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Level density of hot nuclei with A ~ 40
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The light charged particles emitted from hot Ca compound nuclei, populated at excitation energy
E, =94 MeV and (J)=20.5A by the reaction 130 MeV ' 0 on Mg, have been studied. Energy spectra
of protons and alpha particles, measured in coincidence with evaporation residues and with a selection
of multiple-alpha chains, have been compared with the predictions of Monte Carlo statistical model cal-
culations. The comparison shows that the level density of hot nuclei with A ~40, needed to account for
the measured quantities, is well predicted by the Fermi-gas model using a level-density parameter
a ff A /8 MeV up to excitation energy (E,„/A ) —1.7 MeV. In agreement with theory, light hot nu-

clei do not show the transition from a,&= A/8 MeV ' to a,&- A/13 MeV ' evidenced in the A —160
mass region for the same range of excitation energies Fth/A. The analysis of the alpha-particle spectra
shows that the e6'ects associated with the angular-momentum-induced deformations depend on the en-
trance channel characteristics and, in this case, are very small compared with those evidenced in the past
for compound nuclei in the region A =50—70.

I. INTRODUCTION

The studies of nuclear matter at high excitation ener-
gies, the so-called "hot nuclei, " identify today an impor-
tant field of investigation in nuclear physics [1,2]. These
studies have generally benefitted from the availability of
heavy-ion beams, which allow the production of com-
pound systems at different excitation energies and angu-
lar momenta, so that the effects related to both parame-
ters can be discriminated and studied.

So far, a large experimental effort has been devoted to
studies of hot nuclei with mass A ~ 100 [3] where the
spin-related phenomena are small compared to tempera-
ture effects and the range of excitation energies already
investigated is wide. By triggering on evaporation resi-
dues and/or fission fragments, statistical and dynamical
phenomena have been isolated in the decay of the hot nu-

cleus.
In particular, the temperature dependence of the nu-

clear level-density parameter a,tt= A/K MeV ' (i.e., the
change of K from the 1ow-temperature value K =8 to
K —13 at temperature T-4 5MeV) has been —experi-
mentally determined in A —160 nuclei [4—6]. Theoreti-
cally this has been connected with the temperature

dependence of the nucleon effective mass [7]. Further
knowledge of the level density in other mass regions is
not only interesting in itself, but also of crucial impor-
tance in the study of the limits of nuclear collectivity pur-
sued by measuring the giant dipole resonance (GDR)
strength function in hot nuclei [8] and in nuclear astro-
physics [9].

Moreover, a number of studies have been dedicated to
the decay of light-mass ( A ~ 100) compound nuclei
formed in heavy-ion-induced fusion reactions at excita-
tion energies around 100 MeV [10,11]. Energy spectra of
the emitted charged particles have been compared with
statistical model calculations to determine the shape and
structure of the excited nucleus at high spin. It was
found in several cases that, for spin regions where the ro-
tating liquid-drop model (RLDM [12]) predicts nearly
spherical shapes, experimental data are very well de-
scribed by standard statistical model calculations [13].
When the angular momentum is increased to values for
which the RLDM predicts significant deformations, the
calculations employing RLDM yrast lines with standard
level-density formulations and transmission coeKcients
lead to more high-energy and fewer low-energy (near bar-
rier) a particles than experimentally observed. This spin
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effect is relatively large around mass A -60 and has been
interpreted as due to the relaxation of the shape degree of
freedom during the particle emission [14] or, alternative-
ly, to a dependence of the nuclear level density of the de-
formation [10,15] much larger than the one predicted by
theory [16].

We present here a complete study of the decay of a
highly excited (T-3.7 MeV) light compound nucleus,

Ca, formed in the fusion of 130 MeV ' 0 with Mg.
This work was motivated by the goal of studying the

level-density parameter a,a.= A/K MeV ' dependence
on the nuclear temperature in light systems and investi-
gating the spin effects persistence in a hot compound nu-
cleus.

