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The light charged particle emission following the fusion of ' S with "Al at 100—150 MeV bom-

barding energies in 10 MeV steps has been studied. Energy spectra and angular distributions ofp, d,
t, and alpha particles as well as light-particle —light-particle coincidences have been measured. The
light charged particle data and the published evaporation residue distributions are compared with

statistical model calculations. The comparison shows that the statistical model describes well the
experimental observables if account is taken of changes in the level density and barrier apparently
due to the onset of deformations at high spins. The spectra of a particles emitted from narrow win-

dows of angular momentum with 28k &J,„,(34k have been obtained by means of a subtraction pro-
cedure and analyzed to extract emission barriers and level density enhancement factors. The de-

duced barrier lowering with respect to the spherical barrier is somewhat greater than that predicted
by assuming rotating liquid drop model {RLDM) shapes. The level density enhancement factor is
comparable with that determined in the past for statistically deformed nuclei.

I. INTRODUCTION

Compound nucleus formation and decay has been stud-
ied for a long time both from the theoretical and the ex-
perimental point of view. Statistical theories describe the
decay of the fully equilibrated compound nucleus and the
competition among the open decay channels. Model cal-
culations based on statistical theories are today a com-
mon and powerful tool to evaluate cross sections and
branching ratios for light-particle induced nuclear reac-
tions. '

With heavy-ion beams, compound nuclei may be pro-
duced with high excitation energies and angular momen-
ta far from those populated using light projectiles; at
high excitation energy, the meltdown of the nuclear
structure is predicted. High excitation energy implies
that the nucleus deexcites by emitting several particles
and gamma rays so that the decay pattern involves a
number of different paths.

High spins are expected to favor the emission of com-
plex clusters which are more effective than nucleons in
removing the angular momentum. This effect contributes
to further complicate the decay cascade. The popula-
tion of high spin states may induce angular momentum
driven dynamical deformations of the hot nucleus which
will introduce additional deviations from low-energy
light-ion-induced reactions.

Statistical theory appears, in general, to fit the data of
heavy-ion induced reactions when the basic formalism of
the model is applied at each decay step and summed over
all the decay products. The basic formalism normally
includes the relevant structure information available for
nuclei near stability in the form of optical model (OM)
transmission coefficients and of level densities based on
light-particle-induced reaction studies. Models like the
rotating liquid drop model (RLDM) are used to predict

the spin dependence of the deformation and the Fermi-
gas model (FGM) is used to evaluate the level density at
high excitation energy.

Several questions have been raised about the use of in-
gredients, derived for cold nuclei at low spin, for nuclei
produced in heavy-ion-induced reactions, and efforts
have been made to develop more refined calculations.
Despite the progress made in the field, the situation is to-
day not completely clear; for example, the majority of the
statistical model computer codes in use evaluate the yrast
line from the RLDM, so that the nucleus is supposed to
be dynamically deformed at high spin. The level density
built on the RLDM yrast line is that of a spherical nu-
cleus at low as well as at high angular momentum al-
though differences in level density between spherical and
deformed nuclei are well known in the case of statically
deformed nuclei, ' a similar contradiction appears in the
case of transmission coefficients. Calculations of Tt for
deformed nuclei have been developed and the effect of
this parameter on the evaporation calculation has been
studied in detail. '

In this work we studied evaporation from the Cu
compound nucleus populated by the S+ Al reaction at
moderate excitation energies (E*=60—80 MeV) and at
spin values for which sizable deformations are predicted.
This particular reaction was selected because previous
work provided evidence for a strong influence of defor-
mation on the particle spectra, " the present data include
light particle (p, d, t, a) energy spectra and angular distri-
butions as well as light-particle —light-particle correla-
tions. Those data, together with the published evapora-
tion residue distributions, ' ' are compared with detailed
evaporation calculations.

One goal of this work was a global test of the statistical
model calculations and of their basic ingredients such as
level densities and transmission coefficients in this range
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of masses, spins, and excitation energies. A second goal
was to look for deformation effects. A brief report on
this work was previously published. '

dynamical conditions to the 190 MeV Ar experiment
and we expect the contamination be as low as in that
case.

II. EXPERIMENTAL METHODS

TABLE I. Fusion of ' S on Al studied in this work.

Eb-

(MeV)

100
110
120
130
140
150

E,—target2

(MeV)

98.7
106.2
118.8
126.4
138.8
146.6

(Mev)

58.6
62.1

67.8
71.3
77.0
80.6

Ofus

(mbarn)'

760
860
930
950

1030
1040

Jmax

(S)b

27
30
33
34
38
39

'From Ref. 15.
Calculated from the fusion cross section.

The experiments were performed at the XTU Tandem
of the Laboratori Nazionali di Legnaro. The beam of S
at incident energies from 100 MeV to 150 MeV in 10
MeV step was used to bombard the targets of 170 and
500 pg/cm of Al. The corresponding excitation ener-
gies and spin regions populated in the compound nucleus

Cu are shown in the Table I.
Light particles p, d, t, He, and a were detected with

four three-member silicon telescopes (KEI ——17—32 pm,
b,Ez ——150—400 pm, E,« ——2000—5000 pm) having aper-
ture angles of 2', initially placed at 30', 60', 120', and 150'
with respect to the beam. During the experiment the
detectors were shifted in the horizontal plane by
b,8=+7.5' and + 15' and data were taken at the new an-
gles.

The telescopes were calibrated relative to the 5.486
MeV a particle of 'Am. The stability of electronics and
the dead time of the acquisition system were monitored
during the measurements by precision pulsers. Relative
normalizations of cross sections were obtained using an
ionization chamber with an acceptance angle 68=2.5' at
8),b ——8' as a monitor.

