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Formation and decay of ~64Yb*

in near- and below-barrier fusion reactions
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A consistent description of the formation and decay of Yb* in the fusion of 0 + Sm
and Ni + Mo is presented in a bombarding energy range from near to well below the entrance
channel Coulomb barrier. Fusion excitation functions and angular momentum distributions are
described well with a recently proposed one-dimensional barrier penetration model with energy-
dependent fusion barriers. The main features of fusion and angular momentum distribution data
in Ni + Mo are also reproduced with simplified coupled channel calculations. The statistical
model accounts well for the decay of Yb* in the 0-induced reaction and for most of the data
in the ¹iinduced reaction. The evaporation residue fractional cross sections as a function of the
compound nucleus excitation energy show trends that correlate with the low- and high-spin regions
of the compound nucleus angular momentum distributions populated in the two reactions.

PACS number(s): 25.70.Gh, 25.70.Jj, 24.60.Dr, 24.10.Eq

I. INTR.ODUCTION

The process of subbarrier fusion between medium to
heavy-mass nuclei has attracted a great deal of interest in
recent years. Numerous experimental observations have
established that although the near-barrier fusion cross
sections are described well by a one-dimensional bar-
rier penetration model, the below-barrier cross sections
may exceed these predictions by orders of magnitude [1].
Recent studies have employed measurements of evapo-
ration residue p multiplicities, fission fragment angular
anisotropies, and isomer ratios in order to deduce the
moments of the spin distributions of the fused systems.
A broadening of the spin distributions has been observed
in several systems that exhibit a subbarrier cross sec-
tion enhancement [2]. Theoretical approaches developed
in order to understand these effects include the coupled-
channels method [3—6] as well as several models deal-
ing with the fusion process from different points of view
[7—15]. The coupled-channels method has demonstrated
the importance of coupling of the entrance channel to
various inelastic and transfer degrees of freedom in the
subbarrier fusion enhancement. It also predicts the sub-
barrier fusion enhancement as well as the broadening of
the spin distributions compared to the one-dimensional
barrier penetration model.

It has been realized [2,16] that stringent tests of the
fusion models can be made from comparisons with both
fusion excitation functions and moments of the spin dis-
tributions, whenever available. A systematic analysis of
cross section and average angular momentum data ex-
tracted with the aforementioned techniques was recently
undertaken by Diaregorio and Stokstad [16]. The data
were compared with a barrier penetration model includ-
ing the effect of coupling to the low-lying inelastic chan-
nels. It was concluded that in most of the cases the
simplified coupled-channels calculations that Bt the cross
sections also give a resonable account of the measured

angular momenta. A few exceptions occur in systems in-
volving highly Bssile compound nuclei as well as the most
symmetric systems such as 6 Ni + xooMo and 80Se + 80Se

studied with the p-multiplicity technique. In the latter
systems, the theory was found to underestimate system-
atically the fusion cross section and the corresponding
average angular momentum with decreasing bombarding
energy.

The subbarrier fusion of Ni + Mo was studied
first with the Oak Ridge Spin Spectrometer by Halbert
et al. [17,18]. Evaporation residue cross sections and p-
ray multiplicity distributions were measured for the dom-
inant decay channels. The compound nucleus spin dis-
tributions were reconstructed from the the p-multiplicity
distributions using statistical model estimates of the an-
gular momentum removed by particle and p-ray emission.
Using the same model as DiGregorio and Stokstad, it was
found that the excitation function cannot be reproduced
with a priori coupling strengths. Increasing the coupling
strengths to 1.5 times their expected values was found
necessary to fit the cross sections. However, even with
this modi6cation the average angular moment;a were still
underestimated [17). A reanalysis of the s4Ni + Mo
data was recently reported in which the treatment of
events originating from low compound nucleus spins was
examined [18]. In the latter analysis, the l dependence
of the angular momentum removed by neutron and p-ray
emission in the conversion of the p multiplicity to com-
pound nucleus spin distributions was taken into account.
That analysis showed a slight increase in the average an-
gular momentum and a small decrease in the magnitude
of the fusion cross sections. However, these corrections
did not alter the previous discrepancies between the data
and theoretical predictions [17]. The data set of Refs.
[17,18] provides one of the most complete subbarrier fu-
sion measurements available for a heavy and nearly sym-
metric entrance channel. Therefore, it is not surprising
that the observed effects have initiated several theoretical
investigations and comparative studies [2,9,12,16].
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In principle, a coupled-channels approach should be
able to account for the experimental data once the ap-
propriate coupling scheme is known. However, this pro-
cedure becomes quite involved or even impractical when
the number of contributing channels is large. It was
shown recently by Mohanty et al. [8,9) that the results
of a model coupled-channels calculation can be repro-
duced by a simple barrier penetration model with energy-
dependent barriers. It was pointed out that the barrier
heights should be expressed as a function of the radial
kinetic energy at the barrier radius. Such an energy de-
pendence is expected on the basis of a macroscopic model
of shape evolutions describing fusion [14,15].

