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Search for entrance channel efFects in the decay of the
64Yb compound nucleus at R* —54 MeV
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The existence of entrance channel eKects in the decay of Yb*, formed at E* 54 MeV in the
reactions 0 + Sm and Ni + Mo is investigated. Evaporation residue cross sections, entry
state p-ray fold distributions as well as energy and angular distributions of exit-channel selected
charged particles were obtained for each reaction, using 4m detection systems for both particles and

p rays. In the Ni-induced reaction, the center-of-mass n-particle angular distributions were found
to be symmetric around 90 indicating emission from a fully equilibrated compound nucleus. How-

ever, the corresponding angular distributions in the 0-induced reaction show a forward component
which exclusively afFects the population of the Q.xn residue channels. The p-ray fold distributions
for the Q.xn and xn channels show differences depending on the entrance channel as reported pre-
viously for similar systems. These diAerences can be understood in terms of contributions from
the equilibrium decay of incompletely fused 0 with Sm and the mapping of the compound
nucleus spin distributions, obtained from realistic fusion models, to the evaporation residue p-ray
fold distributions. It is concluded that the initial population of the compound nucleus is the only
reason for the observed differences in the decay of Yb* populated in these reactions.

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

I. INTRODUCTION

The Bohr hypothesis [1] concerning the independence
of the formation and decay of a compound nucleus has
proved to be a cornerstone in the understanding of fu-
sion reactions. This concept presumes that the excitation
process leaves the nucleus in a suKciently complex state
so that the subsequent decay is statistical and indepen-
dent of the formation process. Implementation of this
hypothesis in the statistical model has been successful in
describing a large volume of experimental data concern-
ing the decay of compound nuclei formed in heavy-ion
fusion reactions [2].

Despite this success, some studies have questioned the
Bohr hypothesis because of an apparent failure of the
model to account for certain reaction characteristics. In
particular, an unexpected dependence of the decay of
the compound nucleus on the mode of formation was ob-
served [3—6].

Neutron evaporation spectra and associated multiplic-
ities were measured by Kiihn et al. [3] for the reaction
of 233 MeV Ni + Zr m Er*. The statistical model
was unable to describe simultaneously the slopes of the
energy spectra and the cross sections for the xn channels.
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It was speculated that the compound nucleus is trapped
in a superdeformed minimum during the shape relaxation
process. Thus some of the excitation energy is tied up
in deformation energy during the neutron emission time.
When this effect was included in the statistical model,
using elevated yrast lines resembling those of a superde-
formed nucleus, it provided an improved description of
the neutron cross sections. It was suggested that such
a mechanism could be veri6ed in a study of fusion re-
actions if entrance channels with different mass asymme-
tries were used to create the same compound nucleus. Fu-
sion models predict that entrance channels of small mass
asymmetries pass through more deformed con6.gurations
and are thus more likely to be trapped in the superde-
formed minima. Janssens et aL [4] measured excitation
functions of evaporation residue cross sections and neu-
tron multiplicity distributions in the C + Sm and

Ni + Zr reactions, leading to the same compound
nucleus Er. Statistical model calculations were able
to account for the data in the C-induced but not in
the ¹iinduced reaction, in which the neutron multi-
plicities were systematically overpredicted. These results
were in agreement with subsequent measurements of fis-
sion yields in the Ni + Zr reaction [6].

An alternative interpretation emerged from the realiza-
tion that the dynamics of the fusion process significantly
affects the angular momentum distributions of massive
systems [7]. Average p-ray multiplicities and cross sec-
tions for neutron evaporation channels were measured by
Haas et al. [8] for reactions with various mass asymme-
tries leading to Er compound nuclei at bombarding en-
ergies near the barrier. These data found an explanation
in terms of barrier fluctuations which result in compound
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nucleus angular momentum distributions wider than the
predictions of a simple one-dimensional barrier penetra-
tion model. This leads to a reduction in the average
effective temperature of the decaying system, an effect
equivalent to using a narrower angular momentum dis-
tribution in conjunction with elevated yrast lines in the
statistical model.

A similar interpretation was drawn from the work of
Love et al. [9] who measured p-ray multiplicity distribu-
tions of evaporation residues in the reaction 236 MeV

Ni + Zr. The study of the feeding pattern ruled
out the possibility of trapping in superdeformed states
as a cause of the reported anomaly in the reproduc-
tion of the neutron cross sections [3]. A compound nu-
cleus angular momentum distribution derived from sim-
ple coupled-channel calculations was introduced in the
statistical model and found adequate to account for the
observed neutron multiplicities.

In order to distinguish between the two interpretations,
Ruckelshausen et al. [5] performed measurements of the
evaporation residue angular momentum distributions in
the decay of the Er compound nucleus produced at
the excitation energy of 47 MeV in the reactions C +

Sm and Ni + Zr. Strong differences in the o.xn
and high spin xn populations were observed. For the
xn channels in particular, the ratio of the 2n& 3n cross
sections as a function of the compound nucleus spin was
found to depend on the entrance channel, suggesting that
there is memory of the mode of formation in the particle
evaporation process.

The presence of entrance channel effects in the early
fusion dynamics [10] is relevant here, because reactions
involving entrance channels with different mass asymme-
try can lead to differences in the early stages of the decay
process. Suitable probes, such as p-ray emission in the
giant resonance region, can be used to observe these dif-
ferences as it was done in the work of Thoennessen et
al. [11]. Whether these early dynamics effects can alter
the xn cross-section ratios or the neutron multiplicities is
questionable. Surprisingly, recent measurements of emit-
ted charged particles and high-energy p rays in the C
+ Sm and Ni + Zr reactions producing is Er* (47
MeV) failed to observe a dependence on entrance channel
asymmetry [12].

Clearly, a satisfactory understanding of all these ef-
fects is still lacking. In order to shed some light on this
subject, we performed a detailed study of the decay of
the compound nucleus Yb formed at the initial exci-
tation energy of E* —54 MeV in the reactions 0 +
i48Sm and 64Ni + iooMo In this study we
of light charged particle detection in a 47r geometry [13].
Furthermore, evaporation residue p-ray fold distributions
and total p-ray information were obtained with the spin
spectrometer [14]. These measurements were made in
coincidence with discrete p transitions in the evapora-
tion residues detected by an array of Ge detectors. The
shapes of the spectra and angular distributions of the
emitted charged particles combined with the p-ray fold
distributions of evaporation residues provide a complete
set of data for the comparison of the two reactions.