In a second experiment the coincidences between light
particles a-a, p-a, and p-p were observed with two lE-E
telescopes (DE=50 ium, E„,=2000 pm) placed at
Hi,b

——+60' in the horizontal plane. They were about 9
cm from the target and had 68=4' aperture angles.

Absolute cross sections at all beam energies were de-
rived in both experiments by calibrating the Faraday Cup
using the Rutherford scattering from a gold target. Data
were recorded event by event on magnetic tape and then
analyzed to extract energy spectra of light particles p, d,
t, He, and a.

The possibility exists that the singles spectra might be
contaminated by light particles emitted from projectile-
like and target-like fragments. For the similar reaction

Ar+ Al this contamination has been experimentally
determined to be —1% at the bombarding energies of
190 MeV and less than 10% at 240 MeV. ' ' In this ex-
periment, the 150 MeV irradiation is quite close in its

III. EVAPORATION CALCULATION

According to the independence hypothesis, the statisti-
cal deexcitation of a compound nucleus may be calculat-
ed using the Hauser-Feshbach formalism subject to con-
servation of mass, charge, energy, and angular momen-
tum, in the case of heavy-ion-induced reactions, these
kinds of calculations require extensive numerical opera-
tions. Only few computer codes have been developed to
follow the step-by-step decay of highly excited and rotat-
ing compound nuclei, the computer code CASCADE (Ref.
18) and its Monte Carlo version CACARIZO, ' which in-
corporates semiclassical angular distributions to describe
the light particle emission, have been used extensively in
this work, the CASCADE calculation derives the initial
spin distribution of the compound nucleus from the
known fusion cross section using a strong-absorption
model and then calculates relative decay widths for n, p,
a, and y-ray emission.

The particle emission probability PJ(v, E) for the eva-
poration of the particle v with energy e and angular
momentum l from the compound nucleus with the angu-
lar momentum J is expressed as the product of the
transmission coefficient T&"(e ) and the level density

pf(Ef, Jf) in the daughter nucleus. The population of
the open channels is followed in the calculation by apply-
ing iteratively the Hauser-Feshbach formalism until the
excitation energy is dissipated by emitted particles and y
rays.

The transmission coefficients T;(e) needed at any de-

cay step are extracted from the inverse process, i.e., the
reaction between the incoming particle v and the
daughter nucleus by means of the optical model. Howev-
er, these reactions have been investigated experimentally
only for target nuclei in their ground states and all pa-
rameters of the OM potentials are for cold nuclei at low
spin.

It is expected that the deformation of the compound
nucleus such as predicted by the RLDM, modifies the
evaporation barrier (and therefore the T&). Classical
sharp cutoff transmission coefficients have been calculat-
ed for deformed nuclei by numerical integration of TI
over the surface of the spheroid predicted by the
RLDM. As discussed in Refs. 9 and 12 TI may also be
modified by increasing the optical potential radius. This
way of lowering the emission barrier has been applied in
studies of Ar+ Al and S+ Al reactions. "'

The second crucial quantity for the statistical model
calculations is the nuclear level density. At low excita-
tion energy the level density is usually determined from
the angular momentum dependent level density formula
for a spherical nucleus given by Lang' with the parame-
trization of a and 6 from Dilg et al. At high excitation
energy the code CASCADE uses the Lang formula with pa-
rameters from the liquid drop model.

The level density formula implies an yrast line defined
by the condition
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Ey J(J+1)R l27+b
The deformability under rotation is taken into account

by assuming

T= tr; „,„,(1+DEFx J +DEFS )(J ) .

Because of the connection between the yrast line and
the level density one may change the latter by changing
the deformability parameters DEF and DEI'S. This in
turn implies a change in calculated relative decay proba-
bilities, and in the shape of light particle spectra.

In this work CASCADE and CACARIZO calculations
have been performed with the two sets of input parame-
ters listed in Table II. The first is the set used by
Puhlhofer et al. ' to calculate the evaporation residue
distribution at 160 MeV in the reaction S+ Al (this set
is very close to the default options contained in CAS-

CADE). The second was obtained by Choudhury et al. "
by fitting the alpha particle spectra observed in the 214
MeV reaction and contains empirically adjusted parame-
ters.

It has been verified that several small differences in the
input parameters (IFACT, AFACT, and EHE in Table II)
produce only slight differences in the calculated quanti-
ties. The most crucial factors in the model calculations
are the definition of the yrast line and the optical model
radii.

Set 1 assumes the yrast line as given by the RLDM
with a small deformability parameter, producing a line

close to the recent predictions of Mustafa and Sierk.
Set 2 uses larger values of DEF and DEFS and the corre-
sponding yrast line lies below the Mustafa and Sierk pre-
dictions above J&27fi. Those two yrast lines are shown
in Fig. 1.

As discussed in Ref. 17 it appears that the lowering of
the yrast line, required to reproduce the light particle
spectra, is an artificial way of increasing the level density
at the higher spin values. This effect will be discussed in
the next section.

Both data sets have been used with transmission
coefficients calculated with a reduced emission barrier.
The corresponding multiplicative factor for the potential
radius was RFACT=1.10 in Ref. 12 and RFACT= 1.5 in
Ref. 11. In this work all calculations labeled "set 1"have
been performed with RFACT=1.10, those labeled "set
2" have employed RFACT=1.0—1.3 depending on the
bombarding energy. Here the RFACT value was chosen
to reproduce the low-energy part of the evaporative spec-
tra.

For sake of comparison, results from the FAcE2 (Ref.
27) code are also shown in Sec. III A to verify the relative
independence of the findings from the specific program.

A. Proton and alpha particle singles

The energy spectra of the light particles emitted in the
decay of an equilibrated compound nucleus have often
been used to probe the nuclear structure of excited nuclei.