II. EXPERIMENTAL DETAILS

The experiment was performed at the XTV Tandem
Accelerator of the Laboratori Nazionali di Legnaro, Ita-
ly. The 130-MeV ' 0 beam was focused onto a 290-
pg/cm Mg target. A linear momentum transfer close
to 100%%uo is expected for this reaction [17]. The resulting

Ca compound nucleus is formed at excitation energy
E„=94MeV and with a spin distribution which extends

up to the critical angular momentum for vanishing fission
barrier, J~f 0=31.5A, as shown in Fig. 1. The thermal
excitation energy per nucleon is E,h /A = 1.7 MeV, after
correction for the average rotational energy. The corre-
sponding nuclear temperature T is T =3.7 MeV (using
the level-density parameter a,a

= A /8 MeV ').
A second short run was performed at a lower bom-

barding energy Eb„m =60 MeV, corresponding to
E„=52 MeV and maximum angular momentum
J „=22.5A. This ancillary measurement was made to
provide a suitable check for statistical model calculations
in more standard conditions (see Ref. [13]).

Evaporation residues were detected by a large solid an-
gle telescope (ERT) using an ionization chamber as AE
and a silicon strip detector (7 strips, 6X4 cm, 400 pm
thick) to measure the residual energy. This telescope was
pla~ed at 0&,b= + 13' covering 50„b='7'.

Light particles were detected with four telescopes
(LPT) placed at 8&,b= —15, —30, —60', and —150'.
The 0&,b= —150' telescope was made with three silicon
detectors (thickness 15, 200, and 1000 pm), whereas the
others consisted of three silicon detectors (thickness
20—50, 150—200, and 1000 pm) backed by a 1-cm-thick
Csl(Tl) scintillator with photodiode read-out.

A light charged-particle hodoscope (LPH) made of
eight hE-E telescopes each having a 3 X4-cm active area
was placed in the plane perpendicular to the beam at 6
cm from the target in the forward hemisphere.

Energetic y rays were detected at 0&,b=90 by a 10.2
cm X 10.2 cm BGO counter [18], surrounded by a plastic
scintillator anticoincidence detector and by a 10-cm-thick
lead shield. Time of Aight over a 100-cm path was used
to separate y rays from neutrons, using the start signal
from the charged-particle hodoscope.

During the main data-taking at Eb„=130 MeV we
have collected coincidences between evaporation residues
and light particles in LPT, coincidences between light

charged particles in the hodoscope (LPH), and evapora-
tion residues (ERT) or light particles in the telescopes
(LPT) or y rays. At Eb„=60MeV light particle singles
in LPT and some coincidences LPT-ERT were obtained.

III. EXPERIMENTAL RESULTS

Figure 2 shows a sample of 4E-E„, scatter plot for
heavy fragments detected in the ERT for the strip at
0&,b=10. An inspection of the energy spectra (not re-
ported) reveals that fragments with Z ~ 12 originate from
fusion-evaporation reactions, as suggested also by previ-
ous experimental works on systems in this mass region
[19] and by evaporation calculation predictions [13].
Two conditions were imposed on the ERT data to
separate evaporation residue (ER) (Z ~ 12) and projec-
tilelike fragments (PLE) (6 ~ Z ~ 11).

We show in Fig. 3 the angular distributions and the
alpha/proton ratios of particles detected in LPT for the
two gates on ERT. We note that the yields of light
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FICJ. l. Yrast plot for Ca. Yrast line is from Ref. [30].
The heavy horizontal lines indicate the angular momentum re-
gions and excitation energies associated with the fusion reac-
tions studied. The vertical line marks the angular momentum
for vanishing fission barrier. In the upper part are shown pre-
dictions from RLDM [12] for the ratio of the moments of iner-
tia indicating the onset of deformation with increasing angular
momentum.
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FICJ. 2. hE-E„, plot for heavy fragments detected in the
ERT.