Below, we present a description of the reactions Ni +
Mo and 0 + Sm through the model of Mohanty

et al. Both reactions lead to the formation of the com-
pound nucleus Yb*. Evaporation residue cross sec-
tion and spin distribution data [17—19] are considered
together with recent data on these reactions [20]. The
bombarding energies range from near to well below the
respective entrance channel Coulomb barriers. A satis-
factory understanding of the Ni + Mo reaction can
be obtained with energy-dependent fusion barriers ex-
tracted" from the experimental spin distributions. A good
description of the fusion excitation function and the first
two moments of the compound nucleus spin distributions
is thus obtained. Furthermore, the calculated spin dis-
tributions are suKcient in reproducing, through the sta-
tistical model, the majority of the evaporation residue
cross sections in both reactions. Using the asymmetric

0 + Sm reaction as a reference, it is realized that the
nearly symmetric Ni + Mo system involves a much
larger angular momentum transfer to the compound nu-
cleus. This significantly influences the cross sections of
the neutron evaporation channels. In particular, it leads
to an enhancement of the fractional 2n and a suppression
of the fractional 4n cross sections, for Ni + Mo, in
the bombarding energy range of the present study. Com-
parisons of the data with simplified coupled-channels cal-
culations are also made for Ni + Mo. Most of the
features of the available data are reproduced by includ-
ing coupling strengths additional to those of the low-lying
projectile and the target inelastic excitation modes.

where E denotes the center of mass energy and A is the
reduced asymptotic wavelength of the relative motion.

In the one-dimensional barrier penetration model
(BPM), the transmission coeKcients Tt are usually
obtained in a parabolic approximation of the total
(Coulomb + nuclear + centrifugal) potential at the max-
imum, which defines the fusion radius Rbt T. his results
in an angular-momentum-dependent fusion barrier Vbg

representing the total potential at Bbe with a curvature

d Vbe

2p Qp
(4)

The transmission coefBcients, in this approximation,
are given by

27'
Te —— 1 + exp Vbe —E

In the Wong approximation [21] (Bbt = Bbo =—Bb,
Rut = Ruo), the fusion barrier is expressed as

~Bb~ 27r

2E
b ln 1+ exp 1+exp E —Vb

(7)

The subbarrier fusion enhancement over the predic-
tions of Eq. (7) is described in the energy-dependent
barrier penetration model (EDBPM) of Mohanty et al.
[8] by allowing Vb to become a function of the radial ki-
netic energy ~ at the barrier radius:

b b b

The following parametrization of the fusion barrier was
proposed:

E(E+ 1)h'
Vbe = Vb+

P b

and a closed form expression is obtained for the fusion
cross section,

II. FUSION PROCESS

af(E) = ) o-g(E)
e=o

P E"ot(E)
E~~(E)

in terms of the partial wave cross section

(2)

o.t = vrA (21+1)Tg,

The fusion cross section of (E) and the moments of the
spin distributions leading to fusion (E ) are given by

'
V2 for e& E2,

Vb: & Vi + (~ ~ ) (e El) fol Ei ( 'E ( E2~

, Vj for ~ & Ei,

where V2 and Vi are the so-called sudden and adiabatic
barrier heights [9] occurring at e=E2 and Ei, respec-
tively. The transition between these limits is made with
the linear term in Eq (9). T. he form of this para-
metrization has been suggested by a macroscopic model
of nuclear shape evolutions applied in the description of
subbarrier fusion reactions [14,15]. As shown in Ref. [8],
the predicted fusion cross sections and angular momen-
tum distributions by the EDBPM can be made equivalent
to the more elaborate treatments of coupled-channels cal-
culations. Systematic trends in Vi, U2, Ei, E2 extracted
by the requirement to reproduce measured fusion excita-
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tion functions in several systems were recently reported
[9]

In the following calculations, we employ a Woods-
Saxon form of the nuclear potential with parameters
given by Akyiiz and Winther [22], namely,
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The potential depth Vp is expressed as

Vp ——16vrpBg2a + AV

in terms of the average surface tension coeKcient
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the reduced radius

BgB2"=B,+B,

(12)
FIG. 1. Fusion cross sections in 0 + Sm reactions.

