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A detailed comparison between measured energy spectra and cross sections of ' 'H and He, eva-

porated from the composite system Ru (E =113 MeV), and the predictions of the statistical model,
has been carried out. Results obtained with transmission coefficients derived from optical model (OM),
ingoing-wave boundary-condition model (IWBCM) and fusion systematics (FS) are presented. The best
overa11 description of the data is obtained using IWBCM transmission coeScients, with reduced s-wave

barriers, including, in the level density, deformations slightly larger than those predicted by the rotating
liquid drop model (RLDM). ' H yields are we11 reproduced by IWBCM transmission coeScients, while

they are largely overestimated by the OM ones; the failure is found to be related to the imaginary part of
the optical potential which accounts for the absorption of nonfusion reactions, in peripheral collisions.
No combination of phase space and transmission coeScients is able to reproduce, simultaneously, the
low emission barrier and the cross section observed for protons.

PACS number(s): 25.70.Gh, 25.70.Jj

I. INTRODUCTION

Evaporative light charged particles have proved to be a
powerful probe for the investigation of many aspects re-
lated to the properties of hot rotating nuclei (E'(100
MeV) [1—8]. The presence of spin-induced deformations
appears to be well established for many composite sys-
tems [2—4] on the basis of the comparison of particle en-

ergy spectra and angular distributions with the predic-
tions of the evaporation model. The time of the shape re-
laxation of the emitting nucleus has been found to be also
important in the evaporation process [5].

Besides deformations, the existence of novel features of
the nuclear surface along the formation of the composite
system has been suggested for some composite systems
[6—8]. In particular, the measured emission barriers for' H and He, not reproduced by the evaporation model,
would reflect the formation of an hot diffuse nuclear sur-
face. This picture is confirmed by self-consistent
Hartree-Fock calculations of hot nuclear density [9].

The interpretation of barrier lowering in the statistical
model is not free from controversies [10—12] which arise
from the use of different evaporative codes adopting
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different parametrizations of the level density and
different sets of transmission coefficients. Among a num-
ber of fundamental open questions concerning the use of
the statistical model, the choice of the transmission
coefficients is particularly important. In fact, they play a
leading role in the determination of the extent of the nu-
clear deformation and, according to recent papers [6—8],
in the investigation on possible dynamical effects respon-
sible for barrier reductions. Emphasizing that the
transmission coefficients are related to the inverse process
cross section, i.e., fusion, McMahan and Alexander [13]
have analyzed fusion excitation functions for protons and
alpha particles in order to determine the appropriate
transmission coefficients. As pointed out in Ref. [12], for
the system 120-MeV Si+ Si, transmission coefficients
derived from fusion systematics [14] produce alpha ener-

gy spectra harder than those obtained from optical model
transmission coefficients. An important contribution to
this subject is given in a recent paper [15] where the
ingoing-wave boundary-condition model (IWBCM) and
optical model (OM) transmission coefficients are com-
pared. The authors pointed out that the special effects of
the imaginary part of the optical potential, responsible
for transparency, shape resonances, and peripheral ab-
sorption, can be misleading in the context of the evapora-
tion model, as they include nonfusion reactions in the in-
verse process. In this framework recent experimental
data [16,17] have indicated that the evaporation model
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systematically overestimates the deuteron and triton
yields at high excitation energy (=100—400 MeV) if OM
transmission coefficients are used. The failure of the
model is attributed to the large percentage of nonfusion
reactions accounted for by the OM transmission
coefficients [17].

We report here a detailed comparison between mea-
sured energy spectra and cross sections of ' ' H and He
emitted from the composite system Ru [E*=113MeV,J,„=69'' [4]] formed in the reaction 180-MeV

S+ Ni, with the predictions of the evaporation model.
The major objective is to illustrate the results obtained
with different sets of transmission coefficients, having
strong experimental constraints to the model such as en-

ergy spectra and cross sections of all the light charged
particles. Particular emphasis is given to the following
two aspects strictly related to the transmission
coefficients. The first one concerns deuteron and triton
yields, which appear to by systematically overpredicted,
using OM transmission coefficients. The second one is re-
lated to the need of barrier lowering in the statistical
model.

