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Unexpected large deformations in Ni nuclei produced in the reaction 120 MeV Si+ Si
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Alpha energy spectra and angular distribution have been measured for the reaction 120 MeV
' Si+ ' Si and compared to statistical model calculations. Emission from spherical nuclei cannot
account for the shapes of the measured spectra. Reductions are required in both emission barrier
and entrance channel spin. A simulation of alpha evaporation from deformed nuclei has been car-
ried out using an equivalent one-step code. Average values of mass, charge, spin, and excitation en-

ergy of the emitter were evaluated by a multistep evaporative code. The very large deformation re-
quired to reproduce the experimental data agrees with previous results which have suggested a need
for new physics in statistical models.

I. INTRODUCTION

Evaporative light-charged particles have proved to be a
powerful probe for the properties of the emitting nuclei
such as temperature, effective emission barrier, and spin.
A commonly used route to obtain such information is the
comparison of the measured particle energy spectra and
angular distribution with statistical model calculations.
Recently, this kind of analysis was used to gain insight
into the extent of the deformation of the emitting nu-
clei. ' The rotating liquid-drop model (RLDM) (Ref. 4)
predicts significant spin-induced deformations for highly
rotating nuclei. Alexander, Guerreau, and Vaz' obtained
equivalent spherical alpha emission barriers for a large
set of emitting nuclei, analyzing mean energies and angu-
lar anisotropies for evaporative alpha spectra. They
pointed out that differences between the deduced s-wave
barriers and those for the reverse process (fusion of the
alpha with the residual nucleus) are a strong indicator for
a deformation of the emitter.

In order to investigate in detail these deformations,
work has been done to include in the evaporative codes
the effects of the emitter deformation on the particle spec-
tra. These effects consist of (l) a lowering of the aver-
age effective emission barrier due to the deformation of
the charge distribution and (2) an increase of the moment
of inertia of the emitting nucleus. The first effect modifies
the transmission coeScients for the evaporated particles,
whereas the second one affects the level density of the re-
sidual nucleus.

In the reaction 214 MeV S+ Al (Ref. 8) the alpha
particle spectra measured in coincidence with evapora-
tion residues show deviations at both high- and low-
energy side from the predictions of the statistical model
for spherical nuclei. The data have been accounted for

by calculations which include large deformations in
agreement with the prediction of the RLDM. Similar be-
havior has been found for the nucleus Ga, produced in
the reaction 190 MeV Ar+ Al (Ref. 2) at an excita-
tion energy of 90 MeV and with a critical angular
momentum for fusion L,„., =47%. The spectra and the
angular distribution of evaporative alphas, compared
with the statistical model for deformed nuclei, signal
very strong deformations of the emitter (bla &2). On
the other hand, the proton spectra cannot be reproduced
even with this large deformation. This result has suggest-
ed that besides the deformation an additional source of
distention of the nucleus must be invoked. Deformations
for the same nucleus at higher angular momenta have
been found in Ref. 7, using as a probe He and 'H spec-
tra. A systematic study on several systems leading to
compound nuclei with 23&Z (60 with spins up to 6(Hi
and temperatures 1.5-3.5 MeV indicates unexpected
strong deformations for these emitters. Again proton
spectra cannot be reproduced even with these large defor-
mations.

In this paper we report on the study of evaporative He
emission in the reaction 120 MeV Si+ Si which pro-
duces the composite system Ni at an excitation energy
of 75 MeV and with a critical angular momentum of 38fi,
as derived from fusion cross-section data. ' We first
present a comparison between measured He energy spec-
tra and the predictions of the statistical model for spheri-
cal nuclei using the code GANES. The equivalence be-
tween a rnultistep and an equivalent one-step calculation
has been demonstrated using the code LILITA. Then we
show the comparison between the data and the equivalent
one-step code GANES which indicates deformations of the
emitting nucleus Ni. Finally, a comparison with statist-
ical model calculations for deformed nuclei is presented.
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II. EXPERIMENTAL PROCEDURE

The experiment was performed using a 120-MeV Si
beam provided by the XTU Tandem of the Laboratori
Nazionali di Legnaro. The He energy spectra were mea-
sured in the singles mode using two- and three-stage Si
telescopes, positioned at different angles with respect to
the beam. They were calibrated by normalizing a pulser
to the peak due to the 5.48-MeV He-particle decay of

'Am. Ten angles have been measured in the range
35-150' corresponding to center of mass average angles
of 55' to 165'. A thin layer of Au was evaporated on the
target (about 150 p,g/cm of 95% isotopically enriched

Si), to obtain absolute cross sections by normalizing the
data to the Rutherford elastic scattering of Si on Au.
The ratio between Au and Si thicknesses in the target has
been measured by proton elastic scattering using the Tan-
dem TTT-3 of the Dipartimento di Scienze Fisiche
dell'Universita di Napoli.

