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Decay of Er* in 160 + 44Nd and Ni + 9 Zr fusion reactions
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The population of evaporation residue entry states in the decay of the compound nucleus
Er" (54 MeV) is investigated in a cross-bombardment employing the reactions 0 + Nd and

Ni + Zr. Evaporation residue cross sections and entry state p-ray fold distributions of the
dominant exit channels were obtained for each reaction, using a 4m y-ray detection system. An
entrance-channel dependence of the p-ray fold distributions of the xn products is observed. This
e8'ect is described successfully by the statistical model making use of compound nucleus angular
momentum distributions obtained with a fusion model that provides a good description of the bom-
barding energy dependence of fusion data for both reactions. In accordance with recent findings on
the decay of Yb', it is suggested that the observed diAerences in the population of the dominant
exit channels originate from the primary spin distributions rather than a possible dependence of the
compound nucleus decay on the formation mode.

PACS number(s): 25.70.Gh, 25.70.Jj, 24.60.Dr

I. INTRODUCTION

The formation and decay of compound nuclei have al-
ways been of considerable interest in the study of heavy-
ion reactions. In the near and below Coulomb barrier
energy regime, the fusion cross sections (crf„,) of many
reaction systems have long been known to exhibit an en-
hancement over the predictions of one-dimensional bar-
rier penetration models [1]. The advent of multidetector
p-ray detection systems made possible measurements of
the evaporation residue spin distributions. In a few cases,
the diKcult task of the compound nucleus angular mo-
mentum distribution (ot) reconstruction has been under-
taken. Such measurements have indicated a broadening
of the cry distributions accompanying the subbarrier fu-
sion cross-section enhancements. Simultaneous measure-
ments of o.g„, and og provide valuable information on the
fusion process and a stringent test of the fusion models
[2,3].

In the rare earth region, certain studies have ad-
dressed the role of entrance-channel mass asymmetry on
the population of the compound nucleus angular mo-
mentum [4—11]. For example, in the work of Haas et
al. [5] the compound nucleus s Er* was produced via
four reactions of considerably different mass asymmetries
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at common excitation energies. A dramatic entrance-
channel dependence of the average evaporation residue
p-ray multiplicities was observed. The results were inter-
preted in terms of zero-point vibrations and the implied
og distributions were found sufFicient to account for the
evaporation residue yields and average p-ray multiplici-
ties calculated with the statistical model. The origin of
these effects was also explained with simplified coupled-
channels calculations [6]. Another interesting result has
been reported by Ruckelshausen et al. [10] on the de-
cay of Er*(47 MeV) formed in the reactions C +

Sm and Ni + Zr. Strong differences in the o.xn
and high-spin xn populations were observed. Further-
more, a reconstruction of the (primary) ot distributions
indicated an entrance-channel dependence of the ratio of
the 2n/3n cross sections as a function of the compound
nucleus spin. This suggested that there may be mem-
ory during the particle evaporation process, in contrast
to the Bohr hypothesis concerning the independence of
compound nucleus decay on the formation mode.

Motivated by the previous results, Barreto et al. [11]
studied the deexcitation of Yb*(54 MeV) formed in
the reactions 0 + Sm and Ni + Mo. Evapora-
tion residue p-ray fold distributions (k~) as well as energy
and angular distributions of the emitted light charged
particles were observed using 4w multidetector systems.
A projectile breakup mechanism in the 0-induced reac-
tion was found responsible for differences in the k~ distri-
butions observed in the nxn products of these reactions.
Furthermore, the p-ray fold distributions of the xn prod-
ucts were found consistent with the predictions of the sta-
tistical model using op distributions that describe closely
measured fusion excitation functions for these systems.
It was also pointed out that the shapes of the o.

g distri-
butions play a prominent role in the evaporation yields,
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especially for the mass-symmetric entrance channel [12].
In this paper, we present the results of a study on the

decay of Er* produced in the reactions 0 + Nd
and Ni + Zr at the excitation energy of E* 54 MeV.
As in Ref. [11], the observed p-ray fold distributions of
the xn products show differences depending on the en-
trance channel. For the description of the fusion process
in these systems, we make use of a one-dimensional bar-
rier penetration model with energy-dependent barriers as
applied in Ref. [12] for the reactions ~ 0 + r Sm and

Ni + Mo. It is shown that the model accounts well
for the measured energy dependence of the average an-
gular momentum in the 0 + Nd and Ni + Zr
reactions [13,14]. Employing the appropriate cry distribu-
tions in the statistical model results in a good description
of all features of the Er* decay observed in the present
work.