The particle and p-ray information obtained in this

work is used to address the following issues: (a) establish
the origin of the displacement in spin of the populations
of the o;xn channels in the asymmetric and nearly sym-
metric reaction, (b) understand the high spin behavior
of the evaporation residue entry state populations of the
xn channels, and (c) examine the possibility of observing
anomalously large anisotropies in low-energy o,-particle
emission as an evidence for emission from an elongated
compound nucleus configuration [16]. If found, such dis-
tinctions between the two reactions could give a more
definite answer to the question of the existence of en-
trance channel effects put forward in Refs. [3—5].

Preliminary results of this work have been reported
previously [17]. The present work extends a previous
study [18] where the decay of is4Yb* formed in the reac-
tion Ni + Mo was studied at lower bombarding en-
ergies. In Sec. II we describe details of the experimental
methods. The experimental results and their compari-
son with model calculations are given in Secs. III and
IV. The conclusions are summarized in Sec. V.

II. EXPERIMENTAL PROCEDURES

Heavy-ion beams of s4Ni (E~ b
——242.0 MeV) and 0

(E~ b = 87.0 MeV) bombarded targets of Mo and
Sm, respectively. The beams were provided by the

Holifield Heavy-Ion Research Facility. Typical beam in-
tensities measured at the Faraday cup were 45 enA
for ¹iand 7.7 enA for O. The targets were self-
supporting metallic foils of Mo (306 pg/cm, enriched
to 97.27% in iooMo) and Sm (968 pg/cm, enriched to
96.40/z in Sm). The beam energy loss through these
targets was estimated to be —5.89 MeV (in Mo) and
= 2.02 MeV (in Sm), taking into account the 63.4'
angle between the target surface and the beam. The
effective beam energies were estimated to be 239.1 MeV
and 86.0 MeV in the ¹iand 0-induced reactions, re-
spectively. They correspond approximately to the beam
energies in the middle of the targets. These estimates
are based on the bombarding energy dependence of the-
oretical fusion cross sections which are consistent with
the total evaporation residue cross sections extracted in
the present experiment. The initial excitation energies of
the compound nucleus Yb* were calculated to be 53.4
MeV and 54.4 MeV in the Ni- and 0-induced reac-
tions, respectively. In the following discussion we will
refer to the compound nucleus Yb* as being formed
at the initial excitation energy of 54 MeV.

Light charged particles (p, d, sHe, a) emitted in these
reactions were detected by the Dwarf Ball. The Dwarf
Ball, a nearly 4vr CsI(T1) scintillator array [13], consists
of 70 equal solid angle detectors covering laboratory an-
gles from 0~ b ——12 to 168'. The detectors are arranged
in 14 rings of 5 detectors each at P~ b angles separated by
72 . Detectors which belong in the same ring correspond
to the same 0~ b. A total of 14 different laboratory an-
gular ranges are sampled. Besides angular distributions,
the energy spectra of the emitted protons and o. particles
were also obtained. Energy calibrations for protons were
made using elastic and inelastic scattering measurements
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TABLE I. Gamma transitions for evaporation residues ob-
served in this work.

Residue
162Yb
161Yb
160Yb
159Yb
161T
160T
158E
157E

Channel

2n
3n
4n
5n

p2n

p3n
cI2n

E~ (keV)
320.6
232.2
244.0
300.0
162.7
176.5
192.1
266.4

Transition
4+

17+
2
2+

17+
2
13
2

12
2+

17+
2

w 2+
13+
2

-+ 0+
13+
2
11
2

m 11
~ 0+

13+
2

1.00
2.75

3.00

2.75

Shift applied in the corresponding fold distributions.
Most intense transition.

of 14.0 MeV protons on a 80 pg/cm self-supporting C
target. For o. particles, the energy calibration at high
energies was obtained from the proton energy calibra-
tion using the empirical relationships of Ref. [13]. This
calibration was matched at low energies to three calibra-
tion points (6.287, 6.777, and 8.785 MeV) measured with
a U source. The solid angle of the Dwarf Ball detec-
tors was measured with a Cf source. For this purpose,
the fraction of the 5.812 MeV o, particles detected in co-
incidence with the 333.3 and 388.1 keV p rays by each
detector was measured. The average solid angle per de-
tector was found to be 0.92 of 4vr/72.

In order to stop elastically scattered projectiles inside
the grazing angle (0~ b 75') and reduce the number of
b electrons from the target, Ta absorbers were placed in
front of the Csl(T1) detectors. The absorber thicknesses
ranged from 26.0 mg/cm for the forward to 2.5 mg/cm
for the backward detectors. The resulting thresholds for
forward emitted o. particles and protons were 8 and 2
MeV for the ¹iinduced reactions and 10 MeV and
3 MeV for the 0-induced reactions, respectively. At
backward angles, the thresholds were 2 and 1 MeV for o.
particles and protons, for both reaction systems.

Residual nuclei were identified by their discrete tran-
sitions, detected with 18 Compton-suppressed Ge detec-
tors that replaced 18 elements of the spin spectrometer
[14]. Table I shows the characteristic p-ray transitions
used to identify these residues. In the present experi-
ments, a Ge pulse was always required to make an event
trigger. Scaled-down events, where the Ge detector was
the only trigger, were stored in order to provide data
for the (Hi, xn) channels. The scaled-down factor was
adjusted in order to equalize approximately the rates of
p-particle coincidences and p-ray singles stored during
the data aquisition. The Ge detectors were calibrated
for energy and efBciency using standard p-ray sources of
152Eu 60Co 88Y 133Ba and 182T

) )

The p-ray multiplicity distributions for each identified
exit channel were measured using 52 NaI(T1) detectors
of the spin spectrometer. In addition, the 18 Compton-
suppression shields of the Ge detectors were used as a
part of the p-multiplicity array. For the NaI(T1) de-
tectors of the spin spectrometer good identification of
neutron and p-ray pulses was achieved by time of Right,
using the average "to" procedure described in Ref. [14].

For the anti-Compton shields, the limited timing reso-
lution prevented the complete identification of neutron
and p-ray pulses. Energy and efficiency calibrations of
the spin spectrometer detectors were obtained using p-
ray sources of Bi, sY, soCo, Tl (in equilibrium with
2s2U) according to the procedures of Ref. [14]. The re-
sponse functions of the spin spectrometer providing the
p-ray multiplicity (M~) as a function of the p-ray coinci-
dence fold (k~) were obtained using data from the above
sources in the equal energy approximation [14].

Absolute cross sections were measured by integrating
the beam current and correcting for the average effective
charges qN;

——21.3 and q& ——7.24, determined for equi-
librated projectile charge states in their passage through
the target [15]. The systematic error in the cross sections
reported below is estimated to be 19'%%uo. This error in-
cludes an estimated 12% error in the average projectile
charge, 8% for the target thickness, 8% for the solid angle
per detector, 7'%%uo for the Ge detector efficiencies, and 6%
for the charge integration.

