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Abstract

The population of evaporation residue entry states in the decay of the compound
nucleus ®°Er* (54 MeV) is investigated in a cross-bombardment employing the re-
actions 0 + 4Nd and #Ni + ®Zr. Evaporation residue cross sections and entry
state y-ray fold distributions of the dominant exit channels were obtained for each
reaction, using a 47 7y-ray detection system. An entrance-channel dependence of
the vy-ray fold distributions of the xn products is observed. This effect is described
successfully by the statistical model making use of compound mucleus angular mo-
mentum distributions obtained with a fusion model that provides a good description
of the bombarding energy dependence of fusion data for both reactions. In accor-
dance with recent findings on the decay of 4 Yb*, it is suggested that the observed
differences in the population of the dominant exit channels originate from the pri-
mary spin distributions rather than a possible dependence of the compound nucleus
decay on the formation mode.

1 Imtroduction

The formation and decay of compound nuclei has always been of considerable
interest in the study of heavy-ion reactions. In the near and below Coulomb
barrier energy regime, the fusion cross sections (of,s) of many reaction sys-
tems has long been known to exhibit an enhancement over the predictions
of one-dimensional barrier penetration models [1]. The advent of multidetec-
tor v-ray detection systems made possible measurements of the evaporation
residue spin distributions. In a few cases, the difficult task of the compound
nucleus angular momentum distribution (o,) reconstruction has been under-
taken. Such measurements have indicated a broadening of the oy-distributions



accompanying the subbarrier fusion cross section enhancements. Simultane-
ous measurements of oy, and o, provides valuable information on the fusion
process and a stringent test of the fusion models [2, 3].

In the rare earth region, certain studies have addressed the role of entrance-
channel mass asymmetry on the population of the compound nucleus angular
momentum [4-11]. For example, in the work of Haas et al. [5] the compound
nucleus ®°Er* was produced via four reactions of considerably different mass
asymmetries at common excitation energies. A dramatic entrance-channel de-
pendence of the average evaporation residue v-ray multiplicities was observed.
The results were interpreted in terms of zero-point vibrations and the implied
oe-distributions were found sufficient to account for the evaporation residue
yields and average v-ray multiplicities calculated with the statistical model.
The origin of these effects was also explained with simplified coupled-channel
calculations [6]. Another interesting result has been reported by Ruckelshausen
et al. [10] on the decay of **Er*(47 MeV) formed in the reactions 2C + *4Sm
and *Ni + ®7Zr. Strong differences in the axn and high spin xn populations
were observed. Furthermore, a reconstruction of the (primary) o,-distributions
indicated an entrance-channel dependence of the ratio of the 2n/3n cross sec-
tions as a function of the compound nucleus spin. This suggested that there
may be memory during the particle evaporation process, in contrast to the
Bohr hypothesis concerning the independence of the compound nucleus decay
on the formation mode.

Motivated by the previous results, Barreto et al. [11] studied the deexcitation
of ¥4Yb* (54 MeV) formed in the reactions O + 8Sm and *Ni + ®°Mo.
Evaporation residue 4-ray fold distributions (k,) as well as energy and angu-
lar distributions of the emitted light charged particles were observed using 47
multidetector systems. A projectile breakup mechanism in the *O-induced re-
action was found responsible for differences in the k,-distributions observed in
the axn products of these reactions. Furthermore, the y-ray fold distributions
of the xn products were found consistent with the predictions of the statistical
model using o,-distributions that describe closely measured fusion excitation
functions for these systems. It was also pointed out that the shape of the
oe-distributions play a prominent role in the evaporation yields, especially for
the mass-symmetric entrance channel [12].

In this papeér, we present the results of a study [13] on the decay of '6°Fr*
produced in the reactions *0 + 4Nd and *Ni + %Zr at the excitation
energy of E* ~ 54 MeV. As in Ref. [11], the observed v-ray fold distributions
of the sxm products show differences depending on the entrance channel. For
the description of the fusion process in these systems, we make use of an
one-dimensional barrier penetration model with energy-dependent barriers as
applied in Ref. [12] for the reactions *0O + “®Sm and #Ni + “Mo. It is
shown that the model accounts well for the measured energy dependence of
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the average angular momentum in the O + 4Nd and ®Ni + ®Zr reactions
[14, 15]. Employing the appropriate o,-distributions in the statistical model
results in a good description of all features of the ®°Er* decay observed in the
present work.