TABLE II. Parameters for the evaporation calculations using CASCADE and CACARIZO.

Angular momentum distribution in the compound nucleus

(1) J,„derived from O.f„, (Table I)
(2) Diffuseness 6=3.5%

Optical potential for emitted particles

(1) Neutrons, %'ilmore, and Hodgson (Ref. 21)
(2) Protons, Percy (Ref. 22)
(3) a particles, Huizenga and Igo (Ref. 23)
(4) Radius parameter multiplication factor RFACT: set 1: RFACT=1.10; set 2: RFACT=1.00—1.25

Level density parameters at low excitation (E (10 MeV)

(1) Fermi-gas level density formula (Ref. 19) with empirical parameters from Dilg (Ref. 20)
(2) Effective moment of inertia 'T=IFACT)& 'T„;g;d: set 1: IFACT=0.95; set 2: IFACT=1.00

Level density parameters at high excitation (E*)EHE MeV) set 1: EHE ——15 MeV; set 2: EHE ——20 MeV)

(1) Fermi-gas level density formula (Ref. 19) with parameters from liquid drop model (Ref. 24).
(2) Level density parameter aL&M

——3/AFACT MeV ': set 1: AFACT=8. 5; set 2: AFACT=8. 0

Yrast line

(1) Moment of inertia for rigid body with radius parameter ro: set 1: ro=1.28; set 2: ro ——1.30
(2) Deformability parameters used to calculate the effective moment of inertia T='T,

ph )&(1+DEF&(J +DEFS&&J ) as
a function of the angular momentum J:

set 1: DEF=10; set 2: DEF=2 3&10
set 1: DEFS=O.O; set 2; DEFS=0.16)&10
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FIG. 1. Yrast plot for ' Cu. Yrast lines are shown following
set 1 (dashed line) and set 2 (solid line) of input data for the sta-
tistical model calculation. The heavy horizontal lines indicate
the angular momentum range and excitation energies associated
with the fusion reaction studied in this work. For details see the
text.

In the case of erst step emission, the spectral shape car-
ries unambiguous information on the emission barrier
and the level density of the residual nucleus. This in-
formation can be related to the shape of the emitter.

In heavy-ion reactions the deexcitation cascade gen-
erally involves several steps and comparison with model
calculations and/or unfolding procedures are needed to
derive from the experimental spectra those quantities re-
lated to the emitting system at the initial excitation ener-

gy and spin.
As evidenced in the work of Choudhury et al. ,

" the
alpha particle spectra from the fusion of 100 MeV

S+ Al are quite well described by statistical model cal-
culation considering the emitting nucleus to be nearly
spherical. This kind of calculation fails to describe the
spectra taken at 214 MeV bombarding energy which in-
volve higher spins in the emitter and apparent strong de-
formation, as described by the RLDM.

This same effect is evident in Fig. 2(a) where a spectra
taken at bombarding energies between 100 and 150 MeV
are compared with the calculation using the parameters
of set 1 which contains, as discussed above, the RLDM
yrast line and transmission coefficients which fit the bar-
rier region at 100 MeV bombarding energy. Increasing
deviations between experimental and calculated spectra
appear as the bombarding energy is raised. The same
effect is not so apparent in the case of proton emission
[Fig. 2(b)]. The agreement between the experimental and
calculated proton spectra is fairly good and appears in-
dependent of the bombarding energy. The excess of ener-
getic particles in the calculation is mainly due to first
chance alphas emitted from the high spin states.

We verified that the failure in describing the a spectra

at energies larger than 100 MeV was independent of the
particular computer program used. Calculations were
performed at all energies with the code PACE2 with defau-
lt parameters which are close to the set 1 input data. In
particular, the yrast line in the PACE2 calculation is very
close to that obtained with our set 1 parameters. PACE2

uses transmission coefficients averaged over the deexcita-
tion cascade. We have made no attempt to adjust that
average to that which would result in the CASCADE calcu-
lation. We show in Fig. 3 a typical comparison between
PACE2 and CASCADE.

As in the previous work, "' an adjusted statistical
model calculation (i.e., using the input set 2) is able to
reproduce the experimental spectra. The input adjust-
ments effective in changing the spectral shape are (1) an
increase of the OM potential radii which results in a
lowering of the average emission barriers, increasing the
yield of low-energy a particles; (2) a spin dependent in-
crease of the level density, obtained by lowering the yrast
line which removes the excess of high-energy a particles.

In Figs. 4 and 5 we compare calculated laboratory
spectra at selected angles for alphas and protons with the
experimental spectra. The ratio of the deformed to
spherical potential radius used in the calculations ranges
from RFACT=1.00 at 100 MeV to RFACT=1.25 at 150
MeV, increasing linearly with the bombarding energy.
The CACARIZO calculation with set 2 input, accounts well
for the shapes of the a spectra. The calculated p spectra
(set 2 input) are in better agreement with the experimen-
tal data than the set 1 calculations, although the agree-
ment is not as good as that observed for a spectra. Even
lower barriers seem to be required. In Fig. 6 the mea-
sured angular distributions are compared with the calcu-
lated ones. We note that the angular distributions of Fig.
6 are for energetic particles, E ) 17 MeV and E & 5
MeV in the COM system, because of the experimental
threshold for the backward angle measurements. The
measured anisotropies increase with increasing bombard-
ing energies from -2 to -5 for alpha and from —1.3 to
-2.3 for protons. These anisotropies are to be compared
with W( 160') / W(90') —1.5 for alpha and W(160') /
W(90') —l. l for protons evaporated from Ni, Co, Cu
compound nuclei in alpha induced reactions. Anisotro-
pies of -2.5 for alpha and —1.5 for protons have been
measured in the case of the Ar+ Al reaction at 190
MeV. ' Only the set 2 calculations are reported in Fig. 6;
set 1 gives very similar results.