While in this work we were able to explain the main
features of the reactions, i.e., cross-section and p-ray mul-
tiplicity distributions in terms of appropriate fusion mod-
els, the possibility of entrance-channel eÃects due to early
reaction dynamics still remains. The formation time of
the compound nucleus depends on the asymmetry of the
entrance channel [15] which may lead to differences in
the decay process. Such eKects were reported by Thoen-
nessen et al. [16] where a reduction in the p-ray emission
in the giant-dipole region was observed for the more sym-
metric fusion when Yb was produced at 47 MeV of ex-
cjtation by the 0 + Sm and Ni + Mo reactions.
Since the early reaction dynamics is operating for a small
fraction of the total reaction time and is affecting only
the weak energetically expensive decay modes, it is not
expected to alter significantly the main xn channel cross
sections or their spin distributions in the fusion reactions
that we address here.

II. EXPERIMENTAL PROCEl3URES

Heavy-ion (HI) beams of Ni (E~ b = 242.0 MeV) and
0 (E~ b = 87.0 MeV), accelerated by the HHIRF Tan-

dem, bombarded targets of Zr and Nd, respectively.
Typical beam intensities measured at the Faraday cup
were 23 nA for Ni and ~ 7.4 nA for O. The targets
consisted of highly enriched, self-supporting metallic foils
of Zr (926 p,g/cm, enriched to 85.25% in ssZr) and Nd
(1360 pg/cm, enriched to 97.51% in Nd). The beam
energy loss through these targets was estimated to be
18.2 MeV (in Zr) and 2.9 MeV (in Nd), taking
into account the 63.4 angle between the target surface
and the beam. The average beam energies where the
reactions took place were estimated to be very close to
the beam energies in the middle of the targets: 235.0
MeV and 85.6 MeV, respectively. These estimates are
based on the bombarding energy dependence of fusion
cross sections known from reported evaporation residue
excitation function measurements [13,14]. The initial ex-
citation energies of the compound nucleus Er* were
calculated to be 54.5 MeV and 54.6 MeV in the ¹i
and 0-induced reactions, respectively.

Light charged particles (p, d, He, n) emitted in these

reactions were detected by the Dwarf Ball; a nearly 4m

Csl(TI) scintillator array [17],consisting of 70 equal solid
angle detectors covering laboratory angles from Oi b ——

12 to 168 . The energy calibration procedures were the
same as in Ref. [11],where they are described in detail.

Residual nuclei were identified by their discrete
ray transitions, detected in an array of 18 Compton-
suppressed. Ge detectors inserted in the Oak Ridge Spin
Spectrometer array [18]. The Ge array was always re-
quired to make an event trigger. Scaled-down events
where the Ge detector was the trigger were stored in or-
der to provide data for the (Hl, xn) channels. The scale-
down factor was adjusted in order to equalize approxi-
mately the rates of p-particle coincidences and p-ray sin-
gles stored during the data aquisition. The Ge detectors
were calibrated for energy and efFiciency using standard
pray sources of Eu, Co, Y, Ba and Ta.

The p-ray multiplicity distributions for each identified
exit channel were measured using 52 NaI(Tl) detectors of
the Spin Spectrometer and the 18 anti-Compton shields
of the Ge detector array. For the NaI(T1) detectors of the
Spin Spectrometer good separation between neutron and
p-ray pulses was achieved by time-of-Hight techniques,
using the average to procedure described in Ref. [18].
For the anti-Compton shields, the limited timing reso-
lution prevented the complete identification of neutron
and p-ray pulses. Energy and. efBciency calibrations of
the Spin Spectrometer detectors were obtained using p-
ray sources according to the procedures of Ref. [11].The
response functions of the Spin Spectrometer, providing
the p-ray multiplicity (M~) as a function of the p-ray
coincidence fold (k~), were obtained using data from the
above sources in the equal energy approximation [18].

