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Evaporation residues from fusion reactions induced by 160 MeV "S on targets of ""'Mg and "Al were

identified by means of a time-of-flight h, E-E detector telescope. Angular distributions were measured in the

range from 3' to 16' and total yields were determined as a function of A and Z of the products. The mass

distributions of the evaporation residues (summed over Z) show the typical structure arising from the
competition between nucleon and a evaporation in the decay of the highly excited (83 to 90 MeV) compound
nuclei, with only little variation between the four systems. It is concluded that the deexcitation mechanism is

to a large extent independent of the individual structure of the nuclei in the decay chains. This is also
demonstrat& by the yield distributions for the individual nuclides, in particular by the similarity of the yield

patterns obtained in the N-Z plane for the compound nuclei Cu and ' Ni. The data are reproduced very

well by evaporation calculations based on the statistical theory. Effects of nuclear deformations due to the

high angular momentum on the shape of the yrast line and on the transmission coefficients for the emitted

light particles were included. The influence of shell e6'ects in the level densities at high excitation was

studied and found to be negligible above 15 MeV excitation.

MUCH. EAR REAC&ONS "8 on "Mg "Mg "Mg "Al, F.= 1.60.7 Mey o {O,A, Z)
for fusion products. Discussed systematics of nuclide distributions as function
of compound-nucleus mass. Comparison with evaporation calculations, shell

effects in level densities studied.

I. INTRODUCTION

Direct identification of the evaporation residues
from a fusion reaction by means of a detector tele-
scope and measurement of the yields as a function
of mass sag atomic number of the products has
proven to be a powerful method for studying the
decay of highly excited compound nuclei. Recent
advances in the detection techniques, in particular
the improved resolution of time-of-flight tele-
scopes, have made it possible to study compound
systems as heavy as A = 60 in heavy-ion induced
reactions. Examples of such experiments may
be found in Refs. 1-4.

The main features of the data are we11 under-
stood. The shape of the spectra and angular dis-
tributions of the evaporation residues was recog-
nized as being characteristic for the decay mode
of the compound nucleus, in particular for the
number of e particles in the decay chain. The
pronounced structure of the mass distribution and
the typical distance of three mass units between
relative maxima could be explained qualitatively
as being due to the competition between emission

of nucleons and o. particles. The dependence of
this structure on mass and excitation energy of
the compound nucleus was studied. In most cases
the evaporation residues were identified by their
mass only. Apart from a few y-spectroscopic
studies there are few data on cross sections of
individual nuclides. As far as the theoretical in-
terpretation is concerned it could be shown3~ that
the experimental results can be reproduced by
means of a statistical evaporation model. One
may therefore expect to obtain quantitative infor-
mation about properties of nuclei at high excitation
and al~ular momentum from such studies.

Ill this work, fusion reactions between 160 Me V "9
and targets of "Mg, "Mg, "Mg, and "A1.are dis-
cussed. In contrast to most of the earlier studies
the evaporation residues were identified by mass
and atomic number simultaneously by combining
a ~-E and a time-of flight measurement. Par-
ticular emphasis is laid on studying the variation
of the yield distributions under systematic varia-
tion of the compound nucleus in order to show to
what extent the decay mechanism of a highly ex-
cited nucleus depends only on gross properties
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of the product nuclei involved or on their micro-
scopic structure. A detailed comparison with
evaporation calculations is presented. In the theo-
retical analysis the inQuence of deformations on
the deexcitation and of various assumptions con-
cerning shell effects in nuclear level densities at
high excitation are investigated. The latter point
is of particular interest here, since the decay
chains cross the shells N = 28 and Z = 28.

II. EXPERIMENTAL PROCEDURE
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FIG. 1. & spectrum of the evaporation residues from
the reaction 28+ 8Mg at 0&,b= 5 obtained by projection
of the linearized 4E vs E data on the 4E axis.