The alpha particle angular distributions are repro-
duced reasonably well by the calculations. Deviations
appear at the higher bombarding energies for angles
larger than 160'. More dramatic is the difference between
calculation and experiment in the proton case. The mod-
el calculations produces flat distributions with some small
fluctuations (within 10%%uo). This is not surprising because
the semiclassical approximations are known to work well
for values of the emitter spin J and for the angular
momentum l carried away by the particle such that
J & l & 1. The rather small sensitivity of the proton spec-
tra to the spin dependence of the level density (i.e., to the
lowering of the yrast line) demonstrates that those parti-
cles carry small angular momentum l. The deviations in
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the angular distributions of Fig. 6 might suggest that the
protons need a complete quantum-mechanical treatment.

Figure 7 shows the alpha-to-proton ratio at different
detection angles. As is the case for the shapes of the al-

pha spectra, the difference between the two input sets ap-
pears clearly. Set 1 overestimates the alpha-to-proton ra-
tio mainly because of the excess of first chance alpha par-
ticles. Set 2 is able to reproduce correctly both the spec-
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FIG. 2. Experimental and calculated alpha particle (a) and proton (b) spectra for 100-150 MeV bombarding energies at 0] b=30'.
Calculations are standard statistical model (set 1) using the cAcARIzo code.
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10

TABLE III. Comparison between yields for light-
particle-light-particle correlations (relative to singles) and sta-
tistical model calculations. For details see the text. Eb„——150
MeV; 8~

——82 ——60'; hP = 180'. Reported values are )& 10

Type of correlation Experimental
Calculated

set 1

Calculated
set 2

10 coinc ~sing

~-pcoinc ~ sing

p +coinc ~psing

p pcoinc lapsing

1.7
2.8
1.2
2.0

1.9
1.6
1.1
1.6

1.6
2.2
1.0
1.8

b C. Light-particle-light-particle correlations

I

10 20

1

30 40

E, (MeV)

FIG. 3. Example of comparison between CASCADE (set 1) and
PACE2. Calculated COM alpha particle spectra at 150 MeV
bombarding energy.

tral shapes and relative cross sections of alpha and proton
emission. The reduction of the a emission from the high
spin states in the first decay step propagates in the cas-
cade changing the average paths during the deexcitation.
Looking in detail at the Monte Carlo simulation, we
found that set 2 allows the emission of more nucleons in
the cascade and that the average emission step for a par-
ticles occurs later in the cascade.

B. Evaporation residue distribution

The CASCADE code has been successfully employed in
the past to calculate evaporation residue (ER) distribu-
tions for compound nuclei with A &100.' ' ' '

In the work of Refs. 12 and 13, ER's distribution from
the reaction S+ Al are well reproduced by the CAS-

CADE code. These calculations employed set 1 input tak-
ing into account also the experimentally known levels of
the residual nuclei to define the yrast line and the level
densities at low excitation energy. The ER distribution
doF„/dA was accounted for by the model calculation
with an average deviation in cross section of -20% at
both 130 and 160 MeV bombarding energies. The same
quality of fit is obtained using the input data of set 1

without inclusion of the experimental levels. The results
of this model calculation are reported in Fig. 8.

A comparable reproduction of the experimental distri-
bution is also obtained by using the input data set 2 using
radius multiplication factors of 1.2 and 1.3 for the calcu-
lation at 130 and 160 MeV, respectively. The average de-
viation in cross section is in this case -25%.

While the calculated ER distribution is clearly sensi-
tive to the input parameters, the global comparison be-
tween the experimental and calculated distributions does
not allow a clear choice of parameters to be made.

TABLE IV. Average spin values of the events yielding light-
particle —light-particle correlations in the Monte Carlo statisti-
cal model calculation. The corresponding value for a singles is
reported for comparison. Eb„=150 Me V; 8& ——02 ——60',
AP = 180'.

Type of correlation

p pcoincidences

+ Pcoincidences

+ +coincidences

+singles

Set 1

mean J (R)

18.8
24.6
31.0
24.6

Set 2
mean J (fi)

18.9
25.4
27.6
24.7

It has been suggested that the angular correlations
between light particles emitted in the compound nucleus
decay are sensitive to the angular momentum in the en-
trance channel. In particular, for the reactions
' 0+ Al, ""Ca, and Ni at 50-70 MeV bombarding en-
ergies, the a-a correlation with in-plane geometry
(6/=180') selects mainly events coming from high spin
states, whereas an out-of-plane geometry (b,)=90') has
contributions from all angular momenta.

We have made a comparison between the experimental
spectra for light particle correlations in the S+ Al re-
action and those calculated by the Monte Carlo version
of CASCADE which describes so accurately the single en-

ergy spectra of protons and alpha particles. These Monte
Carlo calculations for two-particle correlations are ex-
tremely time consuming: the calculations reported in the
following involve 10 histories for each data set and need-
ed —100 cpu hours on a 8600 VAX computer.

The comparisons between the experimental data and
the Monte Carlo simulations are reported in Fig. 9 and in
Table III. The statistical model generally describes well
the experimental data for a-a, a-p, and p-p coincidences
showing that this type of calculation reproduces a variety
of observables associated with the decay of the Cu com-
pound nucleus, even that resulting from a well-defined
subset of deexcitation paths in the case of two-particle
correlations. Set 2 appears to provide a somewhat better
description of these correlations.