He emission from the same nucleus at different excita-
tion energies (E, =82.2 —115.7 MeV) has been studied in
Ref. [4], where OM transmission coefficients have been
used in the analysis. It has been found that He energy
spectra can be reproduced, enhancing the level density,
indicating the onset of deforrnations at high spins. In
spite of this, alpha particle cross sections at higher excita-
tion energies are systematically underestimated by the
model.

II. EXPERIMENTAL PROCEDURES

The experiment was carried out at the XTU Tandem of
the Laboratori Nazionali di Legnaro (Padova), using a
180-MeV beam of S with an average current of =50
electrical nA. A self-supporting target of Ni 500
pg/cm thick, 96%%uo isotopically enriched, has been used.
Spectra of protons, deutrons, tritons, and alpha particles
were measured by four silicon tritelescopes (50 p,m, 500
pm, 5000 pm) at laboratory angles O„b=20', 30', 45', 60',
125, and 135'. The telescopes at the most forward angles
(20' and 30') were protected from the elastic scattering by
a gold foil 40 rng/cm thick. At the other angles, 10-
mg/cm gold foils were used, in order to shield the detec-
tors from low-energy electrons and photons. Solid angles
were determined by geometric measurements (2.0 msr at
20, 30', and 45; 1.9 msr at 60'; 4.4 msr at 125' and 135').
The energy calibration was performed by normalizing a
precision pulser to the peak due to the 5.48-MeV He-
particle decay of 'Am.

Experimental ' ' H and He angular distributions in
the center-of-mass (c.m. ) system are shown in Fig. 1. The
differential cross sections have been determined by nu-
merical integration of the energy spectra, taking as lower
limit the same energy threshold. The evaporative process
from the composite system dominates at backward angles
(0&,b) 50, corresponding to (8, ) )70'), where the an-
gular distribution becomes isotropic, while the presence
of a nonevaporative component is observed at forward
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FIG. 1. Measured ' H and He angular distributions in the
c.m. system for the reaction 180-MeV 'S+ Ni. The symbols
are experimental data, and the lines have been drawn to guide
the eye.

III. COMPARISON WITH CASCADE PREDICTIONS

Measured ' ' H and H energy spectra and cross sec-
tions have been compared with the predictions of the eva-
poration model for the composite system Ru (E*=113
MeV). Calculations have been performed with the code
CASCADE [19].

As pointed out in Ref. [4], fission is an important decay
channel for the composite system under study. Experi-
mental fission data for the system Cl+ Ni, close to our
system, are available in Ref. [20]. The authors found that
a significant reduction (FFB=0.54) in the rotating liquid
drop model (RLDM) [21] fission barrier and an increase
in the level density at the saddle point (af/a =1.04),

angles. At backward angles the contribution of other
sources such as deep inelastic fragments or fission frag-
ments has been estimated to be negligible as indicated by
a Monte Carlo simulation of such processes using the
code GANES [18]. The calculation shows that a
significant contribution of these processes would provide
a shape of the energy spectra very different from that ob-
served experimentally. Furthermore, a comparison of the
shape of the energy spectra in the c.m. system shows that
it does not depend on the angle, confirming the evapora-
tive nature of the spectra at backward angles. A similar
result has been found in Ref. [4], where the same compos-
ite system has been studied.

Evaporative particle total cross sections have been ob-
tained assuming an isotropic angular distribution normal-
ized to the angle corresponding to 60' in the laboratory
system, whose spectrum was not affected by energy cuts
in the center-of-mass system, for all particles. Variations
up to 15% in the cross sections are obtained, assuming
different shapes of the angular distribution, with anisotro-
pies up to 2. The spectrum at O„b=60' has been used for
comparison with the evaporation model.