charged particles at forward angles are comparable for
PLF and ER events. The alpha/proton ratio is very 1arge
at forward angles for PLF, due to the favored population
of even-Z projectilelike fragments, as can be seen directly
from the scatter plot in Fig. 2. To investigate further the
characteristics of the alpha-particle emission we have
studied the multiplicity and the spatial distributions of
the events in the hodoscope LPH. In Fig. 4 the measured
multiplicity distributions of alpha particles in the LPH
for the two gates on ERT is shown. Surprisingly the
measured distributions are very similar. The count ratio
of the left half to the right half of the hodoscope, as a
function of the alpha multiplicity, is reported in Fig. 5.
As the heavy fragments were detected in ERT at right
angles, linear momentum conservation makes the left
part favored for the alpha-particle detection. This
kinematical focusing is larger for events with higher al-
pha multiplicity. The effect is destroyed gating on the
PLF, because of the two-body nature of these events.
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FICJ. 4. Relative probability distributions for alpha-particle
multiplicity as measured in the LPH in coincidence with frag-
ments with Z ~ 12 and Z ~ 11 in ERT (130 MeV ' Q on "Mg).

As a first result, a large yield of charged particles origi-
nating from two-body events has been evidenced. The
multiplicity distribution of those alpha particle is compa-
rable to that associated with ER. This fact implies that
neither charged-particles singles nor the selection of the
higher charged particle multiplicity, as it was done in the
past for other systems [14j, can be used in the present
case to study the hot compound nucleus. Therefore the
LPT spectra at 130 MeV bombarding energy analyzed in
the following to study temperature and spin effects are
only those taken in coincidence with the detected ER
{fragment with Z ~ 12). The energy spectra of protons
and alpha particles detected in coincidence with ER are
shown in Figs. 6 and 7, respectively. In Fig. 8 we present
the energy spectra of alpha particles detected in the LPT
at 0&,b= 15', 30', and 60' in coincidence with the evapora-
tion residue in the ERT and with the condition of having
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FICx. 3. Angular distribution and alpha/proton ratio for the

light particles emitted in the reaction 130 MeV ' 0+ Mg. Re-
sults from CACARIzO calculation are also reported. The predict-
ed angular distributions are normalized to the experimental
points separately for alpha particles and protons.

FICx. 5. Left-to-right event ratio in LPH as a function of the
alpha-particle multiplicity in coincidence with fragments with
Z ~ 12 and Z ~ 11 in ERT placed at right angles (130 MeV ' O
on '4Mg).
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FIG. 6. Proton spectra in coincidence with ER (Z ~ 12) for
the reaction 130 MeV ' 0 on Mg. Histograms are results from
standard statistical model calculations.
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bution for the different threefold coincidences are compared with the spin distribution of the hot emitter Ca to show the spin selec-

tivity obtained by selecting multiple-alpha chains in the decay of the compound nucleus.
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(a) x protons, (b) x protons and one a, and (c) x protons
and two a's detected in the LPH. Because of the large
amount of angular momentum carried away by the a par-
ticles, the selection of deexcitation chains with an in-
creasing number of emitted alpha particles depletes au-
tomatically the lower part of the spin distribution of the
compound nucleus, isolating the decay from more de-
formed states.

At the lower bombarding energy (Eb„=60MeV) the
yield of charged particles from reactions different from
the fusion evaporation is expected to be much lower. Sin-
gle charged-particle spectra at bombarding energy of 60
MeV are reported in Figs. 9 and 10. The corresponding
angular distributions are in Fig. 11. Model calculations
account well for the angular distribution of alpha parti-
cles but not of protons. This has been discussed in a pre-
vious paper [10].