2 Experimental Procedures

Heavy-ion beams of #Ni (E,, = 242.0 MeV) and %0 (E; = 87.0 MeV),
accelerated by the Oak Ridge HHIRF Tandem, bombarded highly enriched
targets of ®Zr and *Nd, respectively. The average beam energies where the
reactions took place were estimated to be very close to the beam energies in
the middle of the targets: ~ 235.0 MeV and ~ 85.6 MeV, respectively. The
initial excitation energies of the compound nucleus *°Er* were estimated to be
54.5 MeV and 54.6 MeV in the ®Ni and ®O-induced reactions, respectively.

Light charged particles (p, d, *He, a)emitted in these reactions were detected
by the Dwarf Ball; a nearly 4r CsI(Tl) scintillator array [16], consisting of 70
equal solid angle detectors covering laboratory angles from 6,,;, = 12° to 168°.
The energy calibration procedures were the same as in Ref. [11], where they
are described in detail.

Residual nuclei were identified by their discrete v-ray transitions, detected in
an array of 18 Compton-suppressed Ge detectors inserted in the Oak Ridge
Spin Spectrometer array [17]. The Ge array was always required to make
an event trigger. Scaled-down events where the Ge detector was the trigger
were stored in order to provide data for the (HI,xn) channels. The scale-down
factor was adjusted in order to equalize approximately the rates of y-particle
coincidences and ~-ray singles stored during the data aquisition.

The ~y-ray multiplicity distributions for each identified exit channel were mea-
sured using 52 Nal(T/¢) detectors of the Spin Spectrometer and the 18 anti-
Compton shields of the Ge detector array. For the Nal(T¢) detectors of the
Spin Spectrometer good separation between neutron and ~-ray pulses was
achieved by time-of-flight techniques, using the average “to” procedure de-
scribed in Ref. [17]. For the anti-Compton shields, the limited timing resolution
prevented the complete identification of neutron and +-ray pulses. Energy and
efficiency calibrations of the y-ray detectors were obtained using vy-ray sources
according to the procedures of Ref. [11]. The response functions of the Spin
Spectrometer, providing the y-ray multiplicity (M) as a function of the vy-ray
coincidence fold (k,), were obtained using data from the above sources in the
equal energy approximation [17].

The experimental setup made possible the observation of the v-ray fold dis-
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tributions of channel-selected evaporation residues and the associated energy
and angular distributions of the emitted charged particles. Absolute crcss-
sections were measured by integrating the beam current and correcting for
the average effective charges, gy, = 21.47 and G, = 7.24, determined for e
quilibrated projectile charge states in their passage through the target. The
maximum systematic error in the cross-sections reported below is estimated

to be ~ 17%.

Table 1 lists the measured evaporation residue cross-sections for the xn and
axn channels in the ¥Ni 4+ %Zr and *O + **Nd reactions. These cross
sections were obtained from the discrete vy-ray transitions given in the Table.

Table 1
Identifying transitions and experimental cross sections of evaporation residues ob-
served in the present work.

Residue Channel E, (keV) Tramsition Ak®, o+ 60® (mb) o = 60® (mb)

160 4 144Nd 64Ni & 96Z1.

158 By 2n 1921 2F -0t 6+3 1343
157 By 3n 266.4 T LY 275 165+ 17 105 + 10
156 B 4n 3446 - 2t —0F 523 + 50 113 + 12
155 5n 4157 UT L BY a5 56 + 6 401290
154Dy a2n 334.5 ot — ot 17 £ 2 49 £ 15
Total 767 + 73 239 + 16

@) Shift applied in the corresponding fold distributions.
b) Statistical error.

The measured angular and energy distributions of emitted protons and o-
particles were transformed event-by-event in the center-of-mass (C.M.) system
assuming two-body kinematics. In both systems, the axn cross sections were
found to be small. For #Ni + %7z, the angular distributions of the a-particles
associated with the axn channels were found.to be symmetric about 90° in
the C.M. system. However, for *O + ¥ Nd the angular distributions showed
an excess of forward emitted a-particles in the a2n channel, a finding similar
to the one observed in the previously studied O + 8Sm reaction [11]. A
detailed analysis identified the origin of this component with an incomplete
fusion process in which the O projectile breaks up into 2C + «, followed by
fusion of 2C with the target nucleus [11]. In the present work, we limit our
discussion to the observables related to the most prominent xn decay channels.