Self-supporting isotopically enriched targets of
MMg, "Mg, "Mg, and "Al of 400 500 pg/cm'
thickness were bombarded with 160.7 MeV "S ions
from the upgraded MP tandem accelerator of the
Max-Planck-Institut fur Kernphysik in Heidelberg.
With dual foil strippers a beam of 10"particles/s
could be obtained on the target. Heavy reaction
products were measured at angles between 3 andI using a time-of-flight ~-E detector telescope
described previously. +7 A thin scintillator foil
with a fast photomultiplier provided the start sig-
nal. The stop pulse as well as the energy signal
were derived from a silicon detector at the end of
a 1.80 m flight path. An ionization chamber in
front of this detector measured the energy loss of
the particles. The chamber had a grid-supported
Parylene window of 30 p, g/cm' thickness and was
filled with 20 Torr pure isobutane gas.

For each event the energy E, the energy loss
~, and the time of flight 7 were recorded on
magnetic tape. The data were analyzed utilizing
the computer facilities of the Munich tandem lab-
oratory. In a two-dimensional E vs &ATE plot the
different elements could be identified unambiguous-
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FIG. 2. Mass spectrum of the evaporation residues
from reaction ~ S+ Mg at el,b

= 5' obtained by projecting
the linearized ET vs E spectrum on the ET axis

ly. The ~-E plane was covered with a net of
polygons defining lines of constant Z. A one-di-
mensional Z spectrum was obtained by projecting
the events along these lines. In the ET' vs E plane
the different mass lines could clearly be assigned,
but they showed a considerable energy dependent
curvature due to pulse height defects in the silicon
counter and due to the inQuence of the energy loss
in the ~ counter on the time-of-Qight measure-
ment. To avoid complicated analytical correc-
tions, the same method as described above for the
~-E spectra was used for linearizing the data.
Projections on the A and Z axes shown in Figs. 1
and 2 demonstrate the quality of the mass and Z
resolutions obtained. The elements are very weD
separated. The mass spectra required unfolding
by means of a multipeak Gaussian fitting program.

Absolute differential cross sections were deter-
mined by comparing the evaporation residue yields
to those for elastic scattering. The latter cross
section scale was established by comparison to
optical model calculations using parameters ex-
trapolated from those of Gutbrod, Blann, and
%'inn 8

Typical angular distributions do/d8=2w sins do/
dA are shown in Fig. 3. Their maxima indicate
the most probable deflection angle, which is re-
lated to the transverse momentum transferred to
the residual nucleus by the evaporated particles.
This deflection angle and the width of the angular
distribution are characteristic of the number of
~ particles emitted from the compound nucleus. 4

The dependence on the number of evaporated neu-
trons and protons is weak.

The total yield for each evaporation residue was
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determined by integrating the angular distribu-
tions. Relative errors are estimated to be about
+10% for the dominant isotopes, but are expected
to be larger for the weaker ones. For the reaction
"S+'4Mg, data were only taken at a single angle
(8=6'). Total cross sections were derived as-
suming the same shape of the angular distributions
as for products with the same number of emitted
particles in the reaction on "Mg.

The summed evaporation residue cross sections
for the four reactions studied are given in Table I.
Their accuracy is of the order of +10%. The value
for "8+"Al is consistent with the excitation func-
tions given by Gutbrod, %inn, and Blann9 and
Kozub et a/." The cross sections in Table I rep-
resent only 50% of the reaction cross section cal-
culated from the optical model. This indicated
strong contributions of deep inelastic or other
processes to the reaction cross section.

400
III. EXPERIMENTAL RESULTS

A. Mass distributions
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FIG. 3. Angular distributions of some representative
fusion products in the reaction ~2S+~TAl. The shape of
the distribution is characteristic of the number of 0. par-
ticles emitted in the decay chain. The solid lines are to
guide the eye. Since the differential cross section 40/fr~
is finite at 0', the angular distributions should go through
the origin.