We have extracted from the Monte Carlo calculation
the average spin of the events populating singles and
coincidence spectra to verify the selectivity of the a-a
correlation. Data are reported in Table IV. At this ener-
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gy the mean angular momentum of the compound nu-
cleus spin distribution is 26k. Set 1 results show also for
the S+ A1 reaction the predicted enhancement of the
spin (mean J is -3lfi) for the states populating the a-a
channel with the in-plane geometry. This spin selection
is less evident in the set 2 calculation (mean J is -28%) as
a consequence of the lower alpha emission from the high
spin states in the erst step of deexcitation. This dumping
produces a lower probability of a-o, events from high spin
reducing the differences in average spin between singles
and coincidences.

D. Deuteron and triton evaporation

The evaporation of deuterons (d) and tritons (r),
though relatively rare at these bombarding energies, may
provide further information on the deexcitation of the
compound nucleus. In the present experiment, the d/p
ratio ranges from 1.5&(10 to 2.7X 10 at 0&,b

——30' for
bombarding energies from 100 to 150 MeV, the t/p ratio
from 1 g 10 to 2.3 X 10

The small cross section is essentially explained by the
higher binding energy Sof d and t in Cu with respect to
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FIG. 4. Experimental and calculated alpha particle spectra for 100—150 MeV bombarding energies at 0&,b
——30' (a), 60' (b), 120 (c),

150' (d). Calculations are standard statistical model (set 2) using the CACARIzO code.
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that of p (S =3.4 MeV, Sd ——13.4 MeV, and S, =17.4
MeV). Considering H isotopes evaporated with the same
kinetic energy, the d and t are sensitive to a level density
in the daughter nucleus —10 MeV lower in excitation en-

ergy than p producing the ratio 10,10 in yield at the
excitation energies involved in this work.

The binding energies of d and t in nuclei populated
after n, p, and a emission from the Cu are, respectively,
1.4 and 3.3 MeV larger on the average than those in the

Cu itself so that the emission of heavy H isotopes in the
second step of the deexcitation is further inhibited.
When d and t emission is included, the model calcula-

tions predict that the probabilities that the observed d
and t are emitted in the first step of the decay are —,

' and

—,', respectively, to be compared with —,
' for n and p and —,

'

for alpha particles. At 150 MeV bombarding energy, the
mean angular momentum of the states decaying by d and
t emission is predicted to be -21k and -246, respective-
ly. The d and t should then be a sensitive probe to the
structure of the compound nucleus at the starting point
of the deexcitation.

Figure 10 shows the center-of-mass deuteron spectra
compared with the CASCADE calculation using set 1 (a)
and set 2 (b) input parameters. The deuteron transmis-
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sion coefficients are from Ref. 33. Deuteron spectra ap-
pear more sensitive than the proton spectra to the input
of the model calculations and show the same trend with
the bombarding energy found in the case of a particles.

Data for tritons at 150 MeV are shown in Fig. 11. The
same considerations outlined for deuterons hold in the
triton case with a larger sensitivity to the input of the
model calculation. Transmission coefficients for tritons
are from Ref. 34.

In the calculations of Figs. 10 and 11 the transmission
coefficients for d and t were computed using the RFACT
values as determined from p and alpha singles.

IV. DISCUSSION

As shown in the preceding section, the statistical mod-
el calculation is capable of describing several aspects of
the deexcitation of the compound nucleus Cu but ad-
justments are required in TI and yrast energies as the
bombarding energy exceeds 100 MeV.

By changing the bombarding energy from 100 to 150
MeV, the nuclear temperature T is increased only from
2.4 to 2.7 MeV (considering the RLDM yrast of Fig. 1).
The maximum spin rises from 27 to 36k. It is assumed
that the adjustments in the model calculation are mainly
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required because of the spin change. Following the
RLDM predictions, the compound nucleus can be con-
sidered as spherical or slightly deformed at the lower
bombarding energy, becoming strongly deformed as the
spin increases. The RLDM predicts moderate oblate de-
formations for 3=59 nuclei at spins above 3(Hi. A
strong prolate deformation is predicted for spin values
larger than J-40k.

A. Transmission coefBcients and e8'ective emission barriers

The transmission coeScients play an essential role in
the statistical model calculations. Optical model poten-

tials are normally used for the evaluation of the inverse
transition probabilities and cross sections.

In the case of nucleons, the transmission coefficients
describe (l) the penetration of the particles through the
Coulomb and centrifugal barriers; (2) the reflection at the
nuclear surface; (3) the resonances within the nuclear po-
tential.

The optical model parameters carry essential informa-
tion on the shell structure of the target (daughter) nucleus
in the scattering (emission) process. As an example, the
size resonances exhibited by the nucleon-nucleus absorp-
tion cross sections are determined primarily by low-
energy transmission functions.
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For d, t, a, or heavy clusters the size resonance is ab-
sent because these particles are more strongly absorbed.
Therefore, the transmission coefficients p,re not sensitive
to the depth of the optical potential and are very near
those of the "black nucleus" multiplied by the appropri-
ate reflection factor. '

Figure 12 shows the effective barriers BI, defined as the
energy at which TI ——0.5, as a function of the particle an-

gular momentum for p, d, t, and a. The B& values are cal-
culated from the optical model parameters for spherical
nuclei (i.e., with RFACT= 1). The efFective barrier for
protons fiuctuates and is very steep with I while those for
heavier particles have a smooth and weak dependence on
the angular momentum.

The trend of BI with angular momentum suggests that
protons are emitted essentially with low I while the other
particles may carry sizable angular momentum.

The effective barriers from OM potentials for the s-
wave particles, 8~ o,are 4.8, 4.3, and 4.2 MeV for p, 1, t,
and 6.9 MeV for a. Those values may be compared with
the values 4.8 and 8.5 MeV for p and a, respectively,
from the Vaz and Alexander compilation of empirical
fusion barriers.