In the present experiment y rays were detected in coin-
cidences with charged particles in the LPH, following the
recent measurement of the S+ Al reaction at 190 MeV
[20]. In the latter case the I.PH trigger provided a valid
tagging of the compound nucleus decay due to the low
yield of alpha particles after two-body reactions. As dis-
cussed above, this condition is not fulfilled for the
' 0+ Mg reaction at 130 MeV, causing the possible
contamination of the y-ray LPH coincidences by reaction
events different from compound nucleus decay. Also in
the y-ray case, a selective trigger on ER is needed to iso-
late signals from the decay of the hot nucleus.
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FIG. 11. Angular distribution and alpha/proton ratio for the
light particles (singles) emitted in the reaction 60 MeV
' 0+ Mg. The lines indicate results from cAcARIzo calcula-
tion. The predicted angular distributions are normalized to the
experimental points separately for alpha particles and protons.
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IV. COMPARISON WITH STATISTICAL MODEL
PREDICTIONS

In recent years, a large number of experimental data
from fusion-evaporation reactions have been compared
with results from statistical model calculations [21).

The comparison between the energy spectra of the em-
itted particles and those predicted by model calculations
offers information on the evaporation process often
washed out in the averaging which produces the mass (or
charge) distribution of the final evaporation residue. The
high-energy slope of particle spectra is a sensitive probe
of the energy dependence of the level density for those re-
action products which carry a negligible amount of angu-
lar momenta and are therefore insensitive to the possible
spin dependence of the phase space accessible to the de-
cay. This is well known in the case of energetic y rays
emitted in the decay of the GDR built on excited states
and of nucleon evaporation. On the other hand, alpha
particles (or generally complex clusters) carry sizable
amounts of angular momentum, being therefore an excel-
lent probe of both excitation energy and spin dependence
of the accessible phase space.

The availability in the present case of protons as well
as alpha-particle spectra is the basic condition to distin-
guish between possible spin- and temperature-induced
effects.

CASCADE standard statistical model calculations in the
mass range of interest for this work and excitation ener-
gies up to E -80 MeV are discussed and compared with
experimental evaporation residue distributions in Ref.
[13]. In the present work we have used CACARIZO, the
Monte Carlo version of the CASCADE code [22]. The use
of a Monte Carlo simulation offers the opportunity of
comparing spectra in the laboratory frame, with a de-

tailed account being taken of experimental geometry and
detector thresholds. The comparison between experi-
mental distributions and the CACARIZO simulations is
free from a possible bias originating in the conversion of
particle spectra from the laboratory to center-of-mass
frame using average source velocity and emission angles,
which can be quite severe for light compound nuclei.

For the calculations presented in the following we have
used the standard input set reported in Table I with input
values mainly taken from Ref. [13].

For sake of a general test of the model, the results of
CACARIZO calculations are compared with proton and
alpha-particle spectra taken at 60 MeV bombarding ener-

gy in Figs. 9 and 10, respectively. In Fig. 11 calculations
are compared with angular distribution data and the
alpha/proton ratio. It turns out that the bulk of the data
is correctly described by the calculations although some
deviations are evident. In particular, the high-energy tail
of the proton spectrum indicates that calculations might
be improved by using a slightly different energy parame-
trization of level density [31]. Since the experimental
data result from singles measurements, we avoid further
speculations or comparison with more refined model cal-
culations.

In Figs. 3, 6, and 7 we present the comparison of the
statistical model prediction with the experimental data
taken at 130 MeV bombarding energy. Model calcula-
tions with standard parameters give an account as good
as that for the lower bombarding energy of the shapes of
the particle spectra, as well as of the angular distributions
and alpha/proton ratio. The two major features which
arise from this comparison are (1) the level-density pa-
rameter a,z= A/8 MeV ' also describes well the slope
of the proton spectra for the range of temperature in-
volved in the 130-MeV irradiation; and (2) when the spin
of the emitter is increased, the alpha-particle spectra do

TABLE I. Evaporation calculations using cAScADE.