The experimental setup made possible the observation
of the p-ray fold distributions of channel-selected evap-
oration residues and the associated energy and angular
distributions of the emitted charged particles. Absolute
cross sections were measured by integrating the beam
current and correcting for the average effective charges,
q&; ——21.47 and qo ——7.24, determined for equilibrated
projectile charge states in their passage through the tar-
get. The maximum systematic error in the cross sections
reported below is estimated to be 17%. This error
includes an estimated 3% error in the average projectile
charge, 4% for the target thickness, 5% for the solid angle
per detector, and 5% for the Ge detector efficiencies.

Table I lists the measured evaporation residue cross
sections for the xn and o.xn channels in the Ni + Zr
and 0 + Nd reactions. These cross sections were ob-
tained from the discrete p-ray transitions given in Table
I.

The measured angular and. energy distributions of
emitted protons and o. particles were transformed event
by event in the center-of-mass (c.m. ) system assuming
two-body kinematics. In both systems, the o.xn cross
sections were found to be small. For Ni + Zr, the
angular distributions of the o. particles associated with
the o;xn channels were found to be symmetric about 90
in the c.m. system. However, for 0 + Nd the angu-
lar distributions showed an excess of forward emitted o.
particles in the o.2n channel, a finding similar to the one
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TABLE I. Identifying transitions and experimental cross sections of evaporation residues ob-
served in the present work.

Residue

158E
157E

156E
155E
1540

Total

Channel

4n
5n

0,'2n

E~ (keV)

192.1
266.4

344.6
475.7
334.5

Transition

2+ + 0+
17'+ ~ 13+
2 2

2+ ~O+
it+ ~ 13+
2 2
2+ ~0+

2.75

2.75

cr + 6o" (mb)

6+3
165 + 17

523 + 50
56 + 6
17 + 2

767 + 73

rr + err ('mb)

Ni + Zr

13 + 3
105 + 10

113 + 12
4.0+ '

—4.0
4.9 + 1.5
239 + 16

Shift applied in the corresponding fold distributions.
Statistical error.

observed in the previously studied 0 + Sm reaction
[11].A detailed analysis identified the origin of this com-
ponent with an incomplete fusion process in which the

0 projectile breaks up into C + o. , followed by fusion
of C with the target nucleus [11].In the present work,
we limit our discussion to the observables related to the
most prominent xn decay channels.

Entry state distributions (in p-ray fold and total p-ray
pulse height) of evaporation residues were extracted using
the information provided by the Spin Spectrometer. The
experimental k~ distributions of the odd mass evapora-
tion residues were shifted by Ak~ in cases where the gat-
ing p transition leads to a state of nonzero spin. The ap-
plied shifts are given in Table I. This correction accounts
for the number of p rays that would have been emitted if
the ground state of the residual nucleus was zero or for
those low-energy transitions which are below the energy
threshold of the Spin Spectrometer (e.g. , ' Er). It
was assumed that AI = 2AM~ 24k~. This way, a
direct comparison can be made between the experimen-
tal fold distributions and the calculated ones with the
statistical model in which details of nuclear structure are
ignored.

Figure 1 shows the experimental p-ray fold distribu-
tions of various xn channels as a function of k g
k~ + Ak~, for the two reactions. Apart from the dif-
ference in the absolute magnitude of the respective cross
sections, we observe the following features of the distri-
butions for 4n and 3n channels: The k~ distributions in

Ni + Zr are broader than in 0 + Nd. Further-
more, the centroids in Ni + Zr are displaced to a k g
value higher than in 0 + Nd. More specifically, the
centroid of the 3n channel shows a displacement from k,ff
= 20.0 to 17.6 and the 4n channel a smaller displacement
from 12.5 to 13.6. Due to low statistics, the k~ distribu-
tion associated with the 2n channel in the 0 + Nd
reaction is not shown.