It is instructive, in particular for the sake of
comparison with previous results, to first discuss
the mass distributions, which are obtained by
summing the evaporation residue yields over the
atomic number Z. They are shown in Fig. 4 for
the four reactions investigated. Whereas the Z
distributions (summed over A), which are included
in Fig. 4, are featureless and obviously do not
contain much information, the mass distributions
exhibit pronounced structures. These structures,
which are well known from earlier experiments,
have been explained as being a consequence of the
competition between the energetically approximate-
ly equivalent nucleon and ~ emission. '~ The as-
signments made in Fig. 4 between the peaks and
the corresponding dominant decay chains (e.g.,
4Nln for emission of four nucleons and one o
particle) are consistent with the energy balance
of the reaction, the shape of the angular distribu-
tions (Fig. 3), and the results of evaporation cal-

TABLE I. Characteristics of the reactions studied.

160 MeV S on Mg Mg Mg Al

Compound nucleus (CN)

Excitation energy E„c~ (MeV)

Fusion cross section 0'cw (mb) (+10%)

Maximum angular momentum I.o (Pi)

Ni

82.8

860

35.0

87.4

820

ssNi

90 ~ 0

840

36.1

"Cu

86.7

870

37.9

~Derived from acN.
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FIG. 4. Experimental and calculated evaporation resi-
due cross sections. On the left the mass distributions
(summed over Z) are shown, on the right the Z distribu-
tions (summed over A). The assignment of decay chains
to the peaks in the mass distributions is discussed in
the text. The solid bars represent results of statistical
evaporation calculations (see Sec. IVA).

culations (Sec. 1V). The average number of emit-
ted particles varies between four and five in the
dominant decay chains.

Except for a systematic shift by one mass unit
corresponding to the variation of the compound
nucleus mass, the shape of the mass distributions
for the four systems is found to be very similar.
This suggests that the deexcitation mechanism of
the compound nucleus is to a large extent indepen-
dent of the individual structure of the nuclei in-
volved in the decay. This point will be discussed
once more in connection with the nuclide distribu-
tions (see Sec. III B). The comparison with earlier
data for 130 MeV ~8 on "Al shcnvs the expected
charge of the mass distribution due to the increase
in the excitation energy of the compound nucleus
(E,c„=72.6-86.V MeV). On the other hand, one
observes a striking similarity bebveen the shape
of the mass distribution for 160 MeV 3~8 on 'Al

and that for 170 Me V "Cl on "Al' (the compound nucle-
us is63Zn), E,o„=88.8 MeV, L„ the maximum
angular momentum of the CN, is 44.%'). The only
difference is in the higher intensity of the 1Ã3o.
peak in the "C1-induced reaction. This is probably
a consequence of the higher compound-nucleus
spin in that reaction.

It was recognized earlier that the shape of evap-
oration residue mass distributions is strongly de-
termined by the statistics of the decay process,
which is one reason for the similarity of the dis-
tributions reported here and in earlier experi-
ments. This observation suggests an attempt to
describe these data by means of a very simple
model. This canbe done in thefollowing way. The
average number n of emitted particles is deduced
from the initial compound-nucleus excitation energy
E„c„assuming a constant amount of energy needed
for emitting aparticle. This energy is found empir-
ically tobe about 18 MeV, therefore n =E,c„/1& MeV.
The peaks in the mass distribution can then be as-
signed to the different combinations of nucleon and
a emission in a n-particle decay chain. The rela-
tive intensity of the peaks is determined by the
branching ratio between the decay modes. Because
of their spin degrees of freedom, nucleons have
a higher statistical weight, but this is compensated
by the ability of o particles to remove larger
amounts of angular momentum. Therefore we as-
sume, on the average, equal probabilities for
neutrons, protons and o particles (I'„:I'~: I'
= 1:1:1). The cross section for a certain evapora-
tion residue is then given by

&(&,&)=&om +p(n) P(z, y, z;n)8 ",
n

where P(z, y, z; n) = s!/(z!y!z!)gives the number of
permutations of x neutrons, y protons, and z o.-
particles that may lead to the same final nucleus
(z+y+ z = n). We included some variation of the
number of emitted particles by introducing a
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FIG. 5. Results of the simple compound-nucleus de-
cay model described in Sec. III A (solid bars) in compari-
son with the measured evaporation residue yields for
'~8 + 2'Al.



