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Time-dependent Hartree-Fock fusion calculations are presented for head-on collisions
of Kr+ 9La and 4Kr+ 9Bi.. A large fusjpn region is fpund fpr mpderately high ener-
gies above the Coulomb barrier, and a lower limit for the fusion cross section of Kr
+ ~Bi &&~&X* is estimated from non-head-on collisions. Also, fusion1ik behavior is
found for a narrow ranee of energies near the barrier.

It is important to understand deep-inelastic
scattering and fusion in time-dependent Hartree-
Fock (TDHF) calculations of heavy-ion collisions
in which the composite mass is greater than
200." This concern is motivated in part by ex-
perimental studies' of reactions such as ~Kr
+so Bi, which exhibits considerable strong damp-
ing but has very small fusion cross sections. ~

Another fundamentally important reason for such
TDHF studies is to determine whether fusion can
be found for reactions which could conceivably
lead to the formation of superheavy nuclei. ' The
most significant result reported in this paper is
the discovery of a large fusion region beginning
at 8»= 850 MeV for the reaction ~Kr+'o'Bi
-»',X*. This is the heaviest composite system
for which fusion has been found in a TDHF calcu-
lation.

In studies' of the ~Kr+"'La system, we have
observed new dynamical features, foremost
among which is the existence of a fusion energy
threshold (i.e., an energy above the Coulomb
barrier below which fusion does not occur). For
heavy nuclear systems such thresholds have been
seen in macroscopic Quid-dynamic calculations.
Even though TDHF studies are quite different
from such macroscopic approaches, this thresh-
old effect might qualitatively be explained as fol-
lows. The energy above the Coulomb barrier
must be sufficiently high so that the two ions
strongly interpenetrate one another, and if enough
energy is dissipated the system may fuse. In this
paper we study the fusion behavior for collisions
of "Kr+"'La and ~Kr+ s"Bi, and we find a
threshold behavior that is more complicated than
that observed in previous calculations. 2'~
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We specialize our TDHF computations to main-
ly head-on collisions. The advantage of treating
central collisions is that we can use an axially
symmetric, two-dimensional code"' which re-
produces exactly three-dimensional results' for
the head-on case. (Xher details of the calcula-
tion are identical to those given in Refs. 1, 2,
and 7.

In our calculations the system is assumed to be
fused if the rms radius of the total system and
the fragment separation coordinate' R both un-
dergo several complete oscillations. " For cas-
es that fused it is found that the systems remain
coalesced for times greater than 4.5~10 "sec,
which is greater than the collision time but much
less than the decay time of the compound nucleus.

8'Kr+ ' 'La.—We previously made preliminary
axially symmetric calculations' of this system
at E&b=505, 610, and 710 MeV, at which energies
there are experimental data. ' Improved TDHF
studies" are presently being done using the sep-
arable, two-dimensional model. "'" Also, analy-
sis is in progress to determine the experimental
fusion cross sections. '4

In Table I we list results for bead-on collisions.
For cases in which fusion does not occur, it is
seen that the final c.m. energy of the separated
fragments is very nearly constant over the com-
plete range of energies studied and is well below
the entrance-channel Coulomb barrier. " There
are two distinct regimes where fusionlike behav-
ior is observed: a narrow energy region just
above the Coulomb barrier at about E1,b=410
MeV, and also for a broad band of energies from

E»= 650 to 850 MeV. The fusion behavior ex-
hibited near the barrier is significantly different
from that seen at the higher energies. At El,b
=410 MeV the coalesced shape resembles an
asymmetric dumbbell, with rms radii of 6.1 and
6.8 fm for the end sections joined by a large neck
whose radius is 4.5 fm. In the higher-energy re-
gime we observe much more compact shapes.
Strictly speaking, the long-lived configuration at
410 MeV does not satisfy our criterion for fusion
since the rms radius has not undergone several
oscillations even though it remains coalesced for
times greater than 5.0X10-2i sec Finally, for
cases when the fragments separate, the Kr-like
fragment is always "reQected from" the target
for all energies below El,b = 660 MeV, whereas
for El,b ~ 860 MeV it "passes through" the target,
exhibiting the transparency behavior always seen
in studies of lighter heavy ions."

84K~+ 209Bs.—I e~lorlng the energy region
above the Coulomb barrier, we observed at El,b
=510 and 525 MeV very long-lived configurations
in which the fragments separate with &j„,=4.2
and 4.1~10 "sec, respectively. Thus, the type
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TABLE I. TDHF results for head-on collisions of
~Kr+ 9La. Ec ~ and Ec ~ are the initial and final

c.m. energies in MeV. vjnt is the interaction time
(Ref. 1) in units of 10 seo.
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FIG. 1. The fragment separation coordinate (II'.ef. 7)
R and the rms radius as functions of time for a head-on
collision of Kr+ Bi at gy~b =850 MeV. For compar-
ison, the rms radius of the fused sPherzoal system (Ref.
15) is 6.30 fm.
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of dynamical resonance seen near the barrier in
~Kr+ "'La persists in this reaction. We also
find a high-energy fusion region, which extends
from Ehb =850 to 1100 MeV. The upper and lower
limits have been approximately determined; fu-
sion does not occur for E&,b = 800 MeV or for
E„b=1200 MeV (for which case the Kr-like ion
"passes through" the target). In Fig. 1 we show
the behavior of the rms radius and the fragment
separation coordinate' as functions of time for
El,b =850 MeV. It is seen that these quantities
undergo many oscillations. For this case we fol-
lowed the dynamical evolution up to a time of
7.5 &10 "sec, at which point the system still
remained fused. In Fig. 2 we display density
contour plots for E» = 850 MeV. The basic shape
remains essentially unchanged after about 3.0
~10 "sec.