The dashed and solid curves show the calculations with the
one-dimensional and the energy-dependent barrier penetra-
tion models, respectively.

and the difFuseness parameter

a = 1.17[1+0.53(A~ + Az )] fm

In Eq. (10), the central radius Bp —By + Bz, where

B; = (1.20A; —0.09) fm (i = 1, 2).

Adjustments in the depth of the nuclear potential were
introduced through the ofFset parameter AV, as dis-
cussed in the following sections.

The S dependence of the barrier radius Bb and curva-
ture ~ was investigated with parameters pertaining to
the one-dimensional BPM calculations described below.
In 0 + ~ Sm, Bs was found to vary by less than 5'Pp

in the (0—50)h range and Ru can be represented as Rug
= ~p + 6.1 x 10 E . In Ni + Mo, the variation in
B~ is less than 3% in the (0—70)h range and Rug = %up +
1.2 x 10 Z . In the calculations for 0 + Sm we fol-
lowed a full numerical treatment of Eqs. (1)—(5), whereas
in Ni + Mo we resorted to the Wong approximation.

A. O + Sm reaction

The description of the x60 + x48Sm fusion excitation
function was based on parameters extracted from the ex-
citation function of 0 + Sm. In the latter system,
the particular nature of the doubly magic 0 and neu-
tron magic Sm imply a reduced subbarrier fusion en-
hancement. Data on 0 + 4Sm from Ref. [19] together
with the (mass-scaled) measurement of Ref. [20] were de-
scribed with the one-dimensional BPM. An ofFset of LV
= 30.0 MeV in the nuclear potential depth was applied
for this purpose. This adjustment was imposed in the

0 + Sm calculations.
The symbols in Fig. 1 show the measured fusion cross

sections [19,20] for 0 + Sm as a function of the cen-
ter of mass energy. Here, the fusion cross section is iden-
tified with the sum of the measured evaporation residue
cross sections. The one-dimensional BPM (dashed curve)
describes the data above 62 MeV, but underestimates
the lower energy points. The extracted 8-wave barrier
parameters are listed in Table I. Based on these parame-
ters, we determined the values of Vj, Eq, V2, and E2 re-
quired to fit the excitation function data in the EDBPM.
A four-parameter least-squares procedure yielded the val-
ues given in Table I. The resulting excitation function is
shown by the solid curve in Fig. 1. It provides a:good
description of the data in the whole energy range.

B. Ni + Mo reaction

The measured fusion excitation function in Ni +
Mo reactions is shown on the top panel of Fig. 2.

Data points below E, = 141.7 MeV represent the sum
of the evaporation residue cross sections including cor-
rections for the unobserved channels [18]. The highest
energy point includes only the sum of the evaporation
residue cross sections obtained in a separate experiment
[20]. The data are plotted at the center of mass ener-
gies corresponding to the efFective beam energies where
the reaction took place. The horizontal bars indicate the
spread in the beam energies within the target for each
measurement. They are consistent with the beam energy
loss through the target [17,20]. The middle and bottom
panels of Fig. 2 show the mean and mean-square angular
momenta versus the center of mass energy. Data points
below E, = 141.7 MeV were obtained with a transfor-
mation of the evaporation residue p multiplicity to the
compound nucleus spin distributions [17]. At the highest
bombarding energy the data points represent an estimate
of the moments of the o.g distribution. These estimates
were obtained from statistical model calculations that de-
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TABLE I. Parameters employed in the one-dimensional BPM, EDBPM, and CCFUS cal-
culations.

System

16Q + 148S
64N + 100M

Ni + Mo (CCFUS)

Vg

(MeV)
59.72
137.61
138.64

Rg
(fm)
11.24
11.45
11.34

(MeV)
4.484
3.499
3.407

V1

(MeV)
58.59
127.82

@1
(MeV)
56.78
125.19

V2

(MeV)
64.25
141.97

E2
(MeV)
72.76
143.15
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scribe closely the evaporation residue cross sections and
p-ray-fold distributions observed at this energy [20].