46M. KII.DIR et gl.2266

in ground sta te are re-gd with that o
ental data.the e crimere roduce

to our cacudarameters p rovide a
lysis in Ref.

pa
the data ana ywas done in

A. Energy spectra

- f-mass sys-the center-of-ner y spectra in
ared with cAs-

gy

g
1 1 tlows onne to cacu

g distn u i
Th 1 1 td

anthec a
s ectra av r-

f h
h h s. Th s

ents the de-
der to comp

S 1employed.
onds to the

in Table
b the code; se

modeling the1 h t'1best fi p

ddb th
hase space and inc u n

The severe cons r
'

Ref. [20.

eterminelowed u4 e energy sp ectrum a
wo sets o arameter

of the He
meters The tw

The second
unique se

—08 d 34] mb, re p
d lue of the

set of param
res ectively—]08 an

'
r olated va u

produce y~s
to the interpo

he system
much closer

sured for t efission unc
b th 1 lto

been used.22 —26] h b
C

ission coe
s 1 anorrespon i

fission cu o
m. The ratio of ma'

cleus, accor
'

g
tion of

1hb set 2 correspon sline labeled by se

is roducingis far from reprseen in Fig. 2 t 1 is
of the spectrathe shapes o

h lo
lar, t em g

d d
than tec

t reproduce,
'

a'de is almos renergy si

2
1 0 w r r r r

-'H

10:- ~

100

I '
~ rr r ~ I r r ~ ~ I~ ~ ~ r I ~ r r ~

180-MeV

~ ~ rr I ~

C"S s'Ni 0
0)

E

0
0 ~ ~ ~ ~ r

- H

r r r r r I r ~ r r II r ~ ~ ~ I ~ ~ r r I r r r r

E
~10
LU
l3
Cl

10

U

10

——-OM

IWBCM Set 2

~ ~ ~ ~ ~ ~ ~ ~ I a ~ r r I r ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

5 10 15 20

E (MeV)

-2
E1 0
O

LLI

10 25 30 3510 15 20
(MeV)

)I
V)

E

10

H

r ~ ~ ~ I ~ ~~ ~ r I rr r r ~ I r~ ~ ~ r I r r ~ r ~~ ~ I ~ 10

0

10
VJ

E

r ~ ~r I rr ~ I

: 4He

~ r ~ ~ ~~ r r ~ I~ r ~ r I ~I''''I

3

-2E10
O

UJ

Cl
10

E
O

UJ

10
'U

I ~ a ~ ~ I ~ ~ ~ ~ I ~ ~ ~~ ~ ~ r ~ ~ I ~ ~ r ~ ~ a ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ I ~ ~ ~ ~

E (Me V)
cm

a ~ ~ ~ I r ~ ~ a~ ~ a a I a a a ~ I a ~ ~ ~

35
~ I a ~ a a I ~ ~ a a a a ~ ~ ~

10 15 20
E (Me V)

r ith optical mo eel

10
0 5

alculations, per op
re iven in Ta

gy p"p™FIG. 2. Comparis
dary-condition moin -wave boun ar-(OM) and ingoing-w

I.



46 ' 'H, He EMISSION FROM Ru NUCLEI (E» =113.. . 2267

TABLE I. Parameters of evaporation calculations using cAsCADE code for S+ Ni.

Angular momentum distribution in the compound nucleus:
(1) J„;,=69k,
(2) diffuseness 6=2k.

Myers-Swiatecki liquid drop mass formula [29].
Level density parameters at low excitation (E &10 MeV):

(1) Fermi gas level density formula with parameters from Dilg et al. [30];
(2) effective moment of inertia, /=0. 85$„s;~.

Level density parameters at high excitation:
set 1, (E &20 MeV); set 2, (E*)15 MeV).

(1) Fermi gas level density formula [31] with parameters from LDM [32].
(2) Level density parameter,

set 1, aLDM= A/8; set 2, aLDM= A/8. 5.
Yrast line:

(1) Moment of inertia for rigid body with radius parameter:
set 1, r0=1.23 fm; set 2, ra=1.28 fm.

(2) Deformability parameters (DEF and DEFS) used to calculate the effective moment of inertia as a function
of angular momentum:

set 1, DEF=4.7X10, DEFS=1.2X10
set 2, DEF=9.1X10, DEFS=9.7X10

Fission:
(1) Level density parameter at the saddle point:

set 1, af = A/8; set 2, af = A/8. 17.
(2) Fraction of the liquid drop barrier FFB:

set 1, FFB=1.0; set 2, FFB=0.54.
Transmission coefficients for emitted particles calculated by
(A) optical model (OM) potential,

(1) neutrons, Wilmore and Hodgson [22],
(2) protons, Percy [23],
(3) deuterons, Lohr and Naeberly [24],
(4) tritons, Becchetti and Greenlees [25],
(5) alpha particles, Huizenga and Igo [26];