The present experimental setup o8'ered the ability to
study the energy and angular distributions of the emitted
charged particles in coincidence with specific evaporation
residues selected by their discrete p transitions. The spin
spectrometer made possible the study of the above quan-
tities as a function of the associated p-ray fold, or p-ray
multiplicity, which is related to the entry state spin and
then to the compound nucleus spin.

III. EXPERIMENTAL RESULTS

A. Charged particle energy spectra and angular
distributions

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. Energy spectra of the emitted o.
particles were obtained in the c.m. energy range from
13 to 30 MeV. Figure 1 shows the o.-particle c.m. spec-
tra for selected angles, measured in coincidence with the
2+ ~ 0+ transition in Er for both reactions. The
spectra shown correspond to a forward, a near 90, and a
backward c.m. angle and were selected with the require-
ment that the p-ray fold, k~ & 5. They were obtained
by summing the spectra from detectors at the same po-
lar angle. The angles indicated in Fig. 1 result from
an averaging due to the finite opening of the detectors
and the energy dependence in the transformation to the
c.m. system. In both reactions, the energy spectra show
a peak around 18 MeV. At similar 0, angles, the o.2n
yield is found to be higher in the 0- than in the ¹i
induced reaction. We also note that in the Ni + Mo
reaction the shapes of the forward and backward spectra
are similar. However, in the 0 + Sm reaction the
forward spectra are considerably more energetic than the
backward ones.

Total angular distributions in the c.m. system were
obtained by integrating the energy spectra at each an-
gle. The resulting angular distributions for the o,xn and
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of emission from a fully equilibrated compound nucleus.
However, in the 0 + Sm system, both of these chan-
nels show rather diferent patterns with an extra forward
component. This forward peaked component is stronger
in the o.2n than the n3n channel. Yet the proton angu-
lar distribution, for the p3n channel, is symmetric around
0, = 90 consistent with emission from an equilibrated
compound nucleus.

These observations indicate the existence of a non-
statistical mechanism which contributes to the o,2n and
o.3n populations in the 0 + Sm reaction. There is
also a strong dependence of the angular distributions on
the o;-particle energy. This is demonstrated in Fig. 3
for the o.2n channel. The c.m. angular distributions are
plotted for diferent bins in the o.-particle energy. The
lines represent fits of the data to an expansion in terms
of Legendre polynomials of the form

FIG. 1. The histograms on (a) and (b) show the dou-
ble-differential cross sections d cr/dfME, versus E
of o. particles from the o.2n exit channel at the indicated cen-
ter-of-mass angles, for the Q + Sm and the Ni + Mo
reactions, respectively. The calculated energy spectra from
the equilibrium decay of Yb' are shown by the dashed
lines for both reactions.

p3n channels are shown by the symbols in Fig. 2. In
the s4Ni + ippMo system [see Fig. 2(b)], the n2n and
o.3n are the only charged particle channels with measur-
able yields in coincidence with the discrete p-ray tran-
sitions. For 0 + Sm [Fig. 2(a)], besides these two
channels, the Tm (p3n) channel could also be identi-
fied with a measurable cross section. In the Ni + Mo
system, the o.2n and o.3n angular distributions are sym-
metric around 0, = 90 . This pattern is characteristic

W(0, ) = Ap[l + AiPi(0, ) + A2Pg(0, )], (I)

where Ao, Aq, and A2 are free parameters. As can be
seen in Fig. 3, the forward contribution is present for all
particle energies and increases strongly with increasing
o.-particle energy. Therefore, we conclude that the for-
ward component in the angular distributions of the o.xn
channels in the 0-induced reaction is dominated by the
most energetic o. particles.

The emission of these high-energy o. particles is
strongly enhanced in the lower p-ray folds of the o.xn
channels. The thick histogram in Fig. 4 shows the total
o.-particle spectrum observed at 0, = 27 . It includes
contributions from k~ & 5. The various thin line his-
tograms show the decomposition of this spectrum into
contributions from the indicated k~ bins. The o.-particle
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FIG. 2. Experimental (symbols) center-of-mass angular
distributions of channel-gated o. particles and protons in the

Ni + Mo and Q + Sm reactions. The thick lines
show the fit of Eq. (1) to the data. The thin lines cor-
respond to the estimated equilibrium component, see text.
The angular distributions of the nxn channels in the Q +

Sm reaction have been shifted upward by the offsets given
in parentheses.

FIG. 3. Center-of-mass angular distributions of o, particles
associated with the n2n channel in the Q + Sm reaction.
In (a) the open squares, solid circles, and open circles corre-
spond to the n-energy bins of 14—16, 18—20, and 22—24 MeV,
respectively. In (b) the open diamonds, solid squares, and
solid triangles correspond to o.-energy bins of 24—26, 26—28,
and 28—30 MeV, respectively. The curves in both panels rep-
resent fits of Eq. (1) to the data.
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FIG. 4. Total n-particle spectrum (thickest histogram)
from the n2n channel (for k~ & 5) observed at the most for-
@sard angle in the reaction 0 + Srn. The thinner lined
histograms give the decomposition of the total spectrum in
terms of k~ according to the indicated k~ gates.

spectrum corresponding to the lowest k~ bin has a strong
high-energy contribution. This contribution is progres-
sively reduced as k~ increases.

The nonequilibrium component may be associated
with an incomplete fusion process in which the 0 pro-
jectile breaks up into C + o. , followed by fusion of the

C with the target nucleus. The subsequent decay of
the resulting Er* by emission of two or three neu-
trons contributes to the o.2n and o.3n channels under
study. This nonequilibrium component also afFects the
entry state distributions of these channels. Specifically,
it shifts the k~ distributions to values lower than those as-
sociated with the equilibrium decay of Yb* (see Secs.
III C and IV A).

The above finding provides a rational explanation to
the previously reported difFerences in the evaporation
residue spin distributions involving nxn emission [5]. In
the previous studies [3,5], the strongest shifts in the
spin distributions with entrance channel mass asymme-
try were observed in C bombardments; i.e., a projectile
that could also lead to incomplete fusion with an o. ejec-
tile. The possibility of incomplete fusion in these mea-

surements was mentioned in Ref. [5].
The total angular distributions for the o.xn channels

from the 6 Ni + Mo reaction were fitted with the Leg-
endre polynomial expansion of Eq. (1), with the Aq term
set equal to zero. The extracted parameters Ao and A~
are given in Table II. The resulting its are shown as
solid curves in Fig. 2(b). Cross sections obtained by in-
tegrating Eq. (1) were found in agreement with those
extracted from discrete g-ray measurements (Sec. III B).