1014 F. PUHLHOFER et ul.

a weight function p(n} represented by a triangle
function of half-width 1.6 centered around the mean
value n. The parameters mentioned were found

empirically by comparison with several experi-
mental mass distributions. The result of this
calculation is shown for the case of 160 MeV "8
on 2~Al in Fig. 5. The comparison to the other
mass distributions looks very similar. In view
of the crude approximations made the agreement
is remarkable. However, it should be emphasized
that this model is only a simple means to explain
the statistical origin of the structure in the mass
distributions. It does not reproduce nuclide dis-
tributions. It also introduces an arbitrary branch-
ing ratio I'„:F~:I', which cannot be justified at
all within the framework of this model. This
ratio represents an effective value, averaged over
all excitation energies, spins, and nuclei in the
decay chains, and it is known that it varies by
orders of magnitude as a function of these vari-
ables. For a consistent description much more
detailed evaporation calculations are necessary.
They will be discussed in Sec. IV.

B. NucMe distributions

The cross sections for the individual evaporation
residues in the reactions investigated here are
shown in Fig. 6 as a function of A and Z. From
the mass distributions and their dependence on
only the mass of the compound nucleus one learns
that the number of emitted particles is more im-
portant than their charge. Therefore it seems
reasonable to plot Z spectra for given mass num-
bers. In the other possible display mode (mass
distributions for given Z) the data would only show
little systematic trends when comparing the dif-
ferent reactions. Except for a possible influence
of the individual level structure of the residual
nuclei there are two effects that are expected to
determine the Z distributions: the Q values for
the decays and the Coulomb barrier with its influ-
ence on charged particle emission. Therefore,
there will always be a tendency to adjust the ratio
of emitted neutron and protons in the decay chains
such that the residual nuclei lie close to the valley
of stability, but somewhat on the neutron-deficient
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FIG. 6. Nuclide distributions of the evaporation residues. Each horizontal rom belongs to one reaction. The solid
bars represent results of statistical evaporation calculations (Sec. IV A}. This figure corresponds to Fig. 4.
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FIG. 7. Nuclide distributions of the evaporation residues. The side dimensions of the solid squares are proportional
to the experimental cross sections. The purpose of these plots is to demonstrate the similarity of the intensity patterns
obtained for different reactions. The suitable reference frame for comparison is the titled coordinate system indicated.
One axis measures the mass evaporated from the compound nucleus, the other one the distance from the center of the
valley of stability, which is close to the 45 line. The right-hand part of the figure containing the odd-mass compound
nuclei is shifted intentionally so that the origin of the new reference frame is at the same location with respect to the
upper right corners of each plot.

side due to the Coulomb barrier for protons. This
means that the influence of the proton-neutron
ratio of the compound nucleus on the element dis-
tribution af the residues is strongly reduced, ex-
cept for multiple o. decays, where the number of
simultaneously emitted nucleons is smaQ. These
statements are seen to be consistent with the data
shown in Fig. 6. There, one observes that for a
given mass number A the relative intensities for
different elements are fairly iadependent of the
reaction. Close inspection reveals some depen-
dence on the N/Z ratio of the compound nucleus.

One notes in Fig. 6 that the experimental nuclide
distributions due to the decay of "Cu and 'VNi

are very similar except for a shift by tmo mass
units including one Z unit. In order to demon-
strate this more clearly the same data are
shown in Fig. 7 in nuclidic chart presentation.
One observes that the residue distributions es-
sentially move parallel to the valley of stability

corresponding to the change of the compound-
nucleus mass. This is understood from the
arguments made above. The similarity of the
patterns obtained for "Cu and 57¹i is, at first,
somewhat surprising in view of the fact that for
a given decay chain an even-even decay product
nucleus in the former case corresponds to an
odd-odd one in the latter, and vice versa. It
is, however, mellknomn that at a few MeV of excita-
tion the level densities of both kinds of nuclei are
very similar, if one refers to an energy scale
which is shifted by twice the pairing energy b in
one of the nuclei. The same pairing energy also
affects the ground state Q values, with the result
that both effects cancel. This means that for a
given kinetic energy of the emitted particle, re-
gions with identical level density are reached in
the odd-odd as mell as in the even-even product.