Angular momentum distribution in the compound nucleus

(A) 60 M V 0+ Mg: Jmax=22. 5A, diffuseness 6=1.3A'

(8) 130 MeV ' 0+ Mg: J,„=31.5%, diffuseness 6=1.3A

Myers droplet model with Wigner term mass formula [23]

Optical potential for emitted particles
(1) neutrons, Wilmore and Hodgson [24]
(2) protons, Percy [25]
(3) a particles, Huizenga and Igo [26]

Level-density parameters at low excitation (E*~10 MeV)
(1) Fermi-gas level-density formula [27] with empirical parameters from Dilg [28]
(2) effective moment of inertia 2=0.85J„g,d

Level-density parameters at high excitation (E*~ 15 MeV)
(1) Fermi-gas level-density formula [27] with parameters from liquid-drop model [29]
(2) Level density parameter a,z = A /DALDM MeV ', DALDM =8

Yrast line
subroutine BARFtT, Sierk, LANL, Ciroup T9 [30]

y-decay width (Weisskopf units)
(1) E1 decay B(E1)= 10
(2) M 1 decay: B(M 1 ) = 5 X 10
(3) E2 decay B (E2)= 5
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not show the dramatic deviation between calculation and
experimental data already evidenced in the mass A -60
region. We note also that the yield of low-energy parti-
cles is underestimated in the calculations for protons as
well as for alpha particles.

To obtain a more selective test of the model, we
present in Fig. 8 the comparison between triple-
coincidence spectra (LPT-ERT-LPH) with the corre-
sponding Monte Carlo statistical model calculation. In
Fig. 8 are also reported the calculated spin distributions
of events populating the difFerent spectra showing the
selection operated by increasing the number of detected
alpha particles. The same picture reported above for
LPT-ERT coincidences is obtained from Fig. 8: the
high-energy tail of the spectra is very well described by
calculations using a standard phase space (i.e., energy and
spin dependence of level density as given by the parame-
ter a,s= A/8 MeV ' and the Sierk yrast line) also for
the decay from high spin states, whereas the low-energy
part of the spectra are severely underestimated by model
calculations.

V. DISCUSSIQN

A. The level density of hot nuclei with 2 ~40

In the Fermi gas (FG) approach to the nuclear level
density, a key quantity is the level-density parameter a,
which is simply related to the density of single-particle
levels g (eF ) at the Fermi energy eF

g (EF),
and rejects the properties of the single-particle potential.

In the same conditions, the excitation energy E is re-
lated to the nuclear temperature T by

E =aT

According to this relation, the experimental knowledge
of E and T allows the definition of an effective level™
density parameter a,ff.

For excitation energies of the order of the neutron sep-
aration energy, E„—8 MeV, the empirical value of a,ff is
a ff 3 /8 MeV ', where 3 is the mass number, to be
compared with the FG value a = 2 /15 MeV

The disagreement between the FG value and the one at
low excitation energy is understood in terms of the finite
size of the nuclei and of the increase of the nucleon
efFective mass at the Fermi energy produced by the cou-
pling of the single-particle motion to other degrees of
freedom. This last correlation is predicted [7,32] to
disappear for a temperature larger than the one of typical
low-lying excited states, in agreement with the experi-
mental findings for 2 =160. Therefore, the transition
temperature is expected to scale roughly with A ', at
least for double magic nuclei. Very recent calculations
seem to support this picture. Using the results of Ref. [7]
for Pb, the excitation energy per nucleon needed in the
3 =40 region for the transition to FG values should be
of the order of 3 MeV [33]. Microscopic calculations of

the level density in Ca show a rather steep fall of the pa-
rameter a,ff for temperatures between T=3 and 5 MeV
[34]. The temperature dependence of a,s. predicted by
the two models, although with some difFerences, is quali-
tatively similar. The fact that light nuclei involved in the
decay of the hot Ca retain the a,ff= A/8 value up to
the largest excitation energies reached in this work, can
be taken as a qualitative support for the theoretical pre-
dictions. Exact determination of the transition energy in
difFerent mass ranges should directly reveal the role of the
relevant degree of freedom, providing a more quantitative
test of the current theories.