III. RESULTS AND DISCUSSION

In Fig. 1 a velocity contour map of the invariant He
cross section is shown. The solid circular arcs are all cen-
tered on the tip of the center of mass velocity (as indicat-
ed by V, in Fig. 1). The agreement between the data
and the circles indicates that pure evaporative emission
from the compound nucleus dominates in the entire an-
gular region. The relatively small deviations appearing at
backward directions are attributable to angular anisotro-
pies in the evaporative emission due to the spin of the
emitting nucleus, as confirmed by the comparison be-
tween the measured energy spectra and statistical model
calculations (discussed below). Similar deviations are ex-
pected at the symmetric forward angles in the center of

A. Comparison with the statistical theory
for spherical nuclei

We show in Fig. 3 the measured energy spectra in the
laboratory system (circles with occasional error bars).

10 —
/

-/
l

1 O X

120-MOV Si+Si He

4 lab*35

mass system, which correspond in the laboratory system
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ward directions, would produce deviations much stronger
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A possible source of He particles is the emission from
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been identified for a similar system at the same incident
energy. " We have simulated He evaporation from frag-
ments of DIC using the center of mass total kinetic ener-

gy given in Ref. 12. The resulting energy spectra are
much softer than the measured ones, as it can be seen in

Fig. 2, where the comparison between the measured He
energy spectrum at 35' and that simulated with the code
GANES for projectilelike and targetlike fragments emis-
sion is shown. The calculated relative spectrum is nor-
malized to the top of the experimental one for cornpar-
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FIG. 1. Contour maps of the invariant cross section
(do /d 0 dE)p 'c '(mb/sr MeV) for He emission. The axes

V~~ and Vj denote laboratory velocity components parallel and
perpendicular to the beam. The circular arcs are centered on
the velocity of the center of mass V, . Detector thresholds are
indicated on the straight lines drawn along the laboratory an-
gles. The invariant cross-section magnitudes are: X, 1 X 10
6, 1X10 ', , 1X10 4; ~, 1x10 '; o, 1X10 '; 0, 2x10
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FIG. 2. Measured He energy spectrum (Oooo) at 35' in
the laboratory system compared with statistical model calcula-
tions for emission from projectilelike and targetlike fragments
(- - -)
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We first compare the data to a statistical model calcula-
tion for a spherical nucleus. Evaporation spectra have
been obtained on the basis of the semiclassical statistical
theory' ' using the Monte Carlo code GANES. The
program allows the simulation of the equivalent one-step
emission of light particles from a spherical nucleus using
an L-dependent transmission coefficient T& (Ref. 16) and a
spin-dependent Fermi gas level density. ' We have used a
triangular spin distribution in the entrance channel
characterized by L„;,=38k and a fusion barrier for the
reverse process from systematics' (B =8.18 MeV). The
results of a calculation for a first-step emission are shown
in Fig. 3 (dashed lines). The calculated relative spectra
have been normalized to the measured spectrum at 55' in
the laboratory system. As it can be seen, the calculation
gives energy spectra shifted to higher energy with respect
to the measured ones and significantly broadened. The
behavior of this discrepancy suggests that the emitting
nucleus is deformed. In fact, as already mentioned, '
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FIG. 3. Measured He energy spectra (o OOO ) at different
angles in the laboratory system compared with statistical model
calculations for spherical nuclei: (---) using the fusion barrier
B =8.2 MeV and L,„., =38k; ( —) using B =7.4 and L,„;,=26k.
Results from calculations for deformed nuclei are almost undis-
tinguishable from the solid lines.

nuclear deformations induce simultaneously a lowering of
the effective emission barrier and an increase of the mo-
ment of inertia of the evaporating nucleus. The reduced
barrier produces a shift to lower energy of the measured
spectra. The larger moment of inertia produces a reduc-
tion of the width of the spectra and a decrease of the an-
isotropy, in case of not too heavy composite systems.