Entry state distributions (in y-ray fold and total y-ray pulse height) of evap-
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oration residues were extracted using the information provided by the Spin
Spectrometer. The experimental k,-distributions of the odd mass evaporation
residues were shifted by Ak, in cases where the gating +-transition leads to a
state of non-zero spin. The applied shifts are given in Table 1. This correction
accounts for the number of y-rays that would have been emitted if the ground
state of the residual nucleus was zero or for those low-energy transitions which
are below the energy threshold of the Spin Spectrometer (eg. *"1**Er). It was
assumed that Al = 2AM,, = 2Ak,. This way, a direct comparison can be made
between the experimental fold distributions and the calculated ones with the
statistical model in which details of nuclear structure are ignored.
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Fig.1. (a) Experimental y-ray fold distributions of the observed xn channels

in 87 MeV %0 + **Nd reactions (symbols). The solid curves show the result

of statistical model calculation described in the text. (b) Same as in (a), for
242 MeV *Ni + %Zr reactions.
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Figure 1 shows the experimental vy-ray fold distributions of various xn chan-
nels as a function of ks =k, + Ak,, for the two reactions. Apart from the
difference in the absolute magnitude of the respective cross sections, we ob-
serve the following features of the distributions for 4n and 3n channels: The
k,-distributions in # Ni + ®Zr are broader than in O + **Nd. Furthermore,
the centroids in ®*Ni + ®Zr are displaced to a k.ss-value higher than in 0 +
144Nd. More specifically, the centroid of the 3n channel shows a displacemen-
t from k.;; = 20.0 to 17.6 and the 4n channel a smaller displacement from
12.5 to 13.6. Due to low statistics, the k,-distribution associated with the 2n
channe] in the *0 + *Nd reaction is not shown.

It is of interest to investigate to what extent the above differences could indi-
cate a possible dependence of the *Er* decay on the formation mode. How-
ever, the independence of formation and decay of the compound nucleus has
to be examined i terms of the compound nucleus spin. Such an mvestiga-
tion requires knowledge of the relation between the evaporation residue y-ray
fold distributions and the (primary) compound nucleus spin distribution. This
correspondence is obtained via the statistical model. Two approaches have pre-
viously been used for the comparison of the two reactions. In a first approach,
one may attempt to deduce the compound nucleus spin distribution from the
residue k,-distributions. This procedure was followed in Ref. [10] using tech-
niques similar to those developed in Refs. [18-20]. This involves retrieving the
compound nucleus angular momentum distribution by transforming from k,
to 4-ray multiplicity (M, ), then to the entry state spin, and finally to the
compound nucleus spin. However, it has to be noted that the techniques of
Refs. [18-20] are best suited for the transformation of distribution averages and
not for distributions. More recently, a more refined event-by-event unfolding
method was reported in Ref. [21].

To avoid problems with consecutive unfoldings, which may not give unique
solutions in the case of tails of distributions, we have opted for the following
approach (11]. Through the use of a fusion model we produce compound nu-
cleus spin distributions (o) with parameters adjusted to fit measured fusion
excitation functions for both reactions [14, 15]. In the subsequent statistical
model calculations, the entry-state (E*]I), and the (E*,M,) distributions of
each residue are obtained. By folding the (E* )M, ) distributions with the mea-
sured (E*,M,) — (H, k,) responses of the Spin Spectrometer, we obtain by
projection the theoretical k, distributions which can be compared directly
~ with the experimental ones. '
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3 Model Calculations
81 The Fusion Process

The measured total evaporation residue cross sections were found consistent
with similar measurements of oy, and average angular momentum (¢) per-
formed by other groups on both reactions [14, 15].

In order to obtain realistic compound nucleus spin distributions under the
bombarding energy conditions of the present experiment, we performed a mod-
el description of these data [13]. It was found that the one-dimensional barrier
penetration model with a standard nuclear potential [22] was able to describe
the above-barrier but underestimate the below barrier oy,; and (¢) data. This
is a well known inadequacy of the one-dimensional barrier penetration model
fordescribing the fusion of massive reaction systems at low subbarrier bom-
barding energies [1, 2].

It was realized that among the available fusion models, a simultaneous de-
scription of oy, and < ¢ > data may be provided by a recently introduced
energy-dependent barrier penetration model [23]. This procedure makes use
of the expression for the fusion cross section

Qdm=%/m+nmmﬂ 1)

where k is the asymptotic wavelength in the entrance channel and

£ + 1)h

T(E) = Tof ~ = ] @)

is the transmission coefficient for fusion. In Eq. 2, it is assumed that the barrier
increases with £ by the addition of the centrifugal term £(¢ + 1)A%/2uR?. One
obtains

_ 7rR2 ’ /
o1unlB) = " [ To(B")dE 3)
Therefore
d | Eo
zﬂﬁﬁ=mm @

Using the parabolic approximation of the fusion barrier,

To(E) = {1 + exp2m(Bess — E)/hw]} ™ (5)
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whence
Beyy = E + (hw/2r)In[l — To(E)]/To(E) (6)

