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Radiochemically determined cross sections 0'(Z, A. ) were used to construct charge and

mass distributions for the reaction of 1785-MeV 3 U ions with thick 3 U targets. Fission
of the colliding nuclei is found to dominate. For the surviving uraniumlike fragments an
enhancement of yields compared to the Kr+ U and Xe+ U reactions is observed. The for-
mation of heavy actinides is shown to be associated with the low-energy tails of the broad
excitation energy distributions in damped collisions.

The mechanism of strongly damped collisions
between very heavy nuclei is of great current
interest. ' The "'U beam available at the Unilac
accelerator is presently being used to investi-
gate the U+ U reaction with several comple-
mentary techniques. First results of ~, F count-
er telescope measurements were published by
Hildenbrand et al. ' The aim of the present work
was (i) to extend earlier radiochemical studies' '
of mass and charge distributions in reactions of

U with Ar, '6Fe, 4Kr, and ' 6&e jons to the
U+ U system, and (ii) to learn about the pros-
pects of synthesizing superheavy elements in the
latter reaction. Therefore, particular emphasis
was put on the investigation of the survival prob-
ability of heavy actinide isotopes after their
formation in damped collisions.

The experiments were performed with "'U
beams of 7.5 MeV/amu and up to 2.5 &10"par-
ticles/s incident on a thick, water-cooled uran-
ium metal target (300 mg/cm'). All reaction
products are stopped in the target. After bom-
bardment the target was dissolved and the reac-.
tion products were chemically separated into 25
fractions which were assayed for x-ray, y-ray,

n-particle, and spontaneous-fission activities
over a period of several months. From these
data integral cross sections o(Z, A) for individual
isotopes with Z ranging from 26 to 100 and half-
lives from 23 min to 7.4X10' yr were obtained.
The cross sections represent mean values be-
tween the incident energy and the interaction bar-
rier (6.1 MeV/amu) and were calculated' using
an effective number of 1.5~10" target atoms per
square centimeter. The o(Z, A) values were used
to define a surface of independent formation
cross sections in a Z-A plane [see Fig. 1(b) j;
the process to generate the surface was discussed
in Ref. 3. Corrections for products from reac-
tions of "U ions with "Q target impurities were
made, if necessary, as described elsewhere. '

We interpret the charge distribution, Fig. 1(a),
as being due to the superposition of four compo-
nents: (i) products around uranium from quasi-
elastic transfer (890 mb), (ii) nuclides with Z
from -73 to 100 arising from an originally sym-
metric distribution in the binary deep-inelastic
transfer (290 mb), (iii) a nearly symmetric fis-
sion-product distribution originating from the
sequential fission of highly excited binary inelas-
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tic fragments (1040 mb), and (iv) a double-humped
distribution of neutron-r ich fission products- from
sequential fission of transfer products being-
formed at low excitation energies (860 mb). In
spite of the expected continuous dependence of
yield on energy loss, a decomposition of the
fission-product distribution in components (iii)
and (iv) is strongly suggested by the measured
isotope distributions for 33 -Z «43 and 50 «Z
«61 which can be fitted by two Gaussians of dif-
ferent locations and widths. ' In the evaluation
of cross sections for different reaction mecha-
nisms one must take i.nto account that two, three,
or four fragments arise from a single collision.
The sum of components (i) through (iv) repre-
sents the total reaction cross section, 1060 mb,
which defines an effective beam energy' of 6.9
MeV/amu in the thick ta, rget. The partial cross
section for the damped collision process results
as 405 mb from the sum of cross sections for
components (ii) and (iii). This corresponds to a
fraction of 0.4 of the reaction cross section. A
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FIG. 1. The @U+ @U reaction at ~ 7.5 MeV/amu
energy: (a) charge distribution for quasielastic trans-
fer and sequential fission at low excitation energies
(open circles), and for damped collisions with the
associated sequential fission process (full circles), and
the reconstructed primary fragment distribution
(dashed curve). (b) Independent cross section isopleths
in a Z-A. plane.

ratio of 0.5 has been deduced. ' by reconstructing
the primary charge distribution of uraniumlike
fragments at the higher beam energy of 7.42 MeV/
amu.

In order to deduce the primary charge distribu-
tion for the damped collision process we use its
integral cross section of 405 mb, and assume
the distribution to be symmetric around Z = 92
and to have the usual shape as found, e.g. , in
the Xe+Au reaction. ' The width of the distribu-
tion is adjusted to the measured element yields
near Z = 80 where fission probabilities are negli-
gible. ' The resulting primary distribution is
shown as the dashed curve in Fig. 1(a). The maxi-
mum of the surviving products lies close to Z= 91
rather than at Z= 80 or 85 as observed in the Kr
+U and Xe+ U reactions, "respectively. Appar-
ently, the fission competition which truncates the
original fragment distribution is less important
in the U+U system. This is also evident in the
counter experiments' which show that given ele-
ments in the U environment are produced at
smaller average excitation energies in U+U col-
lisions than in the other reactions.