It must be pointed out that part of the found
discrepancy could be ascribed to the first-step approxima-
tion used in the calculation. In fact, in a multistep calcu-
lation, which accounts for the entire evaporative chain,
mean emission barrier, and spin, could be lower com-
pared to the first-step values, if alpha particles are emit-
ted in a wide range of excitation energy and spin ie the
evaporative chain. In order to gain insight on this point,
we carried out a series of calculations with the multistep
evaporative code LILITA, ' both in the first-step and the
equivalent one-step modes. In particular, the aim was (a)
to compare the results obtained assuming a first-step
emission with those obtained assuming a multistep one,
(b} to verify if the equivalent one-step calculation pro-
vides the same results (energy spectra and angular distri-
bution} as a multistep one, when mean values of mass
number A, charge Z, spin J, and excitation energy E of
the emitter, deduced from the multistep calculation, are
used. These parameters determine the barrier B, temper-
ature T, and the anisotropy parameter f32, which in turn
determine the shape of the energy spectra and the angu-
lar distribution. ' The points (a) and (b) are important as
far as the use of codes based on a single-step emission are
concerned, in particular for the code GANES which has
been used here to calculate the emission from deformed
nuclei.

In Fig. 4 we present the LILITA calculated energy spec-
tra at I9~,b

——55' and 110' together with the angular distri-
bution in the center of mass system, assuming a first-step
( —) and a multistep (0 0 0 ) emission. The spectra cal-
culated as a first-step emission show a higher temperature
resulting from the fact that the multistep calculation pre-
dicts that only 30% of the evaporated particles are emit-
ted in the first step. At the same time the good agree-
ment between the two calculated spectra at the low-

energy side shows that "effects" on the emission barrier
deriving from the multistep emission are negligible. Fi-
nally, the comparison between the angular distributions
(bottom of Fig. 4) indicates that in our angular range the
two calculations are equivalent. These conclusions can
also be reached by looking at Table I (see row 2), where
we report the mean values of 3, Z, J, and E„ for the He
emitter calculated by the code LILITA, assuming a mul-

tistep calculation, together with the input parameters for
the first-step calculation.

Concerning the point (b) mean values of A, Z, J, and
E for the He emitter deduced from the multistep calcu-
lation have been used in the equivalent one-step option in
Lilita. The results of such a calculation are shown in Fig.
4 as dashed lines: the agreement with the multistep cal-
culation is quite good. Similar agreement is found using
different values of s-wave barrier and moment of inertia
in the code LILITA. In particular, for the same values
used in GANEs (B =8.18 MeV, I =11.35fi MeV '), the
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agreement between a multistep and an equivalent one-

step calculation is quite good, as shown in Fig. 5. The
mean values of A, Z, J, and E deduced in this case,
shown in Table I (see row 3), are slightly larger than
those calculated previously, except for the excitation en-

ergy which is 10% larger. The increase in these parame-
ters is related to the larger fraction of He which are em-
itted in the first step (in this case 50%).

Although a detailed comparison between the codes
GANES and LILITA is out of the aim of this paper, we have
found that assuming a first-step emission in both pro-
grams, they are equivalent, provided that the same emis-
sion barrier and moment of inertia are used. To illustrate
this point we show in Fig. 6 the energy spectra calculated
at OI,b

——52.5' and 107.5' and the angular distribution cal-
culated by GANES, compared with the prediction of LILI-
TA in which we have introduced the emission barrier'
and moment of inertia of GANES. The agreement is good
mainly because the level densities and the transmission
coefficients used in the two codes are essentially
equiva1ent. Both use a Fermi gas level density in the con-

120 - MeV Si+ Si ~ He

First step
Multistep'
Multistep

'See text.
See text.

60
58.3
58.8

28
27.3
27.6

75.0
56.5
61.7

25.3
24.0
25.6

tinuum region, ' approximated by a constant-
temperature level density. Concerning the transmission
coefficients, LILITA uses a Fermi function which repro-
duces optical model transmission coefficients, ' while
GANES uses the Hill-Wheeler expression' with a curva-
ture %co=4.0 MeV. Calculations show that the two
transmission coefficients are essentially equivalent up to
alpha particle energies of =20 MeV in center of mass.
Differences appear at higher energies and arise from the
different radius parametrization used by the two codes in
the centrifugal barrier calculation and the L dependence

TABLE I. Mean values of mass A, charge Z, spin J, and ex-
citation energy E„ in MeV of the He emitter in the deexcitation
evaporative chain of the nucleus Ni, obtained using the code
LILITA. The input values for the first step are also reported.
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FIG. 4. He energy spectra at O~,b
——55' and 110 and angular

distributions calculated by means of the code LILITA, assuming
a multistep emission ( o 0 o ), an equivalent emission (- - -) and a
first-step emission ( —). Average values of A, Z, J, and E„ofthe
emitter used in the second calculation are shown in Table I.