Another comparison can be made by constructing the
cross section ratios o, (k)/Zo, (k), where the summation
is taken over the xn channels which represent the bulk
of the measured yields. These ratios are plotted in Fig.
2 as a function of k ~, for the two reactions. In 0
+ Nd, the ratios of the 3n and 4n channels cross at
k ~ ——18.5, whereas in Ni + Zr they cross at k g
= 17.5. The above difI'erences in the residual p-ray fold
distributions, namely, a broadening as well as a shift of
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FIG. l. (a) Experimental p-ray fold distributions of the ob-
served xn channels in 87 MeV 0 + Nd reactions (sym-
bols). The solid curves show the result of statistical model
calculation described in the text. (b) Same as in (a), for 242
MeV Ni + Zr reactions.

the k~ distributions for the reaction involving the nearly
symmetric system, are similar to the one reported in Ref.
[11].

It is of interest to investigate to what extent the above
diff'erences could indicate a possible dependence of the

Er* decay on the formation mode. However, the in-
dependence of formation and decay of the compound nu-
cleus has to be examined in terms of the compound nu-
cleus spin. Such an investigation requires knowledge of
the relation between the evaporation residue p-ray fold
distributions and the (primary) compound nucleus spin
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1.25 which can be compared directly with the experimental
ones.

1.00 ' C)C)C]

Q

6

I
I

&D

X3

0.75

0.50

0.25

0.00
1.25

1.00

0.75

0.50

0.25

0, 00

(b)

III. MODEL CALCULATIONS

A. Fusion process

The symbols in Fig. 3 show the measured total evap-
oration residue cross sections and average angular mo-
menta as a function of the center-of-mass energy, for 0
+ Nd. Open and solid circles refer to the measure-
ments of Ref. [13] and the open square to the present
work. In Fig. 4, similar measurements for Ni + Zr
are shown, where the solid circles stand for the results of
Ref. [14] and the open square for the present work.

The dashed curves in Figs. 3 and 4 show the predic-
tions of a one-dimensional barrier penetration calcula-
tion for these systems. This calculation makes use of the
Akyuz and Winther potential [23] with nuclear potential
strength adjustments as in the previously studied 0
+ ~4sSm and s4Ni + ooMo reactions [12]. For 0 +

Nd, the fusion cross sections are described reasonably
well in the near-barrier region and overestimated slightly
at higher energies [Fig. 3(a)]. However, the low-energy

5 10 15 20 25 30 35

kerf

FIG. 2. Experimental (symbols) and calculated (solid
lines) cross-section ratios o, (k)/Eo, (k) as a function of k, ff,
for the indicated xn channels in (a) 0 + Nd and (b) Ni

+ Zr reactions.
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distribution. This correspondence is obtained via the sta-
tistical model. Two diferent approaches have previously
been used for the comparison of the two reactions. In
a erst approach, one may attempt to deduce the com-
pound nucleus spin distribution from the residue k~ dis-
tributions. This procedure was followed in Ref. [10] using
techniques similar to those developed in Refs. [19—21].
This involves retrieving the compound nucleus angular
momentum distribution by transforming from k~ to p-
ray multiplicity (M~), then to the entry state spin, and
Anally to the compound nucleus spin. However, it has
to be noted that the techniques of Refs. [19—21] are best
suited for the transformation of distribution averages and
not for distributions. More recently, a more re6.ned event-
by-event unfolding method. was reported in Ref. [22].

To avoid problems with consecutive unfoldings, which
may not give unique solutions in the case of tails of
distributions, we have opted for the following approach
[ll]. Through the use of a fusion model we produce
compound nucleus spin distributions (cry) with param-
eters adjusted to fit measured fusion excitation func-
tions for both reactions [13,14]. In the subsequent sta-
tistical model calculations, the entry-state (E*,I), and
the (E,M~) distributions of each residue are obtained.
By folding the (E,M~) distributions with the measured
(E*,M~) —+ (H~, k~) responses of the Spin Spectrometer,
we obtain by projection the theoretical k~ distributions
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FIG. 3. Fusion cross sections and mean angular momenta
versus E, in 0 + Nd reactions (symbols). The
dashed and solid curves show the calculations with the
one-dimensional and the energy-dependent barrier penetra-
tion models, respectively.
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gies, the disagreement between the data and the model
predictions can be understood in terms of the onset of
fission competition in this nearly symmetric reaction [14]
given the fact that the data correspond to the sum of the
evaporation residues. In both reactions, the underestima-
tion of or„, and (/) at low energies shows the inadequacy
of the one-dimensional barrier penetration model in the
description of the fusion process [1,2].