It has been shown that for A =50-60 nuclei, this
"empirical fusion barrier" determined from excitation
functions is higher than that derived from the evapora-
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tion spectra. As an example, the spectra of evaporated
alpha particles from Co, Ni, and Cu compound nuclei,
populated at low spin and excitation energies in proton or
alpha induced reactions, peak at -8.5 MeV. The peak
energies of evaporation spectra are expected to be larger
than the barrier energies. The barrier evaluated from the
evaporation spectrum is, in fact, 7.2 MeV, in fair agree-
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proton ratio for 100—150 Me V bombarding energies at
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——30,60, 120, 150 . Calculations are standard statistical
model using the CACARIZO code. The triangles refer to the set 2
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ment with that from the OM. Furthermore, evaporative
calculations using the same OM potentials for alpha par-
ticles as in this work reproduce the excitation functions
of u induced reactions and the spectral shape of eva-
porated particles for A =50—60 nuclei.

The OM a potentials used to compute transmission
coefficients seem to describe reasonably well several as-
pects of the evaporation from nuclei in this mass region
for reactions at low spin, in agreement with the good
description of the spectral shape obtained for the 100
MeV S+ Al r eaction.

One of the long-standing problems in the statistical
model is that no information is available on the optical
model parameters appropriate for calculating the
transmission coefficients of excited states populated in the
compound nucleus. This problem becomes extremely im-
portant in the case of heavy-ion induced reactions be-
cause of the thermal and dynamical deformations of the
hot rotating nucleus and the corresponding shape fluctua-

gpP Et1eam = 130 X(eV

tions suffered during the cooling process. This might jus-
tify ad hoc adjustments of the optical model parameters.
The experimental guidance for transmission coefficient
adjustments is the lower energy portion of the particle
spectrum, sensitive to the effective barrier of the
particle-nucleus system.

At higher bombarding energy, the optical model radius
is increased to lower the emission barrier for alpha parti-
cles. By using RFACT=1.25 at 150 MeV, the 8& o for
alpha emission is reduced by -20% to 5.4 MeV. This
reduction, needed to reproduce the data at the higher en-

ergy, is larger than that reported for the 240 MeV
Ar+ Al ( -8%, see Table II in Ref. 17). We note that

this latter represents an average lowering for all the spin
values contributing to the alpha, the dynamical induced
deformation should lower the barrier in a spin dependent
way. In fact, as determined by an unfolding procedure,
the barrier lowering for the 240 MeV Ar+ A1 system
at J =40—50A' was also found to be -20%.

With RFACT= 1.25, the effective barrier for protons is
increased by 0.5 MeV, instead of decreasing as the alpha
barrier. This is related to the different meaning of
transmission function for nucleon and cluster as dis-
cussed above.
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FIG. 9. Experimental and calculated light-particle —light-
particle correlations at 150 MeV bombarding energy at
Ohb,

——O~,bz ——60', 6/=180'. The energy spectra refers to the
first particle of each correlation. Statistical model calculation
are from the CACARIZO code using the set 1 (a) and the set 2 (b)
input data.
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The effect of deformation on the transmission
coefficients has been discussed in detail by Blann. In
that work the lowering of the barrier, which occurs for
any angular momentum I, lead not only to an increased
yield of low energy particles, but also to an extra produc-
tion of energetic particles carrying away more angular
momentum, i.e., to an "amplification factor" in the ener-

gy spectra.

To clarify the link between the Blann predictions and
the procedure used in this work, we show in Fig. 13 the
TI's versus I for the emission of 10, 20, and 30 MeV alpha
particles calculated from the OM potential for spherical
(RFACT=1) and deformed (RFACT=1.25) nuclei. The
opening of the phase space for the emission of alphas at
higher I appears clearly. As a consequence of the change
in the TI, the shape of the particle spectrum is changed.
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This is shown in Fig. 14 for alphas and protons, respec-
tively. We notice once again that the proton spectra are
quite insensitive to the radius changes.

The change in TI alone, which leads to the
amplification factor predicted by 81ann, does not explain
the deviation between experimental and calculated spec-
tra shown in Fig. 1 because in this way the production of
energetic particles is increased. On the contrary, our
data show that the production of high-energy a particles

l(h)

FIG. 13. Transmission coefficients Tt vs the spin l for the
emission of 10, 20, 30 MeV a particles for OM potentials using
standard radius values (points) and increased (RFACT=1.3)
values (triangles).
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FIG. 14. Amplification of the particle spectra by changing
the TI coefficients. cASCADE calculation for 150 MeV bombard-
ing energy using the set 1 input data and TI coefficients from
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creased (RFACT= 1.3) value (solid line).



2654 G. VIESTI et al. 38

is lower than predicted in the standard statistical model
and an additional modification to the model is required to
explain the observation. We turn to the question of yrast
lines and level densities to explore this additional factor.

B. Yrast line and level density

As shown in Sec. III, the high-energy tails of the light
particle spectra are well reproduced by the statistical
model calculation if the position of the yrast line is
changed in a spin dependent way. The position of the
yrast line in the (E„,J) plane depends on the average
shape of the nucleus rotating with spin J which deter-
mines the energy tied up as deformation energy and,
through the moment of inertia, the rotational energy.
The available predictions on the shape of a 3=59 nu-
cleus, from the RLDM of Cohen, Plasil, and Swiatecki
to the recent works of Sierk and Mustafa, yield collec-
tive lines which are close to that used in the set 1.