The similarity of the evaporation residue dis-
tributions in the N, Z plane in case of the reactions
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on "Mg and "Al is due to the fact that the com-
pound nuclei have very similar excitation energies
and angular momenta in both reactions, and that
they are only shifted parallel to the valley of sta-
bility, whose shape is the dominant factor in de-
termining the final isotope and element distribu-
tion.

The discussion emphasizes once more what has
already been concluded in Sec. IIIA, namely, that
the deexcitation process is governed by average
nuclear properties. The data ean be explained en-
tirely without referring to an influence of the in-
dividual structure of the nuclei involved in the de-
cay. One reason for this is that most of the de-
cays take place at rather high excitation energy.
In addition, there is an averaging over a rather
wide region in excitation and angular momentum
in each decay step. However, one could think of
cases where a single low-lying high-spin state
attracts an appreciable cross section and where

the microscopic structure of a nucleus must there-
fore be important.

IV. EVAPORATION CALCULATIONS

A. Assumptions and results

Mass distributions of evaporation residues in
heavy-ion induced fusion reactions have success-
fully been described'~ by means of the statistical
theory for compound-nucleus reactions. In this
theory, it is assumed that a highly excited com-
pound nucleus is formed which decays by success-
ive evaporation of several light particles. Emis-
sion of neutrons, protons, n particles, and y rays
seem to be the only decay modes which have to be
taken into account. Relative decay probabilities
are calculated from the Hauser-Feshbaeh formula
using transmission coefficients as given by the
optical model with average parameters and level
densities based on a Fermi gas model with individ-

TABLE II. Parameters for the evaporation calculations. Nomenclature as in Ref. 5.

Angular momentum distribution in the compound nucleus
Max. angular momentum I.o derived from Ocz (Table I)
diffuseness d= 3.5+

Optical potentials for emitted particles ~

Neutrons, Wilmore and Hodgson (Ref. 16)
Protons, Percy {Ref. 17)
0. particles, Huizenga and Igo {Ref. 18)

y-decay strengths
$(g1)=0.5 x 10 = 0.005 %.u. {%'eisskopf units)
](~1}=0.5x 10 7=0.5%.u.
$(g2) =0.3 x 10=20%. u.

Level density parameters
Region I (E~S3 MeV)

Discrete levels as far as known experimentally

Region II (3 MeVSE„%10 MeV)

Fermi gas level density formula (Ref. 19) with empirical p and 5,
from DGg ef gl. (Ref. 13)

Effective moment of inertia 8=0.958~& (or r0=1.20 fm}
Known high-spin states (Ref. 20) included as yrast levels

Region ID (g 215 MeV) c

Fermi gas level density~
Level density parameters e~M=A /S. 5 MeV
Moment of inertia for rigid body

dius parameter @0=1.2S m (Ref. 2 )
Deformation from liquid-drop theory
Deformability 6 = 10+

Radius parameter multiplied by 1.10 to take into account deformation (see text).
These strengths are somewhat larger than average values derived from low-lying transi-

tions (Ref. 23).
c The level density parameters are linearly interpolated between regions II and III.

The virtual ground state is calculated using a liquid-drop ground state without shell and

pairing corrections (Ref. 21).
~Used to calculate the effective moment of inertia 8 =8~~(1+BI ).
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ual empirical or average parameters, depending
on the excitation energy. The application of this
theory to the reactions under coasideration is
described extensively in Ref. 5. The following
calculations are based on the formalism given
there.