Several theoretical approaches developed for the de-
scription of subbarrier err„, and (/) data are reviewed in
Refs. [1,2]. In Ref. [24], the subbarrier fusion process was
examined from the point of view of a macroscopic model
of nuclear shape evolution [25]. It was suggested that
the fusing system samples an energy-dependent efFective
barrier which coincides with the one-dimensional sudden
potential barrier at bombarding energies near and above
it, while it coincides with the adiabatic potential barrier
at bombarding energies much below. At intermediate
bombarding energies, a smooth transition of the efFective
barrier is expected to take place from the sudden to the
adiabatic barrier. The sudden potential barrier is asso-
ciated with the one extracted from frozen density poten-
tials, whereas the adiabatic potential barrier corresponds
to the completely relaxed configuration. A simple inver-
sion method was followed to extract the efFective fusion
barriers from fusion excitation function data [24]. This
procedure makes use of the expression for the fusion cross
section,

FIG. 4. Fusion cross sections and mean angular mo-
menta versus E, in Ni + Zr reactions (symbols).
The dashed and solid curves show the calculations with the
one-dimensional and the energy-dependent barrier penetra-
tion Inodels, respectively.

o.r„,(E) = vrA (2l + 1)T~(E)(y,

g(g )
2pB (2)

where k is the asymptotic wavelength in the entrance
channel and

cross-section measurements are systematically underpre-
dicted. A similar trend is observed in the description
of the measured (E) [Fig. 3(b)], where the calculation
describes well the medium energy datum, but tends to
overpredict (and underpredict) the high- (and low-) en-

ergy measurements. The calculation for s4Ni + s Zr [Fig.
4(a)] reproduces the magnitude of the fusion cross sec-
tions only in the energy region around E, —137 MeV.
At; higher energies, the experimental data are overesti-
mated. In the low-energy region, the model strongly un-
derpredicts the measured cross sections by more than
two orders of magnitude. Again, we observe a similar
trend in the description of (l), namely, a strong under-
prediction of the low-energy data, a good description in
the medium-energy region, and an overprediction of the
highest energy measurement [Fig. 4(b)]. At high ener-

7t.R2
rrr„, (E) = Tp (E')dE'

Therefore

Using the parabolic approximation of the fusion barrier,

Tp(E) = (1+exp[2vr(B, g —E)/Ru)) (5)

whence

is the transmission coefficient for fusion. In Eq. (2), it is
assumed that the barrier increases with E by the addition
of the centrifugal term /(E+ 1)h2/2pR . One obtains

TABLE II. Barrier penetration parameters.

System

&6O + &44/d
'4Ni + "Zr

Vb

(MeV)
58.00
131.67

Rb
(fm)
11.19
11.40

(MeV)
4.44
3.48

&i.

(MeV)
57.00
123.99

V2

(MeV)
65.72
150.00

(MeV)
55.75
121.89

(MeV)
73.94
154.02

8-wave values.
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B,s = E + (Ru/2vr) ln [1 —To(E)]/To(E). (6)

Once R and ~ are specified, the effective barrier height
B g can be determined from the experimental data. In
the analysis of Ref. [24], B was treated as energy inde-
pendent and equal to the fusion barrier radius Rb im-
plied by the near-barrier data. The barrier curvature Lu
was determined from the extreme subbarrier data. It
was shown that the extracted barriers exhibit the energy
dependence suggested by the macroscopic model. A sys-
tematic analysis of fusion excitation functions [26] was
also found consistent with these observations.