The one-dimensional BPM was applied with a nuclear
potential strength adjusted by LV = —5.0 MeV in order
to reproduce the measured cross section at the highest
energy. The predictions of the model for err„„(E), and

(l2) are shown in Fig. 2 by the dashed curves. The exper-
imental cross sections are comparable to the model pre-
dictions at the highest energies, but they are strongly un-
derestimated as the bombarding energy decreases. The
(E) and (P) values are underestimated in the whole en-

ergy range, especially for E, ( 137 MeV, where the
model predicts the existence of a plateau.

We note that the available cross section data at the
highest energies are not sufBcient to establish the fusion
barrier to a degree comparable to the reaction 0 +

Sm. Therefore, in applying the EDBPM we follow
an approach different than the one for the 0 + Sm
reaction. Instead of utilizing the excitation function data,
we extract an energy dependence of the fusion barriers
from the experimental spin distributions. Using Eqs. (3),
(5), and (6) and solving for Vb we obtain
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Representative values of the experimental partial wave
cross sections around the average were used (see Fig.
4 of Ref. [17]). This angular momentum range is ex-
pected to involve minimal uncertainties due to unfolding
procedures from p-ray fold to p multiplicity (M~) and
the transformation from M~ to E. The one-dimensional
BPM values of Bb and her (Table I) including their weak
8 dependence were used in order to extract Vb through
Eq. (16). The extracted barriers are plotted in Fig. 3
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FIG. 2. Fusion cross sections and mean and mean-square
angular momentum versus E, in Ni + Mo reactions.
The data (symbols) are compared with calculations using the
energy-dependent barrier penetration model (dotted and solid
curves). The effect of target thickness is included in the cal-
culations shown by the solid curves. The predictions of the
one-dimensional barrier penetration model are given by the
dashed curves.
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FIG. 3. Dependence of the extracted fusion barriers Vb

(symbols) on the radial kinetic energy e at the fusion bar-
rier. Each symbol type corresponds to the indicated center
of mass energy. The line segments show the parametrization
employed in the calculations.
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as a function of the radial kinetic energy at the barrier:
e = E, E—II, where EII = E(E+ l)h /2pBb. Each sym-
bol type corresponds to the indicated center of mass en-
ergy. At each energy, the barriers decrease with increas-
ing E~, i.e., with decreasing e. An energy dependence
consistent with the experimental trend of Vb = Vb(c) was
introduced in the EDBPM. The employed parameters in
Eq. (9) are given in Table I and produce the dependence
shown by the line segments in Fig. 3. The chosen value
of V2 is slightly larger than the one reported in the sys-
tematic study of Ref. [9]. We also used a value of Vi
smaller than the prediction of systematics, since there is
no clear evidence for a saturation of the experimental Vb

at low e (see Fig. 3).
The calculated excitation function is shown by the dot-

ted curve on the top panel of Fig. 2. It is consistent
with the measurement at the highest energy, but overes-
timates the lower energy points. We point out that each
cross section measurement represents the average yield
in an interval [E, , E, —AE]. Therefore, the predic-
tions of the fusion models have to be energy averaged for
the energy loss through the target in order to be com-
pared with the data. Since the relevant energies for the
target thickness correction are in the laboratory system,
we energy-averaged the calculated excitation function in
the laboratory system, using AE~ b = 5.6 MeV [17], and
then transformed it to the center of mass. This produces
the solid curve of Fig. 2. We note that including the
eKect of target thickness in the calculation aÃects the
slope as well as the magnitude of the calculated excita-
tion function, especially at low energies. This leads to
an improvement in the overall description of the cross
sections.

The efFect of target thickness in the calculated cen-
troids and average square of the o.

g distributions was
found to be less important than in the fusion cross sec-
tions. The calculated (/) and (P) are shown by the solid
lines in Fig. 2. They provide a very good description of
the data with the exception of the highest energy mea-
surement which is slightly underestimated. Compared to
the predictions of the one-dimensional BPM, we have a
substantial improvement that reproduces the majority of
the data. It must be stressed here that the good quality
of the fits in Fig. 2 is not surprising, since the og values
were used to restrict the choice of Vb. However, what is
more important is that a single functional form of Vb(e)
[Eq. (9)] is consistent with the data for all bombarding
energies.