The adjusted yrast line used to reproduce the spectra
(set 2), lies well below the lines predicted by theory. As
discussed in Ref. 17, the need in the calculation of this
lower yrast line does not imply that nuclei are more de-
formed than predicted by theory. The CASCADE code, as
the majority of the available computer codes, does not
treat the deformation in a complete and consistent way.
The codes consider the RLDM yrast line reflecting defor-
mation increases with the spin, but the level density at
any J is that appropriate for a spherical nucleus (the
Lang formula) with excitation energy E =E' E„„„. —

The empirical progressive lowering of the yrast as a
function of J increases the number of levels available at a
given excitation energy at high spin. Indeed an enhance-
ment of the level density due to the nuclear deformation
is predicted in the framework of several different models.

Toke and Swiatecki have derived, using the Thomas-
Fermi treatment and the leptodermous expansion, a
prescription for the level density parameter a which takes
into account the diffuse surface region due to the de-
formed nuclear shapes. Applying this treatment to the
present case, the predicted enhancement is quite low
( —1.2) using either RLDM or two-center-model predict-
ed shapes. '

Recently Barranco et al. have calculated the effect of
the quadrupole deformation on the nuclear level density
parameter a for axially symmetric shapes. Enhancements
similar to those calculated by Toke and Swiatecki are
found.

Bjornholrn, Bohr, and Mottelson showed that in nu-
clei having static deformations, the level density is appre-
ciably greater than for spherical nuclei because of the
contribution of the low-energy rotational levels. The
magnitude of this effect depends on the symmetry of the
nuclear shape, which determines the collective rotational
degrees of freedom. Comparing the experimental level
density with calculations for spherical nuclei, an
enhancement of 60—100 in case of statically deformed nu-
clei at low excitation and spin has been deduced. The
effect of including this collective enhancement of the level
density in statistical model calculation has been discussed
by Vigdor and Karwowski.

From a qualitative point of view, the expected
enhancement of the level density driven by the deforma-
tion might account for the required yrast line lowering
when a level density formulation for spherical nuclei is
used in the calculation. An explicit inclusion in the cal-
culation of level densities for deformed nuclei is clearly
indicated. This task appears to be quite difficult in the
present case because the available formulations of level
densities for deformed nuclei are valid only in the limits
of small values of spin and rotational energy
(E„,«T). ' ' If this condition is not fulfilled as for
the S+ Al reactions, the use of this formulas leads to a
level density at high spin (J =30—4(Hi) which is close to
or even lower than the spherical case.

It is also expected that the collective enhancement pre-
dicted by Bjornholm, Bohr, and Mottelson should disap-
pear at high temperature with the weakening of the shell
structure due to the thermal fluctuation.

C. Level densities and barriers at high spin

The information obtained about the evaporation bar-
rier and the level densities in the Secs. IV A and IV B is
limited because it is derived by comparing the total emis-
sion spectra with calculations including contributions
from all spins and decay steps. In this section we try to
go beyond this averaging by isolating the emission from
those regions of angular momenta for which large defor-
mations are predicted.

Experimentally, spectra are obtained by measuring ex-
citation functions which span increasing angular momen-
tum windows and increasing excitation energies. To ob-
tain the spectra associated with high spin windows, the
contribution of the low spin has to be subtracted from the
total emission spectrum at fixed excitation energy. To ex-
plore this question further the most useful spectra would
be angle integrated COM spectra. The experimental
thresholds at backward angles prevent such a complete
spectrum from being reconstructed. Thus we began by
ascertaining the extent to which the laboratory spectra at
particular angles are representative of the total spectrum,
i.e., free from spin fractionation effects.

This point was investigated by first comparing the
shape of the center-of-mass converted energy spectra of
the alpha particles detected at angles O~,b

——30-120'.
These spectra agree very well with each other. A further
test was made by comparison with the model calcula-
tions. The CASCADE program outputs the integrated
COM energy spectra of the evaporated particles. Angu-
lar distribution effects are explicitly considered in the
Monte Carlo kinematical simulation cAcARIzo (set 2 in-

put) which describes very well the alpha spectra. This
simulation predicts that the differences in the average
spin contributing to alpha spectra taken at different labo-
ratory angles around 8, =90' are low (on average
—lfi). Consequently we observe that the shapes of labo-
ratory spectra simulated by CACARIZO coincide, once
converted in the COM system, with the summed evapora-
tion spectra of CASCADE.

We conclude that the measured spectra taken at fixed
laboratory angle around 0, =90' are equivalent to the
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FIG. 15. Example of subtraction procedure to obtain the
high spin alpha spectra at 150 MeV bombarding energy. The
open dots refer to the measured spectrum, the broken line is the
calculated low spin spectrum, and the black dots are the resul-
tant difference spectrum.

spectra from the entire spin distribution of the fusion re-
action. Therefore, we used the experimental spectra tak-
en at 0&,b ——30 which have the lowest experimental
thresholds to represent the angle integrated spectrum.

For "low spins" spectra we assumed that the statistical
model with the standard parameters (set 1) which de-
scribes well the decay of Cu up to 27k at E„=59MeV
excitation, will do as well for the same spin range at the
higher excitation energies (up to E„=81 MeV corre-
sponding to the 150 MeV irradiation). As reported re-
cently, the study of the decay of the giant dipole reso-
nance in excited Cu has shown that such nuclei are
close to the ground-state shape in a range of spin and ex-
citation energies comparable with the present "low spin"
definition. The high-energy y ray spectra in that work
are well described by standard CASCADE calculations.

We have therefore calculated using the set 1 parame-
ters the spectra associated with the low spin values
(0-27fi) at the excitation energies corresponding to the
110 to 150 MeV irradiations and subtracted these spectra
from the experimental ones. Figure 15 shows an example
of this subtraction procedure.