Decomposition of the forward peaked angular distribu-
tions for the 0 + Sm reaction, although not a sim-
ple matter, could provide the equilibrium cross sections
for o.-particle emission from Yb*. Such a decomposi-
tion was made based on the assumption that equilibrium
emission represents the observed angular distributions at

= 180 . Since lower spins are involved in the 0
+ Sm reaction, the A2 coeKcients for equilibrium o.-
particle emission were assumed to be 85% of the values
extracted from the Ni + i Mo reaction. Then, us-
ing Eq. (1) (with Aj ——0), a value for the Ao coefficient
was obtained (Table II). The results of this decompo-
sition are shown by the thick solid curves in Fig. 2(a)
for the axn channels in the 0 + Sm reaction. The
extracted cross sections of the statistical components are
given in Table III. Due to our assumption that there is
no contribution from the breakup component at 0,
180, these values represent the maximum contributions
from compound nucleus emission.

The formation of long-lived superdeformed configura-
tions at high spin, in the more symmetric entrance chan-
nel, has been suggested [3,4,6] as a possible explanation
for the efFects observed in those experiments. We exam-
ined the possibility of using the anisotropy of the emitted
low-energy o; particles as a probe of an elongated config-
uration in the emitting system. For a nearly spherical
decaying nucleus, the anisotropy of the emitted o. parti-
cles is predicted to decrease with decreasing particle en-
ergy. In contrast, the anisotropy is expected to increase
if the emitting nucleus is deformed [16]. Earlier measure-
ments and interpretations of such efFects were based on
anisotropies with respect to the estimated spin direction.
A similar efFect is expected to be observed in the distri-
butions with respect to the beam direction (see Ref. [16]
and references therein). If there are deformation effects
persisting during the o.-emission times involved, then we
should be able to observe an increasing anisotropy in the
angular distributions for low-energy o. emission. This
test was performed using the o.2n channel in the Ni +

Mo reaction. The center-of-mass o,-particle angular
distributions for this channel are shown in Fig. 5, for

TABLE II. Legendre polynomial coeKcients of o.-particle and proton angular distributions in
coincidence vrith the uxor and p3n channels in the Q + Sm and Ni + Mo reactions.

Reaction 16Q + 14SS Ni + Mo

Channel
Ao
A2

EX2A

1.93 + 0.19
0.46 + 0.04

&3K
1.79 + 0.13
0.31 + 0.03

p3n'
1.18 + 0.02
0.18 + 0.03

0!2'
0.55 + 0.02
0 54 + 0 05

CI3'A

0.28 + 0.02
0.36 + 0.04

Values corresponding to the extracted statistical component (Sec. III A).
Corresponding to the most intense transition (Table I).
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TABLE III ~ Experimental cross sections for the observed
decay channels in the Ni + Mo and P + Sm reac-
tions. For the latter system, the extracted equilibrium com-
ponents of the o.xn cross sections are also indicated. The
reported errors are statistical. The estimated systematic er-
rors of 19% are not included.

Decay channel

2A

3n
4n
5n

p2n
p3n
0!2A

"N +'"M
(mb)

24+ 4
86+ 7
93 + 9

6.5 + 1.4
9.4 + 1.5
7.6 + 1.6

3.4 + 1.2

230 + ll

16P + 148S

(mb)
1.5 + 0.6
177 + 10
529 + 32

14 + 3
19 + 4
48 + 8
32 + 4
25 + 5
26+4
23 + 4

835 + 31

Extracted equilibrium component (Section III A).
Total evaporation residue cross section including only the

extracted equilibrium component.

I 1

/
I 1 ) I I

)
i I

I
I I

/
I I

three diferent energy bins. These angular distributions
were fitted to Eq. (1) with Ai ——0 and the anisotropy co-
eKcients A~ were extracted. A plot of the Aq coeKcients
versus the average cr-particle energy is shown in Fig. 6(a).
The experimental anisotropy generally decreases with de-
creasing o.-particle energy in agreement with a pattern
characteristic of emission from a nearly spherical system.
However, an analysis of o.-particle spectra with the sta-
tistical model (see Sec. IV B and Fig. 6(b)] indicates that
the lowest o.-particle energies in the o.2n channel are as-

sociated with the latest stages of the deexcitation. This
implies that the observed low-energy anisotropies do not
provide a sensitive probe of nuclear deformation during
the first emission steps.

B. The evaporation residue cross sections

Table III lists the measured evaporation residue cross
sections for the xn, pxn and o,xn channels in the Ni +

Mo and 0 + Sm reactions. In the former system,
the cross sections for most of the channels were obtained
from the discrete p-ray transitions given in Table I. The
p2n and p3n cross sections represent sums of yields from
several rotational bands [19,20]. For the p3n channel, the
most prominent p peak is from the 12 —+ 11 (176.7
keV) transition. The level scheme [20] indicates that the
population of the known negative-parity levels flows only
partially through the 12 state, with a 13 -+ 11 (329.5
keV) transition by-passing this state. A similar situa-
tion appears in the known positive-parity levels [20]. The
cross section for the p3n channel was obtained by sum-
ming the yields of the 329.5 keV, and 176.7 keV for the
negative-parity yrast band, and 381.2 keV, 312.8 keV,
210.6 keV, and 170.7 keV for the positive-parity band. A
10/c correction for a few low-level missing transitions in
the Tm residue was applied.
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FIG. 5. Center-of-mass angular distributions for the o.2n

exit channel in the Ni + Mo reaction as a function of
o.-particle energy. The open squares, solid squares, and open
circles correspond to E in the ranges 14—16, 16—18, and 18—20
MeV, respectively. Fits with a symmetric Legendre polyno-
mial expansion are shown by the solid lines.
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FIG. 6. (a) shows the experimental Aq coefficients as a
function of the average o.-particle energy, extracted from the
its shown in Fig. 5. The dashed line is drawn to guide
the eye. (b) gives the calculated center-of-mass o-particle
spectrum corresponding to the cx2n channel (thick line) and
its decomposition to contributions from emissions at diferent
n emission steps (indicated by the numbers shown).