The formation cross sections for actinide iso-
topes in the "'U+'"U reaction (E ~1.248 where
8 is the interaction barrier) are shown in Fig. 2
and are compared with thick-target cross sec-
tions for the 6Xe + U reaction at E «1.408
which agree well with data' at E 1.568. Such a
comparison is meaningful because neither the Xe
+U thick-target actinide cross sections" nor
the U+U thick-target actinide cross sections' de-
pend significantly on incident energy above 1.2B.
The enhancement of cross sections in the U+ U
reaction is obvious. In order to learn about
mechanisms responsible for the formation of
surviving actinides we reconstruct the measured
product populations for the complementary ele-
ments „Rn g8Cf& 85 t gg'Esp and ~PO ypprm with
the following assumptions: (i) The isotope dis-
tributions for the light complements Ba, At, and
Po are not significantly influenced by fission
occurring in the deexeitation of these fragments.
(ii) The most probable mass number of primary
fragments Az'(Z) can be deduced following Vol-
kov's" genera, lized Q systematics including neu-
tron-pairing corrections ()„. Comparison of A~'(Z)
with the measured mean product mass number
A~'(Z) gives the average number of neutrons P
evaporated from the primary light fragments and
their mean excitation energy as calculated with
an evaporation code. The mean total excitation
energy E„,(Z) for the light and heavy fragments
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FIG. 2. Cross sections for the formation of heavy
actinide isotopes in the U+ U reaction at ~ 7.5 MeV/
amu. For comparison, similar data (Ref. 7) for the
~NXe+ 2U reaction at ~ 7.5 MeV/amu (dashed curves)
are given. The curves are dravrn to guide the eye.
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FIG. 3. Comparison of measured (symbols} and cal-
culated isotope populations (curves) for the heaviest
actinide elements observed in the U+ U reaction. The
calculations are outlined in the text.

is then estimated by assuming a partition of the
excitation energy between the two fragments in
proportion to their initial masses. (iii) The mea-
sured variance a~' of the isotope distribution for
fixed Z results from the superposition of three
dispersions: 0~' = 0~'+ &~'+ o,'. Here, o~ rep-
resents the width of the primary fragment isotope
distribution around A~'(Z), os accounts for the
broad range of excitation energies associated
with the formation of a given primary fragment
Az(Z) which leads to a broad range of fina. l pro-
ducts A~(Z) in the neutron evaporation process,
and o, reflects the fluctuations in the number of
evaporated neutrons from a given fragment Az(z)
at fixed excitation energy.

The measured isotope distribution for polonium
corresponds to 0~'=6.9 amu'. The variance 0,'
is not larger than 0.5 in the present experiments,
as follows from evaporation calculations with the
code ALICE. For o~' a value of -4.5 amu' is esti-
mated from the Q-value dispersions' of about 100
MeV FWHM (full width at half-maximum). We
note here that the dispersion in the excitation en-
ergy is the dominant contribution in the U+U reac-
tion. If we neglect the dependence of 0~ and o,

on excitation energy, the variance of the primary
fragment isotope distributions in the Po-Fm
region can be estimated as vz' = 2.l amu' (FWHM
=3.4 amu).

We can now describe the population E'(Z, A~) of
a given actinide isotope by starting from such a
narrow primary fragment distribution Y', (Z, Az)
around the centroid mass number A~' as derived
from values of Q„-5„by simulating the evapora-
tion of x, = A~ -A& neutrons:

r(Z, A,) =Q ~ 1,. (Z, A )I„+r

x ~x,. dE.

Here, I"„/(1„+I'&) corrects for fission competi-
tion in the evaporation chain using an empirical
approach, "P(x;) (extracted from ALICE code
calculations) gives the probability for the evapo-
ration of x, neutrons, and do/dF. (assumed to be
Gaussian) accounts for the dispersion in excita-
tion energy and is adjusted so as to reproduce
the isotope distribution of the complementary
light element. While the most abundant Rn, At,
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and Po isotopes are predominantly formed in col-
lisions where energies close to the mean value
are deposited in the system, the calculations
show that the surviving transcurium isotopes
originate exclusively from the low-energy tails
of the excitation-energy distributions. In Fig. 3
the measured Cf, Es, and Fm isotope cross sec-
tions are compared with calculated populations
using Eq. (1) and parameters derived from the
experimental light-product isotope distributions
as indicated in the figure. The dotted curve rep-
resents the Fm case where the total excitation
energy is shared between the fragments in pro-
portion to their masses. Since isotopes close to
AE' are not observed experimentally we conclude
first that the Gaussian energy distributions do
not extend to zero which indicates that a mini-
mum energy dissipation is required for given
charge transfers. We take care of this by intro-
ducing an energy cutoff. This yields the dashed
curves in Fig. 3 which reproduce the position
and width of the experimental distributions but
still fail to reproduce the absolute cross sections
by one order of magnitude. We discuss two possi-
ble reasons: (i) The Sikkeland formula" may
systematically overestimate I'„/I'& by a factor
of 2; for v =4 (Fm) this would account for the
discrepancy. (ii) Agreement between experiment
and our estimates is obtained (see solid curves
in Fig. 8) if, starting with Z„~ 98 (Z, ~86), it is
assumed that the total excitation energy in the
low-energy collisions is more and more concen-
trated in the heavy fragment. This may be cor-
related with the simultaneous formation of a near-
ly magic light fragment (Z =82) which does not

take up much excitation energy provided that the

Q value is small enough for shell effects to be
relevant. One may speculate that this effect
might reverse for the formation of fragment
pairs near Z = 114,70 in the low-energy tails of
the Q-value distributions, a feature highly de-
sirable for the production of superheavy ele-
ments. With respect to the formation of primary
fragments of such elements, it is interesting to
note that an extrapolation of the original frag-
ment distribution [dashed curve in Fig. 1(a) j
indicates cross sections of 0.1 mb for Z=114, 70.
A more detailed analysis of the actinide cross
sections including the influence of the angular
momentum transfer on the survival probability

is in progress. '
In summary, the observed isotope distributions

originating from damped collisions of U+ U re-
veal large dispersions in the amount of energy
dissipation at a given charge transfer. The pro-
duction of highly fissionable heavy fragments is
shown to depend entirely on the low-energy tails
of these broad Q-value distributions and possibly
on nuclear structure effects influencing the shar-
ing of the total excitation energy between comple-
mentary fragments.
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