In Table V are reported the average values J,„, of the
angular momentum windows obtained in this way. Fig-
ure 16 shows the resultant difference spectrum for each
bombarding energy compared again with the standard
calculations (set 1). The high spin selection emphasizes
the difference between the experimental spectra and the
standard calculations at low as well as at high alpha ener-
gy. The role of the emission barrier and level densities
can now be studied as a function of different average spin
J,„, at slightly changing excitation energies above the
yrast line.

Also reported in Fig. 16 are the results of the model
calculations using the set 2 input data. Both the spectral

TABLE V. Summary of the high-spin alpha spectra analysis.

Eb
(MeV)

100
110
120
130
140
150

28.0
29.5
32.3
32.8
34.2

Ba/Ba sp

1

0.96
0.92
0.88
0.83
0.81

AE'
(MeV)

5.2
6.2
8.5
8.9

10.2

d
PeXpI Po

12
22
46
68
95

'Average spin value associated with the spin window from 27%

to J,„(see Table I).
Fractional barrier relative to that of a spherical nucleus. The

barrier lowering is obtained by increasing the radius values in
the OM potentials.
'Excitation energy increase due to the lowering of the yrast line

at J=J,„,.
Enhancement factor in the level density at J=J,„,and 17 MeV

excitation above the RLDM yrast line. Estimated uncertainties
are a factor of 2.

shape and the absolute cross sections for a emission are
well described when the adjustments are made. The
lowering of the barrier is essential in describing not only
the low-energy part of the spectra, but also the cross sec-
tion for alpha emission.

We report in Table V, for each value of the average
spin J,„, the excitation energy increment, AE, resulting
from the lowering of the yrast line which is needed to
reproduce the experimental data of Fig. 16.

Assuming that this effect is totally due to the fault in
calculating level densities, the bE(J) can be converted
into "experimental" level density using the Lang formula
for an excitation energy E„—E„„„(J)+b E (J). There-
fore, it is possible to estimate the enhancement factor of
the "experimental" level density relative to that of the
spherical nucleus [Lang formula at excitation energy
E„—E„„«(J)]and its dependence on the spin. Because
in this experiment the different spin J,„, refers to slightly
different excitation energies (different bombarding ener-
gies), the enhancement factor is reported in Table V for a
value of 17 MeV excitation above the RLDM yrast line
which is an average value for the residual nucleus after
the emission of alpha particles from the high spin win-
dows. We note that slightly different yrast lines repro-
duce the data reasonably well, with hE values varying by
—1.8 MeV. This gives an uncertainty of a factor 2 on the
level density enhancement factor.

In Table V we report also the values of the fractional
barrier for 1=0 alpha emission associated with the radius
change in the optical model potential.

As shown also Fig. 15 is the major fraction of the low-
energy particles derived from the decay of the high spin
states, so that the average barrier reduction needed to
reproduce the high spin spectra practically coincides with
those deduced from the total evaporation spectra.

We can now compare this barrier reduction and the ra-
dius multiplication factor with that predicted by theory.
This is done in Fig. 17 where the experimental fractional
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different low spin spectra because of the small difference
in yrast line around J =27k. At 130-150MeV bombard-
ing energies, the states of initial angular momentumJ)27% strongly contribute to the alpha spectrum. The
subtraction of the low spin contribution with set 1 or set
2 input data, produces resultant spectra very close one to
the other as shown in Fig. 18. This assures that for these
high spin windows the uncertainties in the derivation of
the barrier and level density enhancement are scarcely
dependent on the subtraction procedure.

V. CONCLUSIONS

We have measured energy spectra and angular distri-
butions of the light particle (p, d, t, a) emitted in the decay
of the Cu formed in the reaction of S+ Al at 100 to
150 MeV bombarding energies. Light-particle-light-
particle correlations have been also measured at the
higher bombarding energy. These experimental data,
linked with the published fusion cross sections' and eva-
poration residue distributions, ' ' constitute a detailed
information to establish the validity of the statistical
model for these excitation energies and spins and to ex-
plore the structure of the hot rotating compound nucleus.

We found that standard statistical model calculations,
performed with the computer code CASCADE and CACAR-

Izo generally describe well the experimental data at the
lowest bombarding energy. This is in agreement with
previous experiments observing light particles"' and
high-energy y rays in this mass region. Increasing devi-
ations are found between the experimental data and the
standard calculation at higher bombarding energies.
Model calculations with adjusted emission barriers and
level densities are able to describe the experiment. The
magnitudes of the required adjustments are supposed to
be associated with deformation effects.

To correlate the needed adjustments with well-defined
deformations, we have isolated the emission from narrow
windows of angular momentum by a subtraction pro-

cedure based on the hypothesis that the standard calcula-
tion accounts well for the low spin region. By comparing
these "high spin" alpha spectra with the model calcula-
tion we are able to derive from each spin window the re-
quired emission barrier lowering and level density
enhancement.

The parameter adjustments needed to reproduce the
experimental data seem to be consistent with theoretical
expectations for hot rotating nuclei. The fractional bar-
rier lowering resulting from the adjustment of the calcu-
lation to the experimental data is 20%, obtained by in-
creasing the radius in the OM potential of a factor 1.25
very close to the RLDM prediction for the major axis.
We found that the level density of a nucleus of mass
A -60 at J-35% and E„=17 MeV is roughly 2 orders of
magnitude larger than that corresponding to a spherical
shape. Level density enhancements have been evidenced
in the past for statically deformed nuclei ' and are pre-
dicted also for dynamically deformed nuclei.

The statistical model used in this work is able to repro-
duce all the measured observables, including those
representing specific subsets of decay paths such as the
light-particle-light-particle correlations and the spectral
shapes of relatively rare decay modes as d and t emission.
Complete model calculations are an important technique
to describe correctly and in detail the decay of an equili-
brated compound nucleus and to determine properties of
hot rotating nuclei.
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