Results of calculations obtained by using the
computer code CASCADE ' are presented in Figs.
4 and 6 in comparison with the experimental data.
The structure of the mass distributions (Fig. 4) is
described very well. In particular, the ratio be-
tween nucleon and o,'emission, which is interesting
because of its strong dependence on angular mo-
mentum, is reproduced by the theory. A slight de-
viation occurs only for the 1N3e decay chain, the
intensity of which is somewhat underestimated. As
can be observed from Fig. 6, the agreement be-
tween theory and experiment also holds for the
individual nuclides. The parameters used for these
calculations are compiled in Table G. They were
chosen in accordance with the policy described in
Ref. 5. Many parameters can be determined em-
pirically from independent experimental informa-
tion, at least within certain limits. For some
others, as the level densities at high excitation
(liquid-drop region), estimates can only be ob-
tained from theoretical models. The main uncer-
tainties concern the extrapolation of y strengths
and transmission coefficients for the emitted part-
icles, both obtained empirically for nuclei near
or in their ground state, to high excitation ener-
gies. The same is true for the level densities.
This latter point will be discussed later.

It was observed that it is important to modify
the empirical parameters of the optical model
used to generate transmission coefficients for the
light particles in order to obtain the right balance
between the intensities of pure nucleon and mul-
tiple o. emission in the mass distributions. The
major part of the decay takes place at relatively
high angular momentum of the emitting nucleus
(20-30if). Based on the predictions of the liquid-
drop model, "one assumes deformations of the
rotating nucleus when calculating the yrast line
and the spin dependence of the level densities.
Therefore it is consistent to use also deformed
potentials for the light particles. The effect of
the deformation was simulated by using an in-
creased potential radius. This assumption is sug-
gested from the classical picture of a rotating
nucleus, which emits particles in a plane perpen-
dicular to the spin direction. An increase of 10%
in the potential radius provided the correction
needed to properly fit the mass distributions. It
is difficult to justify this value quantitatively. Ac-
cording to the liquid-drop model" a nucleus with
mass 60 and spin 308 would be in a transition re-

gion between oblate and triaxial prolate deforma-
tion. Its deformation would, in the prolate case, cor-
respond to an increase of the long axis by 20%, or, in
the oblate case, to an increase of the radius perpen-
dicular to the spin direction by 5'g&. In addition to this
there may be an increase of the diffuseness of the
potential, which would have a influence similar to
the radius change. Such an effect was predicted
for nuclei at higher temperatures by Bauer, Chan-
dra, and Mosel. ' Thus, our modification of the
optical potentials is consistent with theoretical es-
timates. It leads to a lowering of the Coulomb
barrier and therefore to a relative enhancement
of ~-particle emission. The effect on the calcula-
ted mass distribution consists in a decrease of the
cross sections near the SN peak by 20% and a corres-
ponding increase of the 1N3o and 3Pl20. decay chains.
It shouldbe noted that this effect is completelydif-
ferent from that obtained by varying the shape of
the yrast line. The latter would mainly redistrib-
ute the cross section within the multiple u decays.
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FIG. 8. Comparison between evaporation calculations
(solid bars), in which shell effects in the level densities
were assumed to persist over the whole excitation en-
ergy range (see Sec. IV B), with the experimental data.
One notices strong deviations for the 5W-decay chains.
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This investigation shows that detailed evapora-
tion calculations can reproduce the nuclide distri-
butions of the evaporation residues very accurate. -
ly, including the deviations from the systematic
trends in individual cases. Except for the discus-
sed modification of the optical potential for the
emitted particles, the parameters used in the cal-
culation are not seriously different from the ones
estimated before. In view of the large number of
parameters and because of the fact that such cal-
culations need much computer time, it is very
difficult to show that the parameters are deter-
mined uniquely by the fit to the data. However,
the parameter set used seemed to be clearly the
best one among about 17 sets in which the para-
meters (sy Loy d, roy so~My 5, a~„, and the op-
tical potentials were varied.

