70 and 0.86 at 251 and 293
MeV excitation energies, respectively, which may be
compared with our experimental multiplicities 0.48+0.07
and 0.7510.08. The calculations overpredict the proton
multiplicities, giving values of 2.9 and 3.6 for the two en-
ergies, respectively, while the measurements give multi-
plicities of 0.51%0.07 and 0.70£0.08. This discrepancy
may arise from an oversimplified treatment of the
transmission coefficients and of the angular momentum
effects.

We note, as pointed out by Delagrange et al., that this
model should be considered as a first step in the descrip-
tion of heavy-ion collisions. The elongation degree of
freedom introduced in the formalism does not account,
for instance, for oscillations or vibrations of the nuclear
shape. Nevertheless, the viscosity coefficient associated
with the motion of the collective variable should simulate
the fact that dissipative phenomena take place. In Sec.
IITB we have investigated microscopic approaches for
the central collision by solving the VUU equation. The
damping of the compression-extension modes in these
calculations is dominated by the mean-field effect includ-
ing some two-body collision corrections. As long as the
mean field is dominant, this one-body dissipation could
be simulated by introducing viscosity coefficients in mac-
roscopic equations. In a paper of Westmeier and Ester-
lund,”! a phenomenological model has reproduced pre-
scission data by introducing the effect of nuclear vibra-
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FIG. 23. Multiplicities of pre-scission neutrons versus the excitation energy of the compound nucleus. Our data ( X ) are com-
pared with those of Gavron et al. (Ref. 42) (O) and Hinde et al. (Ref. 50) (®). The dot-dashed line represents dynamical calcula-
tions. See text.
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tions. One important feature of this model is that the
pre-scission multiplicity is assumed to be inversely pro-
portional to the frequency of nuclear B-quadrupole vibra-
tion.

Even though the VUU calculations do not include the
fission barriers, this model gives results at higher impact
parameters which might be compared with our fissionlike
data. For instance, we performed calculations at 10.9
MeV bombarding energy for peripheral collisions (b =8
fm, / ~180%) corresponding to a fast-fission process or a
fully damped deep-inelastic process. For this impact pa-
rameter, the VUU calculations predict that the composite
system has emitted 12.0 particles before splitting into two
fragments at 500 fm/c (1.65X 107 2! 5). Our data gave
~9 particles (neutrons-+ protons, see Table II) for the
pre-scission multiplicity at this bombarding energy.
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V. COMPARISON OF LIGHT PARTICLE
EMISSION IN COINCIDENCE WITH
EVAPORATION RESIDUES AND
FISSIONLIKE FRAGMENTS

In order to further characterize the hot nucleus, we
may compare the particle emission produced in the eva-
poration residue channel and in the fissionlike channel.
These two de-excitation processes of the hot nucleus are
characterized by different average angular momenta. By
selecting different spins, we may select different equili-
brated shapes for the hot nuclei. The liquid-drop models
have shown that the deformation of the nucleus increases
with its spin due to the centrifugal effects. The compar-
isons of the apparent temperatures, emission Coulomb
barriers, and multiplicities at the two bombarding ener-
gies are summarized in Fig. 24. The energy balance dia-
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FIG. 24. Particle multiplicities, temperatures, and barriers for particles observed in fusion-evaporation and fusion-fission channels.
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discussion.
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grams are presented. The hatched regions represent the
unaccounted for energy, i.e., y-ray energy and the value
(Q —TKE) in the fission channel.

For rapidly rotating nuclei the mean energy of the light
particle spectrum is expected to be increased. This ener-
gy enhancement, which has been termed spin-off ener-
gy,>? depends on the moment of inertia of the nucleus, its
temperature, its spin, and the mass of the emitted parti-
cle. This spin-off energy modifies the slope and therefore
the apparent temperatures of the spectrum. Ajitanand
et al.>® have described a method to estimate this effect.
In the fusion-evaporation channel, the effect on the ob-
served temperatures is negligible for the proton and neu-
tron emission. For the a-particle emission, the increase
of the observed slope reaches only a few percent. For the
fusion fission, the spin-off effect does not exceed the mag-
nitude of the error bars for the proton and neutron emis-
sion. In contrast and as expected, a-particle data are
more sensitive to the spin of the emitter nucleus. As
shown in the histogram, we observed a difference between
the apparent temperatures for a particles measured in
coincidence with evaporation residues and fission frag-
ments of 0.95+0.22 MeV and 1.07+0.22 MeV at 251
and 293 MeV excitation energies, respectively. If we as-
sume 1407 for the average spin of the emitter and an axis
ratio of 1.5/1 comparable to those observed in the VUU
calculations, the calculation gives 0.91 MeV for the spin-
off energy. This is in agreement with the data, and indi-
cates that the intrinsic temperatures are the same for «
emission in the two reaction channels. Note, however,
that the calculation was done assuming high average spin
which indicates a large contribution of the fast-fission
process whose cross section we have not measured. The
deformation suggests that the a-particle prefission emis-
sion occurs early in the compound nucleus de-excitation
well before the saddle-to-scission transition. The obser-
vation of the same apparent temperatures (corrected by
the spin-off effect) and multiplicities (within experimental
errors) for fission and evaporation residue for the a parti-
cles supports our previous conclusion that the emission
probability of a particles occurs early in the cascade and
is small below ~ 100 MeV excitation energies. For pro-
tons the temperatures are similar but the multiplicity ob-
served with evaporation residues is larger than that ob-
served in coincidence with fission. This indicates emis-
sion earlier in the cascade but over a larger excitation en-
ergy range for protons than for a particles. As can be
seen in the histogram, we found the same emission bar-
riers for a particles in both channels. This fact again in-
dicates that the emission of the a particle occurs at the
beginning of the de-excitation process where the shape of
the nucleus which eventually fissions is close to the shape
of the nucleus which does not. In the proton case, we ob-
served the same behavior.