Once R and fiw are specified, the effective barrier height B.;; can be deter-
mined from the experimental data. In the analysis of Ref. [23], R was treated
as energy-independent and equal to the fusion barrier radius R implied by
the near barrier data. The barrier curvature fiw was determined from the ex-
treme subbarrier data. It was shown that the extracted barriers exhibit the
energy dependence suggested by the macroscopic model. A systematic anal-
ysis of fusion excitation functions [24] was also found consistent with these
observations.
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Fig.2. Spin distribution for Egp =77 MeV %0 + “Nd and Eqps = 141 MeV
#Ni + %7Zr according to the one-dimensional (dashed curve) and the
energy-dependent barrier penetration model (solid curve).

For the purpose of creating spin distributions for the systems of the present
study, we adopted the procedure of Refs. [23-25]. An energy-dependent fusion
barrier

Va, for € > F,
VI;(C)Z %+%(6—E1)f0rEl<€<Ez
Wi, for ¢ < Fy

was introduced in the one-dimensional barrier penetration model [12]. In our
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calculations, the angular momentum dependence of the fusion barrier radii
R, and barrier curvatures Aw was taken into account with nuclear potential
parameters that describe closely the near-barrier data. Vi, Vi, E; and E,
were treated as free parameters to fit the fusion excitation functions in an
iterative procedure. This procedure resulted in an excellent fit of both the
ofus and the < £ > excitation function data for both reactions [13]. Figure
2 shows the calculated primary spin distributions for both reactions under
the bombarding energy conditions of the present study. Notice the differences
between the distributions implied by the standard one-dimensional and the
energy-dependent barrier penetration model.

3.2 The Compound Nucleus Decay

The decay of ¥°Er* produced in the two reactions was described with the sta-
tistical model making use of the spin distributions produced with the energy-
dependent barrier penetration model. The statistical model calculations were
carried out with the code EVAP [26], using parameters typical of compound
nuclei in the rare earth region.

For 0 + 4Nd, evaporation calculations were performed at the beam energy
corresponding to the one in the middle of the target. This is justified by the fact
that the fusion cross section in the energy region of interest is not steeply rising.
By folding the calculated (E* M, ) distributions with the measured (E*M,)
— (H, k) responses of the Spin Spectrometer, we obtain by projection the
theoretical k, distr'butions to be compared with the data. The comparison of
the experimental and calculated distributions for the 3n and 4n channels is
made in Fig. 1. The overall agreement is reasonably good despite a tendency
of the calculation to overestimate the peak position of the distributions. This
can be explained by the fact that the calculated fusion excitation function
according to the data of [14] overestimates the measured cross section at the
energy of the present study (Fig. 3 of Ref [13]), thus allowing for an excess of
high-¢ partial waves.

For ®Ni + %7Zr, detailed statistical model calculations were performed in
order to take into account the energy loss of the beam through the target in
connection with the steepness of the fusion excitation function (Fig. 4(a) of
Ref. [13]). The target was divided into a number of slices, each representing
an 1 MeV energy drop of the beam in the laboratory system. Statistical model
calculations were performed at the beam energy in the middle of each slice. In
each case, the k,-distributions of the xn products were deduced. The results
of these calculations were averaged and compared with the experimental data.
In Fig. 1 we show the comparison between the experimental and calculated
k,-distributions of the 2n, 3n and 4n channels in the ®*Ni + %7Zr reaction. The
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overall agreement is good.

4 Discussion

In summary, we have observed apparent entrance channel effects in the spin
distributions in evaporation residue cross sections in the reactions 0 + *4Nd
and #Ni + %7Zr producing ®Er* at the same excitation energy, that are
similar to previous observations. The difference between the present work and
earlier similar studies, e.g. Ref. [10], is that when realistic fusion models are
used in the calculation of the mput o, distributions, then statistical model
simulations that incorporate the detector responses reproduce satisfactorily
the data. We find no need to resort to strong structural influences on the
de-excitation of the compound nucleus. As in the work of Barreto et al. [11]
the azn channels are influenced by incomplete fusion processes that explain
the observed differences. Finally, we point out that entrance channel effects in
the early fusion dynamics [27] are important here. This is because reactions
with different mass asymmetry can lead to differences in the early stages of
the decay process. Senmsitive probes, such as the y—ray emission in the giant
resonance region, are needed in this case to observe the differences [28]. In
would be of great interest to find additional probes for these early dynamics
effects.
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