48 SEARCH FOR ENTRANCE CHANNEL EFFECTS IN THE DECAY. . . 2887

The extraction of the Tm(p2n) cross section is also

complex. We observe lines at 322.6 keV ( 2 ~ 2 ),
159.9 keV ( 2

-+
2 ), and 162.7 keV ( 2 ~ —)

for the two signature partners [20] of the negative-parity
7/2[523] band. Measurable yields for the transitions from
the 1/2[411], 1/2[541], and 7/2[404] side bands could not
be obtained. The total cross section was obtained by
summing the yields of the 322.6 keV, 159.9 keV, and
162.7 keV transitions and applying an arbitrary correc-
tion of 20% to take into account any missing transitions
in this channel. Due to the low yield in this decay chan-
nel, it was not possible to obtain the p-ray fold distribu-
tions in either reaction.

In the 0 + Sm reaction the total o.xn cross sec-
tions, obtained by gating on the discrete p-ray transitions
of the residues, contain contributions from the breakup
component of the projectile. Table III gives the total
o.xn cross sections and the estimated equilibrium contri-
butions as described in the previous section.

C. The evaporation residue p-ray fold distributions

Entry state distributions (in k~ and total p-ray pulse
height, II~) of evaporation residues were extracted us-

ing the information provided by the spin spectrometer.
The experimental k~ distributions of certain evapora-

tion residues were shifted upward by Ak in cases where
the gating p transition leads to a state of nonzero spin.
This correction accounts for the number of p rays that
would have been emitted if the ground state of the resid-
ual nucleus ( Yb) was zero, and for those low-energy
transitions which are below the energy threshold of the
spin spectrometer ( Yb, Er). It was assumed that
LI = 2AM~ 24k~. This way, a direct comparison can
be made between the experimental fold distributions and
the calculated ones with the statistical model in which de-
tails of nuclear structure are ignored. The applied shifts
are given in Table I.

Figures 7(a) and 7(d) show the experimental p-ray fold
distributions of various xn channels as a function of k g ——

k~ + Lk, for the two reactions. Apart from the difference
in the absolute magnitude of the respective cross sections,
we observe the following features. The k~ distributions of
the 4n channels have the same shape and peak position
in both reactions. However, the 3n and 2n distributions
are found to be at lower k g values in the 0 + Sm
reaction. There is a difference of 2 to 3 units in the
peak position of the 3n channel. A more pronounced
difference of = 5 units is observed in the 2n channel.
These differences are similar to those reported in Ref.
[5]

In order to compare the two reactions on the
same ground we construct the cross-section ratios
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FIG. 7. The symbols on the top row (a)—(c) show the experimental cross sections for the xn, nzn channels, and cross-section
ratios, o';(k)/Zo, (k), as a function of k,s, for the 86 MeV 0 + Sm reaction. The summation is over the zn channels that
accounts for the bulk of the total cross section. The same quantities for the 239 MeV Ni + Mo reaction are shown in the
lower half (d)—(f). The solid lines represent the results of the statistical model calculations described in the text.
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FIG. 8. Cross-section ratios o', (k)/Zcr, (k) as a function of
A: &, for the 2n, 3n, 4n, and 5n channels. The solid symbols
refer to the Ni + Mo and the open symbols to the ' 0
+ Sm reaction. The solid lines are for the Ni-induced
reactions and the dashed lines for the 0 reactions. They
are shown to guide the eye.

o., (k) /Zo; (k), where the summation is taken over the
xn channels which represent the bulk of the measured
yields. These ratios are shown as a function of k,~ as
data points in Figs. 7(c) and 7(f), and are compared
in Fig. 8. The open and closed symbols correspond to
the 0- and Ni-induced reactions, respectively. Dif-
ferences are now seen at all values of k,g. For k ff ( 8,
these are due to the absence of 5n cross section in Ni
+ Mo. The most dramatic differences occur at the
highest p folds, where the 2n channel is the strongest
in the Ni + Mo reaction [see Figs. 7(c) and 7(f)],
thus depleting completely the 3n contribution. In 0
+ Sm, the weakness of the 2n channel causes the 3n
ratio to dominate at high k,~.

The k,g distributions of the channels involving o.2n
and n3n emission are shown in Figs. 7(b) and 7(e), for
both reactions. The k g distribution for the o.2n channel
shows the largest downward shift, which can be explained
quantitatively as due to the 0 breakup as discussed in
Secs. III A and IV A. Similarly, the o.3n channel shows a
smaller downward shift for the 0 reaction, which is con-
sistent with the observed smaller contribution of the 0
breakup-fusion process to this channel (Sec. III A). An
attempt to describe quantitatively the k,g distributions
in terms of the two reaction mechanisms is presented in
Sec. IV.

At first glance, the above di8'erences could be inter-
preted as evidence for an entrance channel eKect in the
decay of the compound nucleus Yb*. However, the
independence of formation and decay of the compound
nucleus has to be investigated in terms of the spin of the
compound nucleus. One may make such a comparison
given the fact that the evaporation residue k,g distribu-
tions are available. In a first approach, one may attempt
to deduce the compound nucleus spin distributions from
the residue k,g distributions. This procedure was fol-
lowed in Refs. [5,18] using techniques similar to those de-

veloped in Refs. [21—23]. These techniques are best suited
for the transformation of distribution averages and not
distributions. Retrieving the compound nucleus angular
momentum distribution involves transformations from k~
to M~, then to the entry state spin, and finally to the
compound nucleus spin.

To avoid problems with consecutive unfoldings, which
are not always unique, we have opted for the following
approach. Through the use of appropriate reaction mod-
els we produce compound nucleus spin distributions (crI)
that lead to a reasonable agreement with the evapora-
tion residue cross sections in statistical model calcula-
tions for both reactions. In these calculations, the en-
try state (E*,I), and the (E*,M~) distributions of each
residue are obtained. By folding the (E,M~) distribu-
tions with the measured (E*,M~) ~ (H~, k~) responses
of the spin spectrometer, we obtain by projection the
theoretical k~ distributions which can be compared with
the experimental ones.

IV. STATISTICAL MODEL CALCULATIONS

Statistical model calculations were performed for both
systems of the present study in order to examine the
extent to which the observed quantities are described in
terms of the equilibrated decay of Yb*. The statistical
model parameters used were the same for both reactions.
The compound nucleus angular momentum distributions
were obtained from appropriate fusion models.