B. Alpha emission from the hot Ca

The inAuence of angular momentum induced deforma-
tions on the shape of the evaporated particle spectra has
been studied so far in a variety of medium-light com-
pound nuclei [10,11], whereas it becomes negligible for
mass larger than 3 —100 because the high angular
momentum states are progressively depleted by the open-
ing of the fission channel. It was shown that its major
signature is the overproduction of the energetic alpha
particles in model calculations. The statistical model pre-
dicts that the high spin states should decay essentially by
emitting alpha particles in the first step of the deexcita-
tion chain, as already expected from semiclassical con-
siderations. These alpha particles are particularly ener-
getic because they are sampling the part of the phase
space close to the yrast line where the spin dependence of
the level density is very strong. As a matter of fact, the
high-energy tail of the total computed spectrum is essen-
tially determined by these first-step alpha particles emit-
ted from high spin states.

Whichever the underlying physics is, the fit of the ex-
perimental spectrum is obtained by a spin-dependent
change of the phase-space available for the decay which
results in an increase of proton emission from the high
spin states at the expense of the alpha-particle yield.

Two hypotheses have been formulated in the past.
First it was suggested [10] that the spin dependence of
level density for deformed nuclear shapes was not
correctly accounted for in the calculations. Empirical
adjustments of the yrast line, to simulate the spin-induced
enhancement of the level density, provided good descrip-
tions of the experimental spectra. The required enhance-
ment of the level density was found to be too large with
respect to theoretical expectations [16]. Later it was
pointed out that a change of the phase space equivalent
to that required by the level-density enhancement can be
obtained by considering the nuclear deformation as a
frozen degree of freedom during the particle decay [35].
Particle decay with frozen deformations follows earlier
suggestions on the compound nucleus decay [36,37] and
fits well into recent investigation son the importance of
the shape degrees of freedom in the dynamics of fission
[38]. In a work on the decay of Cu nuclei [14], it has
been shown that the discrepancies between calculations
and experimental data can be removed by considering the
shape degrees of freedom frozen during the particle emis-
sion until the lifetime of the emitting system becomes



LEVEL DENSITY OF HOT NUCLEI WITH 3 +40 2595

comparable with the computed minimum time required
for shape changes in nuclei ~,h, ,-2X10 ' s. The life-
time of the decaying system can be estimated in the sta-
tistical model as ~„„=1„,/A. The statistical lifetime has
been estimated for different states (E,J) in Ca. It re-
sults that the time for relaxing the shape degree of free-
dom approaches the statistical lifetime for excitation en-
ergies of the order of E -40 MeV. This means that, fol-
lowing the frozen deformation suggestion, the spin effects
should be important in Ca for particle emission in
which the parent deformed nucleus lies at an excitation
energy larger than 40 MeV.

For a fixed change of the deformation at a given angu-
lar momentum (i.e., lowering the yrast line or freezing the
emitter deformation), the relative induced modification
on the phase space decreases by increasing the excitation
energy above the yrast line. As a result, the sensitivity of
the calculation to this angular momentum induced effects
depend on a few coincident situations: (1) strongly de-
formed states are populated in the compound nucleus; (2)
alpha particles are emitted from the deformed states; (3)
the alpha particles sample the region of phase-space close
to the yrast line; and (4) the multiplicity of the above
"sensitive" alpha particles is comparable to the multipli-
city of "insensitive" alpha particles (i.e., those emitted
from lower deformed states and/or sampling phase-space
regions not close to the yrast line at high spin).

As can be easily understood from the above list of con-
ditions, the entrance channel plays an essential role in
making the alpha-particle decay from a given compound
nucleus a sensitive probe to the spin-related effects. Gen-
erally it is expected that if the maximum angular momen-

turn for fusion is saturated because of the vanishing of the
fission barrier, any further increase of the bombarding en-
ergy should produce a decrease of the spin sensitivity of
alpha emission.