(B) ingoing-wave boundary-condition model (IWBCM), which uses real part of the optical model potential given above [27];
(C) Fusion Systematics (FS), which uses the Hill-Wheeler expression [28] and fusion s-wave barriers [14].

protons, deuterons, and alpha particles. Using set 2,
good agreement is obtained for the alpha particles and a
substantial improvement for ' H at the high-energy side.
The quality of the agreement for the He spectrum is
essentially the same as that found in Ref. [4] for the same
system. For protons, the two calculations provide, as ex-
pected, essentially the same shape of the spectrum with
the results shifted to a higher energy of about 1 MeV. As
far as the low-energy side is concerned, no substantial
changes are obtained for all the particles going from set 1

to set 2.
A modified version [27] of the program TL, included in

the CASCADE package, has been used to generate
transmission coefficients according to the IWBCM, as in-
put for CASCADE, for all the nuclei involved in the eva-
porative chain. Center-of-mass energy ranges of 32 MeV
for n, ' ' H, and He in steps of 1 MeV and for orbital
angular momenta up to 32k have been considered. The
same real part of the potential used in the OM transmis-
sion coefficients has been adopted. Using these transmis-
sion coefficients with all the other parameters of set 2, the
high-energy sides of the deuteron and triton energy spec-
tra are better reproduced, while a significant disagree-
ment is obtained for the alpha particles at the low-energy
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FIG. 3. Yrast plot for Ru. Yrast lines have been calculated
using sets 1 and 2 of parameters given in Table I. The vertical
line marks fission cutoff angular momentum 69fi [4,19]. The ra-
tios of major to minor axis according to the RLDM and corre-
sponding to set 1 are also shown.
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side. A similar, but smaller deviation, is observed for
deuterons and tritons. No significant variations of the
fission cross sections are obtained (o s„=347 mb) with
respect to OM (set 2) transmission coefficient calcula-
tions.

The results obtained using transmission coefficients
from fusion systematics (FS) [14], keeping set 2 for the
phase space parameters, are shown in Fig. 4 for protons
and alpha particles. The Hill-Wheeler [28] expression
has been used with barrier curvatures fico=4. 0 and 3.0
MeV for He and 'H, respectively, and with fusion s-wave
barriers [14]. A comparison between the data and results
obtained using OM and IWBCM transmission coefficients
is also presented in the figure. We have not included
deuterons and tritons in the calculations, as no transmis-
sion coefficients from fusion systematics are available for
these particles. A slightly lower fission cross section was
obtained (os„=297 mb). FS transinission coefficients
provide a 'H energy spectrum significantly harder than
that obtained with the other sets of transmission
coefficients, indicating a larger discrepancy between data
and calculations, while, for He, FS and IWBCM
transmission coefficients provide essentially equivalent re-
sults, as far as the low-energy side is concerned. It must
be pointed out that we are faced with a high degree of un-
certainty for the barrier curvature in the case of protons
[14]. It is well known that smaller values of barrier cur-
vature, as suggested in Ref. [14], make larger the
discrepancy with the data. Such changes in the proton
spectra modify the He spectra through the competition
[12].

B. Cross sections

The comparison between ' ' H and He measured
cross sections and CASCADE predictions is shown in Table
II. The corresponding values of the fission cross section
are also reported. Both sets 1 and 2 provide a reasonable
agreement with the measured value of the 'H cross sec-
tion. For He, set 2 underpredicts the measured value.
As already found by Fornal et al. [4], the use of OM
transmission coefficients, of a lowered yrast line and
fission parameters from Ref. [20] provides a He cross
section lower than the measured one. Finally, ' H cross
sections are largely overestimated by both calculations.

The IWBCM provides a reasonable agreement for all
the particles except for He, whose cross section is largely
underestimated. Fusion systematics transmission
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coefficients provide cross sections very close to those ob-
tained with the OM set 2 of parameters; variations of
only a few percent are obtained with the curvature going
form 1 to 4 MeV for protons.

