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ABSTRACT
The importance of nuclear dissipative effects on the formation of compound nuclei

is studied with the 7-ray decay of the giant dipole resonance (GDR) built on highly
excited states. The compound nuclei le4Yb, 160Er, and u 0 Sn were produced with very
mass-asymmetric and with more mass-symmetric target/projectile combinations. The
large deviation from statistical model prediction observed in the 7-ray spectra from
the more symmetrically formed 160Er and 164Yb can be qualitatively explained within
the particle exchange model.

1. Introduction
It is well established that nuclear dissipation plays an important role in the decay

of heavy systems when fission is a decay channel.1 The same dissipative mechanism
could also be important in the inverse process, the fusion of almost symmetric heavy-
ions. First indications that dissipation influences the fusion process was found in
neutron multiplicity measurements.2'3 A reduced neutron multiplicity was observed
in fusion reactions of nearly symmetric systems near the Coulomb barrier, while
the fusion of very asymmetric system leading to the same comound nucleus at the
same excitation energy and angular momentum showed no anomalies with respect to
standard statistical models.

We will describe experiments that use the 7-ray decay of the giant dipole resonance
(GDR) built on highly excited states to study these entrance channel effects. It turns
out that this is a very sensitive tool to study any dissipative effects. It was shown
early on in the study of 7-ray spectra in the GDR region that 7 rays from the GDR
are emitted predominantly during the first few decay steps of the compound nucleus,'
thus it shouid be sensitive to effects during the formation and first stages of the decay.



In addition, the 7-ray spectrum exhibits a splitting of the GDR for deformed nuclei
which can be related in a straightforward way to the shape of the nucleus. This is
important because the fusion process, like fission, involves dramatic changes in the
shape of the nucleus.

2. Experiments
The experiments were performed using ion beams from the Holifield Heavy Ion

Research Facility tandem at Oak Ridge National Laboratory. Self-supporting metal
targets were placed inside the Spin Spectrometer.3 We studied the systems 160Er, ( l 60
+ m N d and 64Ni + 90Zr), 164Yb, (160 + U8Sm and 64Ni + lu0Mo), and IUJSn(18O +
92Mo and 5uTi + 60Ni) at 53, 49 and 56 MeV excitation energy, respectively. High-
energy 7-rayB (6 - 25 MeV) were detected with the Oak Ridge BaF2 array of four
close-packed clusters of 19 hexagonal detectors each; the individual detectors were
6.5 cm face to face and 20 cm long. The clusters were positioned at 21°, 63° (two),
and 117°, at distances from the target of 57 cm and 77 cm for the backward and
forward angles, respectively. At these positions Nal detectors were removed from the
Spin-Spectrometer structure. An additional cluster of 19 detectors from Michigan
State University was added for the reactions forming the M0Sn compound nucleus at
18° with similar dimensions (25 cm long, 6 cm face to face) in order to increase the
solid angle.

The experiments were performed with a dc beam, and neutron - 7-ray separation
was achieved by timing the BaF2 array against an average time deduced from at
least three low-energy 7-ray transitions detected in the Spin Spectrometer.6 The 7-ray
energies within each cluster were summed after gain matching and neutron separation
in order to improve the detector response. The total 7-ray spectrum is then the sum
of the four (five) individual cluster spectra. The spin spectrometer was used as a
multiplicity filter to gate on reactions that lead to angular momenta of 15 - 30 h
This was necessary due to the larger maximum angular momenta (44 ft) in the two
6>Ni reactions compared to the other reactions (30 k). More experimental details are
described elsewhere.6

3. Gamma-ray Spectra and Standard Statistical Model Calculations
Figure 1 shows the total 7-ray spectra leading to 160Er (a), 16lYb (b), and ' l0Sn (c).

The 7-ray spectra are normalized between 6 and 7 MeV. While the 10O reactions and
both reactions forming 110Sn show the features expected from earlier work, including a
typical GDR bump at 13 MeV as expected, both 64Ni induced reactions exhibit large
differences. Details of the data analysis can be found in Ref. 6. The still preliminary
7-ray spectra are different from the previously published data, because an improved
cosmic ray rejection was applied.

The solid lines in Fig. 1 are statistical model calculations using the computer
code CASCADE.7 Only the decay of the angular momentum population between 15
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Fig. 1: Gamma-ray spectra of the compound nucleus decay of 160Er (a), 16<Yb
(b), and noSn (c). The histograms in (a) and (b) correspond to the l°O (solid)
and 64Ni (dashed) induced reactions, while (c) shows the 180 (lower) and 6uTi
(upper) reactions. The solid curves are fits from statistical model calculations.

and 30 k was calculated accounting for the multiplicity cuts applied to the data. The
calculations were folded with the response function for the BaF2 arrays. The GDR
strength for the rare earth compound nuclei was represented by two lorentzian peaks
at energies of Ei = 12.4 MeV and E2 = 15.7 MeV for 160Er and Ei = 12.0 MeV and
E2 = 16.2 MeV for 1(MYb. The widths of the two components were T, = 4.9 MeV for
16lYb (5.3 MeV for 160Er) and T2 = 7.2 MeV. Those values are in general agreement
with previous GDR experiments in this mass region.8

Obviously, the large differences observed in the 64Ni induced reaction cannot be
accounted for within reasonable changes of the statistical model parameters. An
attempt to fit the 7-ray spectra from the 6^Ni induced reactions, leads to a strongly
reduced integrated strength for the GDR compared to the 100% of the Thomas Reiche
Kuhn (TRK) sum rule that was used in the asymmetric cases. Gamma-ray spectra
of previous experiments with heavy projectiles at higher energies could be described
within the statistical model, so that the large discrepancies we observe must be related
to the near barrier formation of the compound nuclei.9

However, both 7-ray spectra from the asymmetric as well as from the more sym-
metric system in 110Sn could be fitted with standard statistical model parameters,



including a single lorentzian strength function with Eaon = 14.7 MeV and TCDH =
6.5 MeV, again in good agreement with previously measured data.10'11 Thus, there is
no evidence of entrance channel effects in this mass region.