Our calculations with CCFUS were based on the nuclear
potential given by Eqs. (10)—(15), with AV = —12 MeV.
The uncoupled calculation is shown again by the dashed
lines in Fig. 4 where it is compared with the experimental
crf„„(E)and (l ) versus E, . The quality of agreement
with the data is similar to the one-dimensional barrier
penetration calculation of Fig. 2.

Initially, we considered the eKect of coupling of the
lowest (2+ and 3 ) inelastic excitations in the projec-
tile and target. Deformation parameters for the A-pole
excitations were employed from the tabulations of Refs.
[25,26]. They are listed in Table II together with the cor-
responding coupling strengths [4]. Such a calculation was
found to improve the description of the data, but it still
underestimates both the low energy oi„, and (l). This
is in agreement with the results of Ref. [16]. In order

A31 m - & s I » I & ~ s I & s r I r & I

10'—

101

10o .-

10-'

40

30

20
'V

01

0

600 I I I I I I I I I I I I I I I I1

1200

AJ

800

'V

400

C. EfFect of channel coupling in Ni + Mo

Calculations for Ni + Mo were also performed
with the simplified coupled-channels code CCFUS [23,24].
CCFUS treats the projectile and target inelastic excita-
tion and transfer channels as independent modes that
couple to the initial ground state. The resulting multi-
dimensional barrier penetration problem is solved with
a matrix diagonalization method. The variation of the
coupling interaction in the barrier region is taken into
account using a second-order expansion [23].

125 130 135 140 145 150

cv (Ne Y)

FIG. 4. Fusion cross sections and mean and mean-square
angular momentum versus E, in Ni + Mo reactions.
The data are compared with calculations involving the cou-
pling to the lowest 2+ and 3 states of the projectile and
target and additional coupling strengths (dotted and solid
curves). The effect of target thickness is included in the cal-
culations shown by the solid curves. The no-coupling limit is
shown by the dashed curves.
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TABLE II. Excitation energies E'*, deformation param-
eters Pp, and coupling strengths I" for the low-lying in-
elastic channels in Ni + Mo.

Nucleus
64N.

100M

E" (MeV)
1.35
3.56
0.54
1.91

pi
0.18
0.23
0.23
0.17

Il (MeV)
—2.36
—3.74
—3.35
—3.12

TABLE III. EfFective Q value for one- and two-nucleon
transfer processes in Ni + Mo reactions.

Process
1n stripping

1n pickup
1p stripping

1p pickup
2n stripping

2n pickup
2p stripping

2p pickup

Q (MeV)
—4.32
—2.13
—3.47
—5.12
—3.11
0.97

—1.77
—5.72

to account for missing coupling strengths we introduced
two couplings of strength I" = 2.6 MeV at Q = —1.5 and
—10.0 MeV in addition to the 2+ and 3 inelastic modes.
Furthermore, we consider the effect of positive Q-value
nucleon transfer channels as an enhancement mechanism.
Table III gives the calculated effective Q value for one-
and two-nucleon transfers in Ni + Mo reactions. The
effective Q value is defined as Q + AEc, where Q is the
ground state Q value and AEc is the entrance channel
Coulomb barrier minus that of the exit channel [4]. The

Q value for two-neutron pickup is positive. Therefore,
this process is expected to enhance the subbarrier fusion
rate. A coupling of strength I' = 3.8 MeV at Q = 0.97
MeV was introduced for this purpose.

With the above couplings, the calculated fusion cross
section versus E, is shown as the dotted curve in the
top panel of Fig. 4. The calculation provides a reason-
able description of the data, except for the lowest energy
where it overestimates somewhat the lowest energy data
points. Including the effect of target thickness, by aver-
aging this excitation function within AE~ b

——5.6 MeV,
gives the solid curve. This provides a good description
of the fusion excitation function. The corresponding cal-
culations for (I) and (t' ) are shown as the solid curves
in the middle and bottom panels of Fig. 4. Apart from
an underprediction of the lowest and a small overpredic-
tion of the measurement at 141.7 MeV, the bombarding
energy dependence of the data is well reproduced.

Concerning the magnitude and relative importance of
the employed coupling strengths, we refer the reader to
the remarks in Ref. [4] on the uncertainties of the form
factors. The coupling strength for two-neutron pickup
is comparable in magnitude to the one employed in the
description of the Ni + Ni subbarrier fusion cross sec-
tions [27]. We note, however, the small yield of products

associated with neutron transfer cited in Ref. [17]. Us-
ing a shallower nuclear potential would require weaker
strengths for the description of low energy cross sec-
tion measurements. However, confidence for such adjust-
ments requires knowledge of experimental fusion cross
sections at higher energies.