We have made an estimate of the fusion cross
section for ~Kr+'"Bi using the sharp-cutoff ap-
proximation, '" for which we must consider non-
head-on collisions. We find at Ezb=875 MeV
that the system fuses for an angular momentum
of l =758 but not for l = 1008, which implies that
99 & o'&„,k„( 176 mb, which is about 5% of the
total reaction cross section. The method em-
ployed in our calculations is the axially symmetric
model' ' which is unreliable at the energies be-
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FIG. 2. Equidensity contours for various times dur-
ing the head-on collision of Kr+ ~Bi at E~~b =850 MeV.

ing considered. However, this model has previ-
ously underestimated the amount of fusion' and
thus the above result is a louver limit for the fu-
sion cross section. This should be compared
with very rough estimates of upper limits for the
experimental fusion cross sections at lower en-
ergies, ~ which are 177 mb at E~b =598 MeV and
240 mb at Ezb =714 MeV.

Our results suggest that it would be interesting
to investigate experimentally the behavior of
~Kr+ ' 'Bi for E»bk 800 MeV. However, despite
the fusion observed in our calculations, it is un-
likely that a stable superheavy formation will be
found. ' First, our fused composite system may
not survive long enough to form a compound nu-
cleus. In particular, the neglect of pairing in
our calculations might inhibit preequilibrium
fission. ' Even if the compound nucleus '~119
were formed, its excitation energy would be very
high" (= 300 MeV for E&,b = 850 MeV) and its fis-
sion barrier'7 would be small (~ 3 MeV) ~ Thus,
the system would probably fission at some point
during the deexcitation process. ""
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The role of isoscalar giant quadrupole excitations in ~ Mg as doorway states for sym-
metric fission and intermediate structure resonances in ' C+ ~ C elastic scattering is
investigated by means of model calculations using particle-hole excitations over two
major shells. The fission mode is treated as a shape degree of freedom that couples the
giant quadrupole resonances in 24Mg to the ground state. The associated intermediate-
structure resonances have calculated widths for symmetric fission and p decay that are
in qualitative agreement with experiment.

In earlier attempts to explain the resonance
structure observed in various reaction channels
at energies in the vicinity of the Coulomb barrier
in the "C-"C system, the emphasis has been on
the role played by quasibound states, shape res-
onances, and inelastic excitations' ' of the frag-
ment nuclei leading to a double-resonance mech-
anism. ' Such models, however, are not able to
describe the narrow widths of the resonances
found at higher energies in "C-"C reactions.
These resonances form a higher-lying rotational
band' and can be interpreted in terms of an in-
termediate-structure mechanism in which ele-
mentary excitations in the rotating ~Mg com-
pound nucleus serve as doorway states. 6' Ex-
trapolating downwards, one expects the head of
the high-lying band at energies near the Coulomb
barrier, and the question arises whether reso-
nances there are the low-spin members of that
band and what the nature of the elementary ex-
citation modes is. The Coulomb barrier in the
"C-"C system lies at about 6 MeV, correspond-
ing to E„=20 MeV excitation energy in "Mg. The
dominant symmetric excitation mode in this en-
ergy region is the isoscalar giant quadrupole
resonance (GQB) which exhausts (65+ 25)%%uo of

the energy-weighted sum rule (EWSB) for 15
MeV &E„&24 MeV. ' A GQR has indeed been
recently identified as a doorway in the symmetric,
electron-induced photofission' of "Mg and in the
time-reversed reaction, the radiative capture'
pf pne ~ C by anpther C. Both reactions show a
narrow I"=2+ resonance of total width F = 260
+70 keV near E„=22 MeV with y-ray and fission
widths' '" T' (eV) lt(keV) =35+ 10.

In order to describe such processes we consid-
er the cpupling pf the elastic ~ C+ C channel
to elementary excitation modes of the compound
system that act as doorway states during fission
or fusion. %e identify these modes with the iso-
scalar GQB excitations in '4Mg and describe them
as interacting particle-hole excitations in a ro-
tating two-center shell-model (TCSM) potential. "
The distance R between the two potential minima
serves as a single shape parameter, A-~ cor-
responding to the fission mode. A typical door-
way state of angular momentum I with projection
M thus has the structure D„E I n, K), where
I n, K) refers to all intrinsic excitations having
a common projection I,=K along R. A schematic
random-phase-approximation (RPA) calculation'2
leads to a set of model excitation energies E~
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