The calculations were performed with the code EVAP
[24]. The level density formalism of Gilbert and Cameron
[25] was employed with a level density parameter of
a = A/9. 0 MeV . The choice of this value was made
on the basis of agreement between calculated and exper-
imental o.-particle spectra measured for both reactions.
It is consistent with the value used in a similar reac-
tion in Ref. [26]. Penetrabilities for particle emission
were calculated from the optical model using the global
parametrizations of Wilmore and Hodgson [27], Percy
[28], and McFadden and Satchler [29] for neutrons, pro-
tons, and o. particles, respectively. In the description of
p competition, emission of E1, statistical and collective
E2, M1, and M2 p rays were included. The E1 p-ray
emission strength function included the giant dipole res-
onance (GDR) with shape and position taken from sys-
tematics [30,31] and strength determined by the classical
energy weighted sum rule [30]. The GDR splitting due
to deformation was included using a double Lorentzian
GDR shape corresponding to an input prolate deforma-
tion parameter PGDR = 0.2. The p strengths for Ml, sta-
tistical E2, E2 i~, and M2 were set equal to 0.01, 10.0,
100.0, and 1.2 W.u. , respectively. Similar parameters
to the above provide a good description of evaporation
residue excitation functions in both reactions through the
statistical model [32,33].

A. The 0 + Sm reaction

The measured fusion cross section at E( b ——86 MeV
was compared to and found to be consistent with the
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lower-energy data of DiGregorio et at. [32]. The com-
pound nucleus angular momentum distribution (cry) at
86 MeV was produced by equating the experimental fu-
sion cross section og„, with g cry, where

o.e = vrA (2E+ 1) 1+ exp2 g —go
(2)
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FIG. 9. Comparison between the total measured (symbols)
and calculated (histograms) evaporation residue cross sections
of the reactions under study. The errors bars include statis-
tical and systematic errors.

Here, A is the asymptotic reduced wavelength and Eo was
adjusted iteratively to obtain consistency between the
calculated sum and the experimental evaporation residue
cross sections. Using this procedure, a value of 80
38.2h was extracted. The diffuseness parameter 4 was
set equal to 1.5. This choice produces a good agreement
between the measured cross sections of the xn channels
with those calculated by the statistical model. Including
the effect of target deformation in a fusion calculation
would result in a more diffuse og distribution. However,
the presence of incomplete fusion in the present exper-
iment introduces some uncertainty in our knowledge of
the upper edge of the og distribution. The energy loss
of the beam through the target was taken into account
by distributing the initial compound nucleus excitation
energies uniformly over a range consistent with the beam
energy loss.

The calculated evaporation residue cross sections are
shown by the histograms in Fig. 9. They are compared
to the data given by the symbols on the same figure. The
overall agreement with the data is good. Some discrep-
ancies appear as an underprediction of the 4n and an
overprediction of the 5n and 2n yields. However, it has
to be noted that our bombarding energy is close to the
threshold for the 5n channel and to the energy where the
2n cross section falls off rapidly. This could explain the
difFiculty in the simultaneous reproduction of these two
cross sections by the statistical model. The data points
of the nxn cross sections in Fig. 9 correspond to the

total measured cross sections and therefore include non-
equilibrium contributions. We note that the o.2n cross
section from the 0-induced reaction is underestimated
by the equilibrium calculation.

For each of the evaporation residues, the calculated
entry state distributions as a function of the excitation
energy E+, and M~, were folded with the spin spectrom-
eter response functions (obtained according to the pro-
cedures of Ref. [14]) to yield the corresponding distribu-
tions in H~ and k~. The distributions in (II~, k~) were
then projected on the k~ axis to be compared with the
experimental ones.

The comparison is shown in Fig. 7, where the solid
lines represent the calculated distributions. The agree-
ment with exit channels involving neutron evaporation
[Fig. 7(a)] is good except for an underprediction of the
4n cross section. The total o.2n and o.3n k~ distributions
are also underestimated by this equilibrium calculation
shown by the thin lines on Fig. 7(b). Underestimation
of the total o.xn distributions was expected in this case
on the basis of the observed nonequilibriurn o, emission.
Another difference occurs in the o.3n distribution which
is predicted to extend to higher than the observed k ~
values.

Nonequilibrium o,-particle emission should take place
predominantly from very high X waves. A calculation
was made with the sum-rule model of Wilczynski [34] to
estimate the excitation energy and angular momentum
distribution of the resulting Er* compound nucleus.
These distributions were used as an input for an evapo-
ration calculation for Er*. The calculated 2n and 3n
cross sections and angular momentum distributions were
then added to those of the previous equilibrium calcula-
tion and compared to the total o.2n and o.3n data. The
sum of the calculated distributions is shown by the thick
lines on Fig. 7(b). The addition of the nonequilibrium
component makes a substantial improvement in the de-
scription of the data.

Prom the calculated p-ray fold distributions for the xn
channels, the corresponding k~-gated cross-section ratios
were extracted. They are shown by solid lines in Fig. 7(c)
and compared to the data. A good agreement between
theory and experiment is observed. The trend of the data
as well as the crossing points of the ratios for different
channels are reasonably well reproduced.

The equilibrium component of the calculated
particle spectra (dashed lines) leading to the n2n channel
is compared with the center-of-mass experimental spectra
in Fig. 1(a). The backward spectrum is fairly well repro-
duced in shape and magnitude by the calculation. The
94 spectrum is slightly underpredicted at all energies, in-
dicating a small excess of o. particles over those predicted
to originate from an equilibrated compound nucleus. The
comparison with the 27 spectrum shows clearly a large
excess of o, emission at all energies with respect to the
calculated one. The existence of a high-energy nonequi-
librium component is clearly evident.

Summarizing, we note that the overall features of the
xn and pxn decay channels in the 0 + Sm reac-
tion are reproduced with statistical model calculations
employing reasonable parameters. For o.xn channels, the
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addition of the nonstatistical component brings a better
agreement with the experimental data.

B. The Ni + Mo reaction

For the purpose of the calculations, the bombarding
energy must be corrected for the energy loss through the
target. The average energy was calculated using the en-

ergy dependence of the excitation function data of Ref.
[18] augmented by the present total fusion cross section
to provide a smooth empirical excitation function curve.
In the statistical model calculations, the reaction was as-
sumed to take place in five consecutive slices of the target,
each 1.2 MeV thick. In each slice, the empirical cross
section was used in a consistent way, according to the
reduction of the beam energy in the previous slices. A
beam energy spread of 1.0 MeV was also introduced
within each slice. This procedure accounts for the effect
of target thickness in the magnitude of the partial wave
cross sections as well as the energy dependence of the
maximum angular momentum for fusion. The results of
the evaporation calculations were then averaged over the
five slices.