One may recall the trends of previous analyses of the
Ni + Mo reaction using the CCFUs code. DiGrego-

rio and Stokstad [16] report that as a systematic trend,
whenever the theory underestimates af„„ it also under-
estimates (/). This is consistent with the calculations
of Halbert et al [17]. employing standard parameters for
the coupling strengths. However, Halbert et al. also
showed that even if the fusion excitation function is re-
produced, by using enhanced couplings, the (/) and (E )
are still underestimated at low energies. Vandenbosch
[2] has been able to reproduce the shape of the fusion
excitation function without an enhancement in the cou-
pling strengths. This was made possible by a parameter
adjustment that overestimated the cross section measure-
ment at 141.7 MeV. However, the experimental (/) was
still underestimated below E, = 132.8 MeV.

In our analysis, the improvement in the simultaneous
description of of„, and (t') is mainly due to taking into
account the effect of target thickness in comparing the
calculated of„, with the data. The target thickness cor-
rection in the calculated (E) versus E, ~ is small. There-
fore, using a theoretical excitation function that overes-
timates the experimental one at low energies results in a
good description of the data after the energy averaging.
This leads to an improved reproduction of the moments
of the og distribution.

Frobrich and Richert [12] have reported a consistent
description of the Ni + Mo fusion cross section and
(t') using a transport model by solving Langevin equa-
tions based on a surface friction model. Including a
proper correction for the target thickness is expected to
further improve the description of the data through the
procedure of Ref. [12].

D. Angular momentum distributions

The ¹iinduced reactions have a significantly smaller
mass asymmetry and show a substantially stronger sub-
barrier fusion enhancement than the 0-induced reac-
tions. Therefore, we expect strong differences in the pop-
ulated og distributions, when Yb* is produced at the
same excitation energy by the two reactions. The energy
dependence of the o.

g distributions is also of interest.
A comparison of the two reactions can be made

through their reduced angular momentum distributions
0'e j7tA [28]. We consider two typical excitation ener-
gies E* = 45 and 53 MeV in Yb*, which are below
and near the Coulomb barrier for the Ni reactions, and
above the barrier for the 0 reactions, respectively. In
Figs. 5(a) and 5(b), we compare the reduced og distribu-
tions calculated with the previous models at bombarding
energies matching these compound nucleus excitation en-
ergies. The dotted curves in Figs. 5(a) and 5(b) corre-
spond to 0 + Sm and the solid ones to Ni + Mo,
for the two bombarding energies, respectively, calculated
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with the EDBPM. For each reaction, the corresponding
ratios of the center of mass to the Coulomb barrier en-
ergies are also given in Fig. 5. For low-E waves the re-

d ge distributions for &60 + x48Sm exhaust the uni-
tarity limit shown by the dashed straight lines. For Ni
+ Mo, the respective distributions are much broader.
According to the EDBPM, the unitarity limit is reached
at the highest E*. The distributions calculated with
CCFUS for Ni + Mo are shown in Fig. 5 as the
dashed curves. The distribution at the low energy, Fig.
5(a), is similar to the one calculated with the EDBPM,
but some differences are apparent. At high energy, the
two distributions are similar only in the high-E region.
The CCFUS distribution again shows a significant sup-
pression of the low partial waves. This is a consequence
of the higher barrier in the ccFUS calculation (Table I).

A common characteristic of both models for Ni +
Mo is the presence of a large excess of high-Z partial

waves compared to the 0-induced reaction. Further-
more, both models predict a suppression below the uni-
tarity limit of the low-E partial waves for the Ni-induced
reaction at low excitation energies.