To summarize, IWBCM transmission coefficients pro-
vide reasonable agreement with ' ' H cross sections, but
they underestimate the He cross section and the low-

energy side of ' ' H and He energy spectra. On the oth-
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FIG. 4. Measured 'H and He energy spectra compared with
CASCADE calculations using optical model (OM), fusion sys-
tematics (FS), and ingoing-wave boundary-condition model
(IW'BCM) transmission coeScients.

TABLE II. Comparison between experimental and calculated cross sections of evaporated ' ' H and
He particles in the reaction of 180-MeV S+ Ni.

Experiment

OM
OM
FS
IWBCM
IWBCM

set 1

set 2
set 2
set 2

(1.15', )

1860+279

1821
1809
1978
1990
1963

H
87+17

181
168

96
102

H
16+3

31
26

14
16

4He

1405+211

1399
928
820
639

1411

Of
200'

108
341
297
347
236

'Fission cross section (rrf ) is estimated from a 'Cl+ Ni reaction [20).
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er hand, OM transmission coefficients provide shapes of
energy spectra relatively close to those obtained with
IWBCM transmission coefficients, but they overestimate
by a factor of =2 the ' H yields. Finally FS transmis-
sion coefficients reproduce the 'H cross section, but they
underestimate the He one at the same time that the cal-
culated spectra are significantly more energetic than the
measured ones. Considering that we may improve the
agreement between the data and model by lowering the
emission barriers, IWBCM transmission coefficients ap-
pear to be the best candidate to provide a good overall
description of the data. In fact, both the deviations in the
energy spectrum and cross section in the case of He can
be eliminated by lowering the emission barrier, provided
that a reasonable value for 6ssion cross section is ob-
tained. Nevertheless, the need of barrier reduction, re-
quired by the 'H energy spectrum, is at odds with the
corresponding yield, as this latter is already well repro-
duced by this set of transmission coefficients. Therefore
we may not be able to reproduce both the shape of the
energy spectrum and the cross section of protons, this ex-
pectation being true independent from the kind of

transmission coefficients. In order to gain insight on this
point, calculations with reduced barriers in the IWBCM
transmission coefficients have been carried out. The re-
sults are presented in the next paragraph.

C. Barrier reductions

We intend here to investigate if we can obtain a satis-
factory description of the shapes of the spectra and cross
sections of all four particles, reducing the emission bar-
riers in the evaporation model. To pursue this objective,
we have performed calculations, increasing the radii of
the IWBCM potential for ' ' H and He, in order to
reproduce the low-energy side of the energy spectra and,
in the case of He, the yield. First, we have performed
calculations, increasing the radius for one particle at the
time, in order to evaluate the sensitivity of the result.
Then a complete calculation, including reduced barriers
for all the particles, has been carried out.

The calculated spectra obtained by increasing the ra-
dius by a factor f= 1. 15 for all the particles are shown in
Fig. 5. The corresponding cross sections are given in
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Table II. The shapes of the energy spectra and the multi-
plicities of all the particles are well reproduced, except
the proton spectrum, which is not sensitive to this
change.

On the contrary, we cannot obtain a similar agreement
using OM transmission coefficients, no matter how we in-
crease the potential radius. In particular, reducing only
the He barrier by a small amount (corresponding to
f=1.08), we can obtain good agreement for the alpha
cross section without changing significantly the cross sec-
tions for the other particles (less than 10%%uo), leaving a
large disagreement for H and H. On the other hand, a
reduction in the H and H barriers would enhance the
disagreement with the data. Finally, the proton spectrum
is not sensitive to barrier reductions, leaving the same
discrepancy observed using the IWBCM transmission
coefficients.

In order to observe variations in the proton spectrum,
using both IWBCM and OM transmission coefficients, we
have to increase the radius of the proton potential by a
factor of 1.5. This choice already provides, in the
IWBCM case, a value for the proton cross section
(o~ =3154 mb) and for the alpha one (0 =934 mb) much
larger and smaller than the measured ones, respectively.
Deuteron and triton yields are not much affected, with
values still within the experimental uncertainties.

The agreement found with the IWBCM is not much
affected by the change of the other particles yields. In
fact, the relatively small dependence of ' H yields from
the proton yields is not surprising because such a depen-
dence is related to the total decay width. A significant
change in the proton decay width produces a small
change in the total decay width.