B. Shell effects in the level densities

As seen in Fig. 7, the decay chains of the com-
pound nuclei cross the shells Ã = 38 and Z = 28.
This fact suggests use of these reactions for a
study of shell effects in the nuclear level densities
at high excitation energy. This can be done by
investigating their inQuence on the calculated mass
and element distributions of the evaporation res-
idues. In the vicinity of sheQ closures the level
densities are reduced appreciably at low excita-
tion energy (0-10 MeV). This can be observed in

the level density parameters a and 4 determined
empirically. " Based on theoretical predictions, '~'"
we assumed in our calculations that above a given
excitation energy U~„= E„~D„-4 = 15 MeV the shell
effects disappear and the parameter & as well as
the position of the virtual ground state defined by
the parameter 6 assume values which depend
smoothly on the mass number A (liquid-drop para-
meters, see Table II and Itef. 5).

In the calculations presented in Figs. 8 and 9 the
extreme assumption was made that the level den-
sity parameters a and a determined empirically
at low excitation energy are valid over the whole
excitation range, i.e., that the shell effects per-
sist up to the compound-nucleus excitation ener-
gies of about 80 to 90 MeV. One observes from the
mass distributions shown in Fig. 8 that this as-
sumption is inconsistent with the data. The dis-
agreement is particularly striking for the 5N de-
cay chain. Since the effect is opposite in different
reactions it seems to be excluded that it can be
compensated by changes in other parameters. One
expects that the deviations can be seen more clear-
ly in the nuclide distributions. Indeed, one ob-
serves from Fig. 9 that the ratio between the yields
for different elements of a given isobar reacts
sensitively even in cases in which there is only a
small influence in the mass distribution (e.g. , for
A =49). The effect can partially be attributed to
changes in the first emission step. In the reactions

100—

0

50-

r

LLI ~00-

50-

C) 0

MASS
42 43 44 45 46 47

t

I
'

TARGET
I

AI

, ~a!

g,.
26M

ilL Wi

/

~~e
/

NUMBER

48 49 50 51 52 53 54

C.N.

l 59
Cu

l4
/

58N.

Ni—

50—

20m 22

/

22

+ t

Ill All+ ~I
',Z2

/' ATOMIC NUM BER

I

~ Il I

I
25

I i I I I l

25 24 2526

FlG. g. Same as Fig. 8, but nuclide distributions. Note, for example, the deviation between theory and experiment
in the element distribution for A=49 in the case of ~ 8+ ~~A1, where the mass spectrum shows no effect.



16 ISOTOPE AND ELEMENT DISTRIBUTIONS OFTHE. . . 1019

on "Al and "Mg ot decay of the compound nucleus
leads to semimagic products and is therefore re-
duced compared to nucleon emission, if shell ef-
fects were present at high excitation. The opposite
holds for the reaction on ~Mg.

These results can be taken as evidence for the
predicted disappearance of shell effects in the
level densities at higher excitation energies. If
the transition energy is assumed to be 40 MeV, as
predicted theoretically, "the deviation of the cal-
culated cross section for the 5N-decay chain from
the standard calculation (using U„n„=15 MeV, see
Fig. 4) would be half the deviation shown in Fig. 8
(where ULD„&90 MeV) for the case "S+'7A1, and
very small in the other reactions. One may there-
fore conclude that the transition. energy ULD„,
above which sheQ effects in the level densities
disappear, lies between 15 and 40 MeV, with some
preference for the smaller value. As was noted
previously, ' high excitation energy is automaticaQy
correlated with high angular momentum in these
heavy-ion reactions, and the relatively low trans-

ition energy may therefore also be a consequence
of deformations of the nucleus.

V. CONCLUSION

%e have studied the decay chains of four dif-
ferent neighboring nuclei, ' Cu, "Ni, "Ni, and
"Ni at high excitation energy and angular momen-
tum formed by the fusion of 180 MeV "Swith the
appropriate targets. It is shown that to a large
extent the deexcitation process is independent of
the microscopic structure of the nuclei involved.
Evaporation calculations based on the statistical
theory using the code CASCADE reproduce detailed
features of the nuclide distributions and indicate
that at high excitation energies shell effects do
not influence the decay pattern. More important
is the shape of the particle-emitting nuclei.
Agreement between experiment and theory could
only be obtained by increasing the potential radii
of the highly excited nuclei by 109', consistent
with theoretical estimates of the rotating liquid-
drop model.
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