III. DECAY PROCKS S

The di8'erences in the populated compound nucleus
states are expected to affect the measured evaporation
residue yields in each reaction. In turn, these residue
yields provide useful information about the populated
spin distributions themselves. In order to demonstrate
these eKects we compare the yields in the two reactions,
by using the decay fractions given by the ratio of a par-
tial to the total evaporation residue cross section, for each
exit channel (cf. Refs. [28,29]). A convenient represen-
tation for such a comparison involves the decay fractions
as a function of the compound nucleus excitation energy.
We present such a plot in Fig. 6 for the xn channels,
where the open symbols refer to the 0 + Sm and
the solid ones to the Ni + Mo reaction. Squares,
circles, and triangles correspond to the 2n, 3n, and 4n
channels, respectively. In the 0-induced reaction, the
2n decay fraction decreases monotonically with increas-
ing excitation energy E*. The 3n fraction increases ini-
tially with E*, attains a maximum at 38 MeV, and then
decreases. The 4n fraction shows a monotonic increase
with E*. In the Ni-induced reaction, the trend of the
corresponding decay fractions with E* is essentially the
same. However, there are striking differences when com-
pared with the fractions of the 0-induced reaction. We
observe a significant enhancement of the 2n fraction and
a suppression of the the 4n fraction over the whole ex-
citation energy range. The 3n fraction shows a suppres-
sion below 48 MeV, where it peaks, and an enhancement
above it.

Because of the fact that both data sets are plotted with
the compound nucleus excitation energy as a common ab-
scissa, we expect the observed differences to arise from
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FIG. 5. Reduced angular momentum distributions in 0

+ Sm (dotted curves) and Ni + Mo (solid curves) cal-
culated with the energy-dependent barrier penetration model
at bombarding energies matching the Yb" excitation at (a)
45.0 and (b) 53.0 Mev. The dashed curves show the distribu-
tions calculated with CCFUS for Ni + Mo. The unitarity
limit is shown by the dashed straight lines.

30 35 40 45 50 55 60
E' (MeV)

FIG. 6. Decay fractions of Yb* formed in the fusion of
0 + Sm (open symbols) and Ni + Mo (solid sym-

bols) as a function of the compound nucleus excitation en-
ergy. Evaporation residue channels involving emission of two,
three, and four neutrons are indicated with squares, circles,
and triangles, respectively. The dashed and solid curves show
the results of statistical model calculations for the 0- and

Ni-induced reactions, respectively.
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the populated compound nucleus spins in each reaction.
Decays ending up in the 2n and 4n evaporation residues
originate from high and low spins, respectively. In the

¹iinduced reaction, the enhancement of the 2n decay
fraction can be associated with the excess of high-8 par-
tial waves and the suppression of the 4n fraction with the
low-X properties of the og distributions. Statistical model
calculations were performed in order to investigate this
eÃect quantitatively.

The calculations were carried out with the code EVAP
[30]. The level density formalism of Gilbert and Cameron
[31] 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 [32], Percy
[33], and McFadden and Satchler [34] 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 were included. The E1 p-
ray emission strength function included the giant dipole
resonance (GDR) with shape and position taken from
systematics [35,36] and strength determined by the clas-
sical energy weighted sum rule [36]. The admixture of ex-
change forces in the nuclear force was assumed to be 50'Fo.
The GDR splitting due to deformation was included us-
ing a double Lorentzian GDR shape corresponding to an
input prolate deformation parameter /~DR=0. 2. The p
strengths for M1, statistical E2, E2, ~~, and M2 were set
equal to 0.01, 10.0, 100.0, and 1.2 W.u. , respectively.

The evaporation calculations made use of the og distri-
butions produced by the fusion models described in the
previous 'section. Because of the efFect of target thick-
ness in the Ni + Mo reaction, calculations were per-
formed in 1 MeV steps in the bombarding energy range
of the present study. The calculated residue excitation
functions were energy averaged in a 5 MeV interval and
the excitation functions corresponding to the measured
cross sections were taken into account in the comparison
of the decay fractions.

The results of the evaporation calculation with o.
g dis-

tributions from the EDBPM are shown in Fig. 6 with
dashed lines for 0 + Sm and solid lines for Ni +

Mo. For Q + Sm, the experimental 2n and 3n
fractions are well reproduced by the calculation in the
whole excitation energy range. The 4n fraction is under-
estimated at low E*, but the agreement with the data
improves with increasing E*. In general, we have a good
agreement between theory and experiment for this reac-
tioI1. For Nl + Mo) the 3A and 4A decay fractions are
reasonably well reproduced. The only significant discrep-
ancy occurs in the 2n fraction which is underpredicted
above E* = 45 MeV. This is related with the tendency
of the EDBPM calculation to underestimate (E) and (E )
at the highest energy.