As a definitive test for the low sensitivity of the com-
puted alpha-particle spectra to the angular momentum
dependent modifications of the phase space, we present in
Fig. 12 an example of spectra in the extreme case of using
in the calculation the yrast line for spherical nucleus.
The striking result is that the disagreement in the high-
energy part of the spectra is more pronounced for the cal-
culation at 60 MeV bombarding energy than at 130 MeV.
It means that at the lower bombarding energy, despite
the average spin of the compound nucleus being only
(J ) = 17A', the calculation is more sensitive to the spin
dependence of phase space, and the Sierk yrast line is
needed to fit the experiment. At an excitation energy of
E =94 MeV, the average spin of the emitter is increased
up to (J ) =24A', but the alpha decay from Ca feels only
very little the underlying yrast line. This means that in
this case one or more conditions for the sensitivity to spin
effects discussed above are not satisfied. The scarce sensi-
tivity to spin effects of the alpha-particle emission at 130
Me V bombarding energy makes meaningless in the
present case any test on the frozen deformation hy-
pothesis in particle decay from light compound nuclei.

To show the sensitivity of alpha emission to the angu-
lar momentum coordinate itself, standard calculations
were also performed changing the maximum angular
momentum for the fusion. These results are reported in
Fig. 13. It appears that a change ofJ,„ from 27% to 35k
produces important effects: the average energy of the to-
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FIG. 12. Comparison between experimental alpha-particle spectra and results from standard statistical model calculation using
the yrast line for spherical nuclei.
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FIG. 13. Comparison between experimental alpha-particle spectra and results from standard statistical model calculation using
the Sierk yrast line and different values for the maximum angular momentum.

tal alpha-particle spectrum is slightly higher and the
yield of energetic particles is enhanced. It results in a
better description of the high-energy part of the spectra
at expenses of the low-energy portio~. It has to be
stressed that this is more efI'ective at the most forward
detection angle as could be expected from the semiclassi-
cal correlation between angular momentum and emission
angle [39].

VI. CONCI USIONS

We have studied in this work the deexcitation of hot
compound Ca nuclei formed in the fusion of ' 0+ Mg
at 130 MeV bombarding energy. From an experimental
point of view, the present work oA'ers a further proof of
the difhculties of isolating compound nucleus decay from
the products of two-body reactions. The compound nu-
cleus decay can be tagged in the present case only detect-
ing directly the evaporation residues. Proton and alpha-
particle spectra have been compared with the results of
Monte Carlo statistical model calculations with standard
level-density parametrization, yrast lines, and spherical
transmission coefficients.

The analysis of the proton spectra demonstrates that
the level density of Ca at excitation energies up to
(E,„/3 ) —1.7 MeV is described by the standard
Fermi-gas formalism and level-density parameter
Q ff 2 /8 MeV . This sets a low excitation energy lim-
it, consistent with the current theories, for the transition
to the Fermi-gas value of the level-density parameter in
light nuclei.

As far as the alpha-particle spectra are concerned, the

shape exhibits, at this excitation energy, a reduced sensi-
tivity to angular momentum induced deform ations,
despite the fact that high spin states are populated in the
compound nucleus. This efFect has been discussed as evi-
dence for the role of the entrance channel. An important
test of the model calculations has been performed also by
selecting high spin states in the compound nucleus by re-
quiring multiple alpha-particle coincidences.

Statistical model calculations tend to underestimate the
yield of low-energy particles in proton and alpha-particle
energy spectra. This last point has been taken in the past
as a signature for a barrier lowering due to angular
momentum induced deformations [10,11] or for dynami-
cal eFects (collective compression-expansion modes) in
the hot nucleus [6]. Radial expansion of the hot Ca has
been predicted by time-dependent Hartree-Fock calcula-
tions in the range of temperature encountered at the top
of the deexcitation cascade in this work [40]. Model cal-
culations show that the part of the spectra originating
from the top of the decay chain is rather small (of the or-
der of 20%%uo), so that the signature of radial expansion
might be masked by the decays from nuclei at lower exci-
tation energy. As a further caution, we note that the
low-energy part of the spectra can also be tuned in the
calculations changing the spin distribution of the initial
compound nucleus or modeling the level density at low
excitation energies by inserting discrete levels. It is there-
fore mandatory to isolate experimentally the emission
from the first step of the cascade to check qualitatively
and quantitatively the predicted thermal expansion of the
hot Ca compound nucleus and to test the validity of the
statistical model prediction with improved accuracy.
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