Studies of the angular momentum distributions for fu-
sion for this reaction at lower energies [18] have indicated
that fusion occurs with much larger angular momenta
than those predicted by the one-dimensional barrier pen-
etration model. These extended angular momentum dis-
tributions are needed in order to reproduce the exper-
imental cross sections for the 2n, 3n, and 4n channel
cross sections. A simple way to demonstrate this effect
is to vary the diffuseness of the compound nucleus angu-
lar momentum distribution on the calculated evaporation
residue cross sections. Calculations were performed with
diffuseness parameters L = 2.0, 3.0, 4.0, 6.0, 8.0, 10.0,
and 12.0h, in Eq. (2). Table IV gives the ratios of the
experimental to the calculated evaporation residue cross
sections, in each case. Due to the increasing fission com-
petition with angular momentum, an adjustment in 80
was made in the last case (with A = 12.0h, see Table
IV) in order to bring agreement between the calculated
and experimental sum of evaporation residue cross sec-
tions. As shown in Table IV the ratios for the 2n, 3n,
and pxn channels tend towards unity with increasing dif-
fuseness, indicating a better agreement with the exper-
iment. This is related to the enhanced yield of high-E

partial waves allowed for fusion. We realize that a large
diffuseness (4 12.05) leads to a suppression of low-/
partial waves. This results in an underprediction of the
evaporation residue cross sections originating from low
compound nucleus spins. This is consistent with the in-
crease in the ratio for the 4n channel cross section with
increasing 4 shown on Table IV. The Q.xn cross sections
seem to be rather insensitive to variations in A.

The existence of high-E components in the compound
nucleus angular momentum distribution at energies near
and below the fusion barrier is related to the enhance-
ment of the experimental fusion cross section compared
to the predictions of the one-dimensional barrier pen-
etration model [7,35]. Mechanisms responsible for this
enhancement include effects such as the static deforma-
tion of the reactants or coupling to inelastic or transfer
channels. Coupled-channel calculations have been able to
explain the enhancement of the subbarrier fusion cross
sections and angular momentum distributions in many
reaction systems. Inclusion of channel coupling causes a
broadening of the angular momentum distributions even
at energies above the barrier [7,35].

Calculations of the 0 g distributions were per formed
with the channel-coupling code CcFUs [36]. For the ex-
traction of the model parameters, the lower-energy fusion
data [18] for the Ni + Mo reaction were taken into
account. The code CCFUS includes the effect of coupling
of the projectile and target inelastic and transfer degrees
of freedom to the relative motion. A matrix diagonal-
ization method including finite range effects is used for
the solution of the multidimensional barrier penetration
problem. Our calculations included the inelastic excita-
tion of the low-lying 2+ and 3 states in the projectile
and target using literature values [37,38] for the corre-
sponding deformation parameters. Additional transfer
coupling strengths [39] of E'=3.5 and 2.5 MeV with Q
values of —1 and —5 MeV, respectively, were introduced
to describe the low-energy behavior of the fusion excita-
tion function data of Ref. [18].

A statistical model calculation of the evaporation
residue cross sections using the Og distribution from
CCFUS gave results similar to those obtained earlier with
large diffuseness parameters (A & 6h). The ratios of the
experimental to the calculated cross sections are given
in the last column of Table IV. The use of the angular
momentum distribution obtained with CCFUS leads to

TABLE IV. Ratios of the experimental to the calculated evaporation residue cross sections for
difI'erent values of the diffuseness parameter A and the associated Eo values as introduced in Eq.

2 (h)
e. (n)

Channel
2n
3n
4n

p2n
p3n
&2n
ck3n

2.0
47.6

4.75
0.76
1.03
0.60
1.05
1.16
0.67

3.0
47.6

3.64
0.76
1.03
0.65
1.05
1 ~ 14
0.69

4.0
47.2

2.80
0.77
1.05
0.70
1.03
1.08
0.68

6.0
46.5

1.90
0.80
1.10
0.71
1.04
1.24
0.72

8.0
45.5

1.56
0.85
1.14
0.73
1.10
1.21
0.71

10.0
44.3

1.44
0.89
1.18
0.86
1.10
1.31
0.77

12.0
45.3

1.15
0.83
1.22
0.79
1.15
1.20
0.76

CCFUS

1.25
0.81
1.31
0.73
1.15
1.16
0.74
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an improved description of the evaporation residue cross
sections. In particular, the 2n cross section originating
from very high spin is reasonably reproduced. However,
this calculation underestimates the cross section of the
low spin 4n channel. The comparison with the absolute
magnitude of the evaporation residue cross-section data
is shown in Fig. 9. In the following, we compare the rest
of the experimental data with the results of this calcula-
tion.

The calculated p-ray fold distributions are compared
with the experimental ones in Fig. 7. The shape and
peak position of the xn channels [Fig. 7(d)] are approx-
imately reproduced. The discrepancies between the ex-
perimental and calculated distributions are primarily due
to over- or under-predictions of the cross sections. The
calculated distribution for the n2n channel [Fig. 7(e)]
peaks at a slightly higher value of k~ and is more skewed
than the experimental distribution. For the o;3n channel
the peak position of the distribution is reproduced but
the width is overestimated [Fig. 7(e)].

The experimental k~-fold cross-section ratios of the
xn channels [Fig. 7(f)], are closely reproduced in the
medium fold region 12 & k,g & 20. The deviations ob-
served at higher folds are related to the overestimation
and underestimation of the 3n and 2n yields, respectively.

The calculated o.-particle spectra at the center-of-mass
angles 56', 88', and 164' (leading to the n2n channel)
are compared with the experimental data in Fig. 1(b).
They agree well in shape and peak position.

Next, we consider the contributions to the total calcu-
lated o;2n spectrum from o.-particle emissions in different
decay sequences. In Fig. 6(b), the spectrum shown with
the thick line gives the total calculated center-of-mass
spectrum associated with the o.2n channel. Its decompo-
sition into contributions where the o. particle is emitted
first (nnn), second (nnn), and third (nnn) are given by
the thin lines numbered according to the order of emis-
sion. The low-energy first chance o. emissions do not
contribute significantly to the low-energy part of the to-
tal o.2n spectrum. The presence of a deformation effect
in the first stages of the deexcitation could be hidden in
the background of lower energy o. emissions occurring in
the subsequent emission steps. Therefore, the observed
o.-particle anisotropies of the o,xn channel do not provide
a sensitive probe of nuclear deformations during the early
stages of the deexcitation.

From the above discussion, we may conclude that the
main features of the Ni + Mo reaction are repro-
duced by the statistical model using parameters that also
describe the 0 + Sm reaction, the only difference be-
ing in the O.

g distributions in each case. Inadequacies in
describing details of the Ni + Mo data with the sta-
tistical model seem to relate with difficulties in modeling
the compound nucleus angular momentum distribution
in this reaction [18,33].