The calculated decay fractions using og distributions
from CCFUS are shown with the solid curves in Fig. 7.
In the medium energy region, 40 ( E* ( 50 MeV, all
three ratios are reasonably well reproduced. At the low-
est energies, E* ( 40 MeV, the degree of agreement with
the data deteriorates. This is related to the underpre-
diction. of (/) and (E ) in the corresponding E, range

I I I I I I I I I I I I I
I I I I I I I I I I I I I I I

&0'-

2p

I

~nA 2 I
I I I I I I F I I I I I I ~ I I I I I I I I I I I I I ~ I

30 35 40 45 50 55
E (NBV)

60

FIG. 7. Same as Fig. 6 for Ni + Mo only. The sol d
curves show the results of statistical model calculations based
on ug distributions from CCFUS. For comparison, the calcu-
lated fractions with the EDBPM are duplicated from Fig. 6
(dashed lines) .

IV. SUMMARY AND DISCUSSION

In the present work, we presented an analysis of the
formation and decay of the compound nucleus Yb* in
the reactions Q + Sm and Ni + Mo. Fusion
excitation functions and moments of the spin distribu-
tion in the second reaction were described well with a
one-dimensional barrier penetration model with energy-
dependent fusion barriers. The extraction of parameters
in the EDBPM was greatly facilitated using the experi-
mental u~ distributions.

Optical model analyses of elastic scattering cross sec-
tions close to the Coulomb barrier have given evidence for

(Fig. 4). Above E' = 53 MeV, the change in the slope
of the calculated 2n decay fraction versus E' is related
to the onset of fission competition. For comparison, the
calculation using the EDBPM cry distributions is shown
again in Fig. 7 with dashed lines. It is realized that the
decay fractions tend to be reproduced by the statistical
model whenever the fusion models tend to describe the
moments of the spin distributions.

The previous calculations suggest that the behavior of
the decay fractions in both reactions arises from the dif-
ferences in the primary og distributions. The most promi-
nent efFect was observed in the exit channels involving the
minimum and the maximum number of evaporated neu-
trons. These channels involve decays originating from the
tails of the og distributions. Both reactions are expected
to reach the unitarity limit at bombarding energies higher
than the entrance channel Coulomb barrier. In this case,
difFerences in the decay fractions are expected to appear
only in the channels involving the minimum number of
evaporated particles. Such an efFect was demonstrated,
some years ago, in reactions with a small entrance chan-
nel mass asymmetry by Alexander and Simonoff [29].
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energy-dependent interaction potentials. The energy de-
pendence, known as the threshold anomaly, can be under-
stood in terms of a dispersion relation [7]. It is believed
to arise from the coupling of the elastic with nonelastic
channels. Ramarnurthy et al. [14] have suggested that
an energy-dependent fusion barrier is also predicted from
a macroscopic model of nuclear shape evolutions describ-
ing fusion. Here, the fusion barrier as a function of the
radial kinetic energy varies between the value of the adia-
batic (Vi) and the sudden barrier (V2) in a linear fashion.
Mohanty et al. [8] showed that the results of the CCFUS
code can be reproduced by a simple barrier penetration
calculation provided that the barrier heights are treated
as a function of the radial kinetic energy at the top of
the fusion barrier. It has also been shown that the differ-
ence AB between the sudden and the adiabatic barrier is
an increasing function of the product Z„Zq of the atomic
numbers of the colliding partners. The difference AB is
responsible for the subbarrier fusion enhancement and in-
cludes all the processes associated with it. In the present
analysis, a good reproduction of the data was obtained
with LB = 5.7 MeV for 0 + Sm and 14.20 MeV
for Ni + Mo. These values are consistent with the
systematic increase of AB with Z„Zq of Ref. [9].

Calculations with CCFUS were also able to reproduce
the main features of the bombarding energy dependence
of or„„(E)and (E ) for Ni + oMo. For this purpose,

coupling strengths additional to those pertaining to the
low-lying inelastic modes (2+,3 ) in the projectile and
target were introduced.

The fact that both models describe successfully most
of the available Ni + Mo data was to be expected on
the basis of the results of Ref. [8]. Some difFerences in the
exact shape of the predicted o.~ distributions originate
mainly from the different parameters in the respective
one-dimensional BPM calculations.

The statistical model with og distributions from the
above fusion models has been able to reproduce most of
the features of the compound nucleus decay formed in the
two reactions. Some of the observed discrepancies might
be able to be accounted for by the present models when
additional experimental information becomes available.
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