For the purpose of creating spin distributions for the
systems of the present study, we adopted the procedure
of Refs. [24—27]. An energy-dependent fusion barrier,

'
V2 for ~) E»

Vs(e) =
& Vi+ z', z' (e —E, ) for E& & e & E2, (7)
, Vi for e(E&,

H. Compound nucleus decay

The decay of Er* produced in the two reactions was
described with the statistical model making use of the
spin distributions produced with the energy-dependent
barrier penetration model. The statistical model cal-
culations were carried out with the code EvAp [28].
The level density formalism of Gilbert and Cameron
[29] was employed with a level density parameter of
a = A/8. 5 MeV ~. Penetrabilities for particle emission
were calculated from the optical model using the global
parametrizations of Wilmore and Hodgson [30], Percy
[31], and McFadden and Satchler [32] for neutron, pro-
ton, and alpha particles, respectively. In the description
of p competition, emission of El, statistical and collec-
tive E2, Ml, and M2 p rays was included. The E1 p-
ray emission strength function included the giant dipole
resonance (GDR) with shape and position taken from
systematics [33,34] and strength determined by the clas-
sical energy-weighted sum rule [34]. The admixture of ex-
change forces in the nuclear force was assumed to be 50~/0.

The GDR splitting due to deformation was included us-
ing a double-Lorentzian GDR shape corresponding to an
input prolate deformation parameter PGDR=0. 2. The p
strengths for Ml, statistical E2, E2, ~~, and M2 were
set equal to 0.01, 10.0, 100.0, and 1.2 Vf.u. , respectively.

was introduced in the one-dimensional barrier penetra-
tion model [12]. In our calculations, the angular momen-
tum dependence of the fusion barrier radii Rb and barrier
curvatures ~ was taken into account with nuclear po-
tential parameters that describe closely the near-barrier
data. Vi, V» Ei, and E2 were treated as free parame-
ters (see Table II) to fit the fusion excitation functions
in an iterative procedure. The resulting fits of the fusion
excitation functions and the deduced bombarding energy
dependence of the (/) are shown with the solid lines in
Figs. 3 and 4. It is realized that the energy-dependent
barrier penetration model provides a good description of
the (/) data, especially for the Ni + Zr reaction.

The above parameter set is the same as the one used in
the description of Yb* decay [12].

For 0 + Nd, evaporation calculations were per-
formed at a beam energy corresponding to the one in the
middle of the target. This is justified by the fact that
the fusion cross section in the energy region of interest
is not steeply rising. By folding the calculated (E*,M~)
distributions with the measured (E*,M~) ~ (II~, k~) re-
sponses of the Spin Spectrometer, we obtain by projec-
tion the theoretical k~ distributions to be compared with
the data. The comparison of the experimental and calcu-
lated distributions for the 3n and 4n channels is made in
Fig. 1. The overall agreement is reasonably good despite
a tendency of the calculation to overestimate the peak
position of the distributions. This can be explained by
the fact that the calculated fusion excitation function at
the energy of the present study overestimates the mea-
sured cross section [Fig. 3], thus allowing for an excess
of high-8 partial waves.

For Ni + Zr, detailed statistical model calculations
were performed in order to take into account the energy
loss of the beam through the target in connection with
the steepness of the fusion excitation function [Fig. 4(a)].
The target was divided into a number of slices, each rep-
resenting a 1 MeV energy drop of the beam in the lab-
oratory system. Statistical model calculations were per-
formed at the beam energy in the middle of each slice. In
each case, the k~ distributions of the xn products were
deduced. The results of these calculations were averaged
and compared w'ith the experimental data. In Fig. 1(b)
we show the comparison between the experimental and
calculated k~ distributions of the 2n, 3n, and 4n chan-
nels in the Ni + Zr reaction. The overall agreement
ls good.

The calculated cross section ratios o';(k)/Zo, (k) as a
function of k ~ are shown by the solid lines in Fig. 2,
where they are compared with the data. The calculation
provides a good description of the data for both reactions.
The underprediction of the 4n ratio below k,g = 10, for

0 + Nd, is due to the fact that the statistical model
predicts the existence of a cross section for the 5n channel
for which the k g distribution was not extracted. How-
ever, 56 mb for the 5n channel was observed with poorly
defined k g values between 2 and 8, compared to 523 mb
for the 4n channel. This would improve the agreement
with the calculation below k,g —10.