C. Comparison of the entrance and exit channel
characteristics

Despite the fact that the compound nucleus Yb*
was produced at approximately the same initial excita-
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FIG. 10. Reduced spin distributions for the two reac-

tions calculated using the one-dimensional barrier penetration
model (curves labeled 0 and Ni uncoupled). For the Ni
+ Mo reaction, the e8'ect of coupling to inelastic and trans-
fer degrees of freedom is shown by the curve labeled coupled.

tion energy in both reactions, substantial differences oc-
cur in the populated angular momentum states. Part of
these differences arises because of the entrance channel
mass asymmetry. The nearly symmetric reaction Ni +

Mo is more efficient in populating high angular mo-
mentum states in the compound nucleus. A further en-
hancement of the high-8 components occurs due to the
coupling of inelastic and transfer degrees of freedom with
the relative motion of Ni and Mo. The angular mo-
mentum distributions of the two reactions are best com-
pared when plotted in terms of their reduced (cr//7rA )
values. This comparison is made in Fig. 10 which shows
the reduced distributions employed in the present cal-
culations. The angular momentum distribution for the

0 + Sm is consistent with a diffuseness parameter
of A=1.5h. It is compared with the result of an one-
dimensional barrier penetration calculation for Ni +

Mo (dashed curve labeled "uncoupled" ). The corre-
sponding fusion cross section is equal in magnitude to
the sum of the experimental evaporation residue cross
sections. Including the effect of channel coupling, as de-
scribed in the previous section, produces the distribution
labeled "coupled" in Fig. 10. The already high angu-
lar momentum content of the uncoupled distribution for

Ni + Mo is amplified with the inclusion of chan-
nel coupling. Furthermore, there is a suppression of the
low-8 partial waves in the region where this distribution
overlaps with the one for the 0-induced reaction.

According to the independence hypothesis the decay
from a specific compound nucleus state with spin IgN
from the same excitation energy should be independent
of the entrance channel. In this work, however, distribu-
tions of cross sections as a function of k~ were measured.
These are related to the initial compound nucleus spins
via several intermediate mappings that involve broad dis-
tributions. The effect of these broad distributions can
easily lead to differences in the observed quantities with-
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out violating the independence hypothesis. To demon-
strate this, we compared the evolution of the initial pop-
ulations in the decay of Yb* as calculated with the
statistical model for the two reactions. Figures 11(a)—(c)
show the calculated ratios of the xn channel cross-section
as a function of the entry state spin (IFR), M~, and k~,
respectively. Solid and dashed lines refer to the Ni-
and 0-induced reactions, respectively. The exit chan-
nels are indicated by the number of emitted neutrons.
Note that these calculations have been able to describe

the experimental cross-section ratios as a function of k~,
in both reactions. The calculated ratios as a function of
IER for the 0-induced reaction are shifted up by almost
2 units in spin with respect to the Ni-induced reaction
[see Fig. 11(a)]. This shift, however, is not due to bio
lation of the independence hypothesis. It is simply due
to the fact that each entry state receives contributions
from many intermediate states in excitation energy and
angular momentum. The corresponding decay chains are
weighted by the primary spin populations. A partial en-
try state cross section, o (IER), results from a summation
of all contributing cascades. The calculated cross-section
ratios for the two reactions are inHuenced by the relative
weights in the initial populations, which in turn are deter-
mined by the corresponding reduced angular momentum
distributions.

The cross-section ratios after p decay are shown in Fig.
11(b) as a function of M~. The difference between the
solid and dashed curves has been reduced by almost a fac-
tor of 2, due to the quadrupole nature of the majority of
the emitted p radiation, as simulated in the evaporation
code. Figure 11(c) gives the ratios as a function of k~.
Compared with Fig. 11(b), it shows the effect of the spin
spectrometer responses in the transformation of M~ —+

k~. As in the previous step (IER -+ M~), the relations
in the ratios of the major channels is retained. The only
large difference is seen in the cr2 / Ea ratio. Although
the a2 / Zcr „ratios are identical as a function of M~ in
both reactions, they show sharp differences as a function
of k~. This difference is attributed to the small magni-
tude of the 2n cross section in the 0-induced reaction
and the fact that it corresponds to the highest M~ values.
In this case, the tails of the spin spectrometer responses
(for the M~ ~ k~ conversion) introduce a spread in the
shape of the extracted k~ distribution. Clearly, the dif-
ferences observed for the various exit channels in the two
reactions are not related to any violation of the indepen-
dence hypothesis.

As a general comment, the decay characteristics of
both reactions expressed as o / Zcr „ratios are re-
tained in the transformation from entry state spin to mul-
tiplicity and then to p-ray fold. It was veri'. ed that the
trends shown are not affected by the omission of pxn or
the nxn channels in the construction of the cross-section
ratios. Differences in the ratios as a function of the en-
try state spin for the two reactions are predicted by the
statistical model calculation that takes into account the
independence hypothesis.

0.0
10 20 30 40

V. SUMMARY

FIG. 11. Calculated cross-section ratios of the 2n, 3n, 4n,
and 5n channels as a function of (a) the evaporation residue
spin IEa, (b) the p-ray multiplicity, M» and (c) the p-ray
fold, k» for the two reactions. Dashed lines refer to 0 +

Sm and solid lines to Ni + Mo. Notice in particular
the difFerence in the k~ ratio between the two reactions for
the 2n channel for k~ & 18. Such a difFerence is absent in
panel (b).

In the present work, we made use of a 4' detection of
light charged particles and p rays in an investigation of
heavy-ion reaction mechanisms. This method provided
a powerful means of comparing the deexcitation mech-
anism of Yb* formed with —54 MeV of initial exci-
tation in the nearly symmetric Ni + o Mo and asym-
metric 0 + Sm fusion reactions.

Differences in the entry states populated by xn and
o.xn emission were observed in the two reactions. The
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eKect in the Q.xn populations was attributed to an in-
complete fusion mechanism present in the 0 + Sm
reaction. The breakup component of the projectile was
found to account for a large fraction of the total observed
cross section in the 0.2n channel, and for only a small
fraction in the n3n channel.

On the basis of the observed Q.-particle anisotropies
for the 0.2n channel, no definite conclusion can be drawn
on a possible deformation eKect in the first stages of the
compound nucleus decay in the Ni + Mo reaction.

Differences in the p-ray fold distributions of the xn
channels populated in the two reactions were also ob-
served. This result was consistent with the population of
a broad compound nucleus spin distribution in the ¹i
induced reaction, as predicted by current fusion models.
In the statistical model description of the compound nu-
cleus decay, it was assumed that this is the only difference

in the formation of Yb* in the two reactions. Based on
this assumption, all of the experimental features were es-
sentially understood without the need to resort to strong
structural influences on the deexcitation of the compound
nucleus by particle emission.
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