For the neutron emission we find only a slightly higher
apparent temperature in the fission channel, which is
more surprising and puzzling. This trend was also ob-
served in previous works.*> To estimate the temperature
expected for the pre-scission emission, we have generated
a total neutron spectrum by summing spectra over the
neutron cascade. At each step, the variation of the level
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density parameter a has been taken into account. The
relative contribution to the total spectrum has been cal-
culated based on our multiplicities and on results of Refs.
42, 43, and 50. We found an average temperature of 2.6
MeV for the whole cascade at 293 MeV excitation ener-
gy. By generating the spectrum of the neutron cascade at
excitation energies above 140 MeV, we found an average
temperature of 3.9 MeV. Figure 24 shows that the re-
sults for the neutron temperatures are not consistent with
this simulation. This behavior might reflect a different
level density parameter a in fusion fission and fusion eva-
poration. The ratio of the parameter a between the
saddle-point shape and spherical shape of the nucleus can
be estimated following the treatment of the level density
by Toke and Swiatecki® using a diffuse surface region for
the Fermi-gas model. Nevertheless, even by taking
strong deformed saddle-point shape (touching spheres),
the change of a appears to be too small to explain the
change in the neutron pre-scission temperatures.

Finally, we note the consistency of the total multiplici-
ty for the light particle emission in the evaporation resi-
due channel with the experimental masses of the evapora-
tion residues (Fig. 6) which emphasizes the absence of
any significant fragment emission.

VI. SUMMARY

In this paper, we have presented data on the emission
of neutrons and charged particles observed in coincidence
with fission fragments and evaporation residues produced
in the reaction ®Ni+!®Mo. The compound nucleus has
been formed at 251 and 293 MeV excitation energies.

An analysis of the particle spectra for the evaporation
residue channel shows the same initial temperatures for
each kind of evaporated particle providing strong evi-
dence for statistical equilibrium in the hot nucleus. The
level density parameter a reaches a value of A /13.8
MeV ™!, confirming the decrease of this parameter at
high excitation energies. The apparent temperatures and
multiplicities resulting from the de-excitation cascade
reflect a preferential emission for the charged particle
during the first steps of the decay chain corresponding to
an emission threshold near ~100 MeV excitation energy.

In the fission channel, a saturation of the post-scission
emission with increasing excitation energy appears be-
tween 130 and 160 MeV excitation energy. An energy
balance estimated by the multiplicities and the average
kinetic energies removed during the particle evaporation
indicate that the scission occurs close to 140 MeV excita-
tion energy. The data also suggest that the pre-scission
a-particle emission occurs during the first steps of the
de-excitation cascade. For the a-particle energy spectra,
angular momentum effects have been observed (and
corrected) by comparing the apparent temperatures ex-
tracted in the fission channel with those extracted in the
evaporation residue channel.

Statistical calculations are not able to describe the
overall set of experimental data. Including an ad hoc
empirical low-energy emission threshold for the charged-
particle emission gives better agreement with the ap-
parent temperatures and multiplicities in the evaporation
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residue channel. Nevertheless, it is stressed that the role
of dynamical effects like compression-extension modes in
the “‘quasi-first-chance” emission spectra cannot be simu-
lated by adjusting the standard parameters in these sta-
tistical models. Microscopic calculations (VUU) have
shown how the damping time of collective motions could
be longer than the lifetime of the hot nucleus for excita-
tion energies near 2 MeV/nucleon. The enhancement of
prefission multiplicities has also required dynamical cal-
culations based on the relaxation time for collective vari-
ables. Reasonable agreement between experimental data
and this model has been found but discrepancies in the
charged-particle multiplicities indicate that even more so-
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phisticated models are required for the de-excitation of
hot nuclei.
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