IV. DISCUSSION

In the present work, the p-ray fold distributions of
residual nuclei resulting from ~soEr*(54 MeV) after neu-
tron evaporation were studied. The role of entrance-
channel mass asymmetry in the compound nucleus de-
cay was tested in the study of the reactions 0 + Nd
and Ni + Zr producing Er* at the same excitation
energy.

For the description of the fusion process a one-
dimensional barrier penetration model with energy-
dependent fusion barriers was adopted. Despite the sim-
plicity of the model, a good description of the bombard-
ing energy dependence of measured average angular mo-
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menta for Ni + Zr was obtained. For 0 + Nd,
the degree of agreement with the data was found reason-
ably good, similar to the one reported in Ref. [13],where
the data were compared with simplified coupled-channels
calculations. Parameters extracted by fitting fusion ex-
citation functions of the above reactions were used in
predicting the shapes of the o g distributions under the
bombarding conditions of the present experiment. These
distributions were found sufFicient to describe well most
of the experimental data of the present work. On the
basis of the above endings it is realized that the Er*
decay at E* —54 MeV can be described well in terms of
the statistical model taking into account spin distribu-
tions which describe consistently the corresponding fu-
sion excitation function data. This corroborates earlier
results of a similar study of the Yb* decay in the 0
+ i4sSm and 4Ni + oMo of Barreto et al. [11]. It
has to be pointed out that the degree of agreement of
the statistical model calculations with the data for the
nearly symmetric system in the present study appears to
be superior to the corresponding one of Ref. [11].

According to the model predictions, under the bom-
barding energy conditions of the present study, the uni-
tarity limit is not fully exhausted for Ni + sZr (see
Fig. 5). This is only in qualitative agreement with the
results of Kiihn et al. [7] on the same reaction under sim-
ilar bombarding conditions. In the work of Kuhn et al. ,
the shape of the experimentally extracted op distribution
suggests a much stronger reduction (cf. Fig. 1 of Ref.
[7]). However, it has to be noted that the absolute nor-
malization was obtained from a difFerent experiment [5].
The recent cross-section measurements of Ni on ' Zr
of Stefanini et aL [14] establish a cross section which is
25% higher than the one of Ref. [5]. Therefore, the above
discrepancy can be attributed to systematic errors in the
cross section measurements. We believe that simultane-
ous cross section and spin distribution measurements are
needed in order to ascertain the low-spin behavior of the
~& distributions.

In summary, we have observed apparent entrance chan-
nel effects in the spin distributions in evaporation residue
cross sections in the reactions 0 + Nd and Ni +

Zr producing Er* at the same excitation energy, that
are similar to previous observations. The difference be-
tween the present work and earlier similar studies, e.g. ,
Ref. [10], is that when realistic fusion models are used
in the calculation of the input og distributions, then sta-
tistical model simulations that incorporate the detector
responses reproduce satisfactorily the data. In these cal-
culations the more symmetric fusion leads to very ex-
tended E distributions that play a crucial role in deter-
mining the observed differences. Thus we And no need to
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FIG. 5. Spin distribution for E . = 141 MeV Ni + Zr
according to the one-dimensional (dashed curve) and the en-
ergy-dependent barrier penetration models (solid curve).

resort to strong structural infiuences on the de-excitation
of the compound nucleus. As in the work of Barreto et
al. [11]the o/xn channels are influenced by incomplete fu-
sion processes that explain the observed difFerences. Fi-
nally, we point out that entrance channel effects in the
early fusion dynamics [15]are important here. This is be-
cause reactions with difFerent mass asymmetry can lead
to differences in the early stages of the decay process.
Sensitive probes, such as the p —ray emission in the gi-
ant resonance region, are needed in this case to observe
the difFerences [16]. It would be of great interest to find
additional probes for these early dynamics effects.
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