In the following we try to relate the seemingly contradictory observations to re-
action dynamics including nuclear dissipation.

4. Nuclear Dissipation Effect
The differences between different entrance channels reported in the previous sec-

tion can not be explained within the standard statistical model. One obvious possi-
bility is to search for the origin of the differences in the dynamics of the formation of
the compound nucleus. To do this we should try to investigate Ihe time evolution of
the parameters which are most crucial in influencing compound nucleus decay such
as the excitation energy and the shape (which can be especially important for the
7-ray decay spectra).

Before we proceed to the time evolution, it is useful for orientation to consider
semi-quantitative arguments presented by Swiatecki12 which provide broad guidance
as to when dissipative dynamical effects might be significant for fusion-like reactions.
Figure 2 is a plot of the relative fissility, defined as A'o = Z2e2/(16v>/R-1) versus the
entrance channel asymmetry A = (Ri — R2)/(Ri + R2) where 7 is the surface-energy
coefficient. A line is drawn indicating the contour along the effective fissility x = 0.57
(x = Xo.- (1 - A2)/(l + 3A2)). This value of x is referred to as the critical fissilitv
(xc ) since for x < xc dissipative effects are expected to be small: a syatem whose
kinetic energy exceeds the static interaction barrier should proceed very rapidly to
the equilibrated compound system. However for x > xc dissipative effects impede
fusion: the dynamical evolution toward an equilibrated system should be slower. Fig.
2 serves to indicate qualitatively that in the region to the right of and below the
x — xc line, dissipative dynamical effects can be expected to be significant. One
immediately sees that only the 6"'Ni induced reactions are located in this extra push
region, and even though the 5uTi 4- 6uNi reaction is even more symmetric, the low
fissility of this system pushes it quite far outside the dissipative region.

Feldmeier incorporated Swiatecki's ideas of macroscopic dissipative dynamics into
his particle exchange model code HICOL.13'14 We use this code to calculate the time
evolution of collisions. Figure 3 shows the time evolution of some of the important
quantities at an angular momentum of 25 h. The shape equilibration can be parame-
terized by the quadrupole moment (left) as a function of time. The right panel shows
how fast the systems reach a thermal (effective excitation energy) equilibrium. These
timescales can now be compared to the particle evaporation times of the compound
nuclei in order to see if they are comparable or if they can be neglected. Since neutron
decay is the dominant decay channel in these reactions, the average neutron life time
can be taken as a characteristic life time. At an excitation energy of 56 MeV and 49
MeV for the U0Sn and 164Yb, respectively, the angular momentum averaged neutron
lifetime is 270 x 10~22s. Thus, this decay can be considered long compared to the
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Fig. 2: Classification of the reactions studied as a function of fissility X,, and
asymmetry A. To the right of the line x = 0.57 deep-inelastic reactions are
expected to appear for central collisions.

equilibration time of ~ 20 x 10"22s for the asymmetric and 50Ti + 60Ni systems. This
is certainly supported by experiment since all these reactions are described fairly well
within the statistical model. However, the 61Ni -f 1U0Mo reaction has an equilibration
time at 1 = 25 ft of ~ 100 x 10~22s which is comparable to the neutron lifetime.

The fact that the 6lNi + lu0Mo reaction takes about 5 times longer, suggests
that particle/7-ray emission during that time could be possible. If that is the case it
would certainly change the "initial" population of the compound nucleus by the time
it is equilibrated. Thus the independence hypothesis might appear to be violated,
though it is not, since when comparing the decay of compound nuclei formed in
symmetric and asymmetric reactions, the compound nucleus population distribution
is not the same by the time equilibrium is reached, due to particle and/or 7-ray
emission during equilibration. The trend of the calculations certainly suggests the
importance of dissipative dynamical effects to our experimental observations.

5. Conclusions

We have presented 7-ray spectra from heavy-ion fusion evaporation reactions,
which showed strong evidence for entrance channel effects. The particle exchange
model was applied in order to give a qualitative description of the time evolution of
the fusion process.

The dynamics of the fusion process seems to strongly influence the evolution of
the system toward an equilibrated compound nucleus, and that this dynamics can
depend strongly on the entrance channel. In order to explain the size of the observed
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Fig. 3: Evolution of quadrupole moment (left) and excitation energy (right) as
a function of time for the reactions 18O + 92Mo (solid), 50Ti + fi0Ni (dots), f(50
+ ll8Sm (long-dashed), and 64Ni + 10UMo (short-dashed).

effects, a dynamical model has to be developed that would allow for particle and/or
7-ray emission during the equilibration process. In this model one has to calculate
the decay probabilities in a non-equilibrated system. It would have to account for the
constantly changing deformation, level density, internal excitation energy and angular
momentum.
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