The possibility of reproducing the 'H spectral shape
and cross section, at the same time modeling the phase
space and adopting reduced barriers in the transmission
coefficients, has been ruled out by several trials. Different
values for the deformability parameters, for the moment
of inertia of the residual nucleus, for the level density pa-
rameter, for the interpolation range between the low-

energy and the liquid drop regions, and, finally, different
options for the liquid drop formula, were used.

D. s-wave emission barriers

First-step emission s-wave barriers for the IWBCM
transmission coefficients are presented in Table III, as
well as the reduced s-wave barriers needed to obtain the

energy spectra shown in Fig. 5. The corresponding bar-
riers for OM and FS transmission coefficients and the re-
duced barriers derived from systematics [1] are also re-
ported for comparison. It is interesting to note that s-
wave barrier values are equal for the sets of transmission
coefficients used, except for protons. For the latter the
transparency effects, present in the OM, make this com-
parison not straightforward. Furthermore, the found
barrier reduction for He is in good agreement with that
obtained from systematics [1]. For protons, our result is
consistent with that found in Ref. [1], as a barrier value
much lower than that reported in Table III is needed to
reproduce the proton spectrum.

IV. DISCUSSION

There are two main results from this work which
deserve to be discussed. The first one is the reasonable
overall agreement obtained with the IWBCM transmis-
sion coefficients in the evaporation model, with particular
interest in the ' H yields. The second one concerns the
failure of the model in reproducing 'H data.

A. Transmission coefficients and their erat'ects

on the statistical model predictions

We intend to discuss here the nature of the transmis-

sion coefficients used and how the differences between

them determine different predictions of the model about
cross sections and energy spectra. We compare in Fig. 6
the transmission coefficients derived from the optical
model and from the ingoing-wave boundary-condition
model for a first-step emission.

For protons, the values of the IWBCM transmission
coefficients approach unity for large energy values, while

those of the OM ones saturate at TI —-0.8. This behav-

ior, which is related to the transparency effect in the opti-
cal potential, arises from the rather great probability that
an incident proton will both penetrate the barrier to enter

and subsequently reemerge from the target. A similar

but much smaller effect is observed for the heavier parti-
cles. A second difference between the two sets of
transmission coefficients is given by the larger values of
the OM transmission coefficients, compared with the
IWBCM ones, for a given energy and for high values of
orbital angular momenta. As already pointed out in Ref.
[15], this difference is due to the treatment of absorption.
The radial tail of the imaginary potential causes reactive

TABLE III. Effective s-wave barriers (defined by the energies of TI =o=0.5) for the evaporation of
"'H and He from the composite system Ru. Values in parentheses indicate the percent reduction in

barriers for the IWBCM corresponding to the energy spectra shown in Fig. 5 with solid lines.

Particle

'H
H
H

4He

'From Ref. [1].

OM

8.6
6.1

5.9
12.1

FS

6.7

12.1

IWBCM

6.7
6.1

6.0
12.1

Reduced
IWBCM

6. 1 (9%)
S.7 (7%)
S.6 (7%)

10.8 (11%)

Reduced
barriers'

3.8

10.7
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although barrier lowerings are still observed [1,33].
Taking into account the physica1 description provided

by the IWBCM together with the better overall agree-
rnent obtained, we can conclude that these transmission
coefficients are more appropriate for the description of
particle evaporation in this system. A similar compar-
ison, carried out through a systematic analysis of the
yields of ' H, emitted for a certain number of composite
nuclei at excitation energies of =100 MeV, has given
similar results [34].

B. Deviations from the predictions
of the evaporation model

For proton spectra we have found that the deviations
are independent from the phase space parameters and
from the set of transmission coefficients used. This
discrepancy leaves an open question about the statistical
model and on our conclusions about the transmission

coefficients. As indicated in recent investigations
[1,6,8,9], the protons seem to play an important role in
the understanding of possible novel features in the eva-
poration process. Descriptions in terms of emitter defor-
mation and/or dynamical effects may be called upon to
explain the experimental data. It would be interesting to
compare our results with those obtained including
dynamical effects in the statistical model. If dynamical
effects, necessary to explain proton spectra, would change
signi6cantly the emission of the other light particles, the
conclusion about the transmission coefficients should be
revised.
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