FIG. 5. He energy spectra at Ol, b
——55 and 110 and angular

distributions calculated by means of the code LILITA assuming a
multistep emission (0 0 0 ) and an equivalent one-step emission
(- - -). The values of the emission barrier and moment of inertia
used in the calculation are the same assumed by GANES.
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FIG. 6. He energy spectra Oi,b
——52. 5' and 107.5', and angu-

lar distributions calculated by the code GANES ( —) and LILITA
(- - -) assuming a first-step emission.

of the barrier curvature in the Fermi function used in the
code LILITA.

To simulate the deformation effects we have performed
several calculations with the code GANES in the spherical
option reducing the s-wave emission barrier and the max-
imum angular momentum characterizing the entrance
channel spin distribution. The average values of A, E,
and Z have been kept constant and equal to the values
shown in Table I (see row 2). Data are well reproduced
(solid lines in Fig. 3) using the values 8 =7.4 MeV,
L„;,=26k. Due to the strong constraints imposed by the
measured spectra we can assign relatively small uncer-
tainties to these (model-dependent) parameters. The
good agreement at 8&,b

——150' indicates that the deviations
observed at backward directions in the invariant cross
sections are essentially due to the spin-induced aaisotro-
py.

The measured energy-integrated angular distribution is
accounted for by both calculations shown in Fig. 3, as in
the measured angular range the results are not very sensi-
tive to different choices of the L„;, and barrier. In this
respect measurements at more forward angles (H~,b & 35')

would provide strong constraints on the calculated angu-
lar distribution.

B. Comparison with the statistical model
for deformed nuclei

Calculations for emission from deformed nuclei have
been carried out using the code GANES. This option of
the program allows to simulate the equivalent one-step
emission of light particles from nuclei of different axially
symmetric shapes: oblate, prolate, and pear shapes, be-
sides the spherical one. A Cassinian system of orthogo-
nal coordinates' is used to describe the nuclear shapes.
The effects of the charge distribution deformation on the
emission barrier and of the increase of the moment of in-
ertia on the centrifugal velocities of the evaporated parti-
cles are taken into account in the calculation. As far as
the first effect is concerned, the barrier is calculated for
different directions of the emitted particle with respect to
the symmetry axis using a Wood Saxon nuclear potential
for deformed nuclei proposed in Ref. 19. Its diffusivity is
adjusted to reproduce for a spherical nucleus the barrier
for the reverse process. ' The rotational energy, which
appears in the level density, is calculated using the mo-
ment of inertia of the deformed nucleus. The L„;, value
of 38% was used to characterize the entrance channel L
distribution. The shape of the emitter was the only free
parameter, once the average values of A, Z, J, and E„de-
duced from the spherical multistep calculation [Table
I(a)] were provided. A good fit, almost indistinguishable
from the full lines shown in Fig. 3, were obtained with an
oblate shape with axis ratio =3.0.

Concerning the deformation, the deduced very large
axis ratio indicates that the simple deformation approach
used here may be unrealistic. In fact, similar results have
been found in Refs. 2 and 3, where the evaporative alpha
spectra and the angular distribution measured for
different systems demand for very strong deformations to
be reproduced. On the other hand, the very low barriers
observed in the proton spectra for these systems, could
not be accounted for even with very large deformations.
On these grounds it has been suggested ' that, besides
the nuclear deformations, a new physics which effectively
increases the mean evaporation radius, must be included
in the statistical model. The results presented in this pa-
per strongly support these conclusions.

IV. SUMMARY AND CONCLUSIONS

The He energy spectra and angular distribution have
been measured for the reaction 120 MeV Si + Si. The
experimental spectra show emission barriers and widths
significantly smaller than those predicted by the evapora-
tion statistical model for spherical nuclei, indicating
strong deformation of the emitting nucleus Ni.

Calculations for He emission from deformed nuclei
have been carried out using the code GANES. Average
values of A, Z, J, and E of the emitter deduced from the
multistep code LILITA have been used in the equivalent
one-step emission simulated by the code, leaving as free
parameter only the shape of the nucleus. Data are well
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reproduced assuming a very large oblate deformation
(bla =3.0). This unrealistic axis ratio indicates, as al-
ready suggested in Ref. 2, that additional physical effects,
besides the deformation, must be taken into account to
explain the particle emission from real nuclei.
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