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shallow optical potential emphasizes the core-
exchange effect too much. It is also found that
the contribution from the nonorthogonality term
[e —(T +U)]K ' is negligibly small. ' The cross
sections calculated without the nonorthogonality
term are very close to those with the full kernel
(the solid line in Fig. 2). This result is consis-
tent with the fact that the multistep-exchange ef-
fect is very small, since the nonorthogonality
term does not play any role in the first-order
perturbation treatment. '

In conclusion, for "0+"0scattering, core-
exchange model analyses with the full-recoil ef-
fect give a consistent interpretation of the ob-
served incident-energy dependence of the back-
ward cross sections. The multistep core-ex-
change effect has not been found to be important
in the present analyses nor has the effect due to
the nonorthogonality term.
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Yields of 181 nuclides were measured radiochemically to delineate the mass distribution
in. the reaction of 1150-MeV 36Xe with a thick 2~ U target. Six components attributed to ei-
ther the quasifission or the quasielastic-transfer mechanisms were observed in the mass
distribution. An upper limit of 20 mb is given for the fusion-fission process. Neutron-de-
ficient product masses in the region 180-A-210, colloquially referred to as the "gold fin-
ger, " are explained as heavy quasifission products.

Attempts to synthesize the "superheavy ele-
ments" via the reaction of heavy ions with heavy
targets has stimulated considerable interest in
the mechanisms of these interactions. The reac-
tions of Kr and Xe ions with uranium are of par-
ticular interest because of the possibility of pro-

ducing superheavy elements. The radiochemical
mass-yield distribution study for the reaction of
605-MeV 'Kr with "'U by Kratz, Norris, and
Seaborg' elucidated the complexity of the nuclear
reaction mechanisms taking place and the variety
of products formed when a fissionable target is
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used. Seven components resulting directly or in-
directly from three basic reaction mechanisms
were identified in their study. The quasielastic
transfer mechanisms resulted in two narrow dis-
tributions of products, "rabbit ears, " peaked at
the mass numbers of the target and projectile;
in addition, about one-third of the heavy (target)
quasielastic transfer products underwent fission,
resulting in an asymmetric binary fission distri-
bution. A new reaction mechanism, known by
several names such as "deep-inelastic process-
es, '" "quasifission, "' "relaxation phenomena, '"
and "strongly damped collisions, "' resulted in a
"quasi-Kr" product distribution. A symmetric
"quasiternary" fission distribution of products
attributed to the high-energy binary fission of
the complementary heavy "quasi. -U" fragments
was also seen (we have adopted the "quasi" no-
menclature to describe these complementary
deep-inelastic components). Based on fission
products in the mass region 160 to 180, about
4% of the total reaction cross section was attrib-
uted to the fusion-fission mechanism. Neutron-
deficient yields near gold with A = 195, later col-
loquially referred to as the "gold finger, "were
not explained at that time.

We have made a similar radiochemical mass-
yield study of the reaction of 1150-MeV "'Xe
with a thick depleted uranium target. We have
measured formation cross sections that repre-
sent integrals over the energy and angular dis-
tribution of the products and over incident beam
energies from the full energy (1150 MeV) down
to the reaction barrier. Two depleted uranium
targets (30 mg/cm') were irradiated with "'Xe
ions at 1150 MeV. The first target was bombard-
ed with a total of 2&&10" xenon ions and was ra-
diochemically analyzed for "superheavy ele-
ments. "' The second target, irradiated for 1 h,
received a total of 4x10 xenon jons and was
used for the mass-yield studies. This target
was dissolved and subjected to the same radio-
chemical group separation scheme' used in the
Kr+U experiment. ' In this case, the superheavy-
element fraction and lead fraction were com-
bined. Six chemical fractions were obtained
within a few hours after the end of the bombard-
ment. The samples were periodically assayed
for y-ray activities between 40 and 2000 keV
over a period of about three weeks. Over 130
nuclides were identified in the six chemical frac-
tions on the basis of y-ray energy, half-life, and
relative abundance. Chemical yield corrections
were made for the six chemical groups based on
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FIG. l. (a) Independent and cumulative yield forma-
tion cross sections for individual isotopes [based on an
effective target thickness (17 mg/cm' ~~8U) between in-
cident energy 8.5 MeV/amu and interaction barrier of
5.5 MeV/amu]. (b) Contour lines for equal independent
yieMs in millibarns. (c) Total integrated Inass yields.
Open circles are chain yields associated with compo-
nent D. Closed circles are chain yields associated with
complementary components C and G. Open squares are
chain yields associated with complementary components
E and 5', and closed squares with component B. Com-
ponents H and I were constructed from chain yields
(140-A —180) shown with error bars only. The data
depicted in the region A-280 (error bars only) and A
-50 (solid triangles) are not assigned to any component.
Refer to text for explanation of components A through I.
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plotted versus mass number in Fig. 1(a). Charge-
dispersion descriptions were then determined
for small segments of the mass region shown in
Fig. 1(a) by applying the following iterative pro-
cedure: (1) A charge dispersion description was
assumed; (2) independent formation cross sec-
tions were calculated for all nuclides in the cho-
sen segment of the mass distribution using the
assumed charge-dispersion description along
with growth and decay relationships; (3) the in-
dependent-formation cross sections were plotted
versus Z —Z~, and a new charge dispersion de-
scription was obtained (Z~ represents the most
probable isobaric charge). The entire procedure
was then repeated, often with two overlapping
Gaussians having separate Z~ functions. Total
chain yields were calculated from the final charge
dispersions and the resulting mass-yield distri-
butions were plotted. Figure 1(b) depicts con-
tours in the Z-A plane of constant independent
yield and Z~ lines derived from the final charge
distributions. The isopleths show the overlap of
several mass-yield distributions and their dis-
placement with respect to the line of P stability.
Figure 1(c) shows the final chain mass-yield dis-
tributions for each of the regions identified in
the charge dispersion study.

Component A is shown as an upper limit based
on the sensitivity for detection of heavy rare-
earth nuclides in the region of A. =180. This re-
gion of A corresponds to prompt symmetric bi-
nary fission of the compound nucleus. H we as-
sume a Gaussian shape with a full width at half-
maximum of 146 mass units, ' we calculate an
upper limit of 20 mb for the fusion-fission pro-
cess. Component B is based on the neutron-ex-

"'mTe, and '"Te. Based on the Kr+U results,
a mass distribution corresponding to the fission
of "'U with -15-MeV excitation energy was fit-
ted to these data. Component C was determined
from neutron-deficient charge dispersions in the
regions 122 & A & 135 and 135 & A & 160. Compo-
nent D was obtained by subtraction of the low-
energy fission contribution (component B) from
the neutr on- excessive cumulative yields r epr e-
senting greater than 90% of the chain yields for
the composite char ge-dispersion description.
Cross sections for products near "'Xe that were
clearly not on the charge dispersion curve in the
A = 136 region were attributed to component E.
Likewise, cross sections for products near the
"'U target were used to define component I .
Component G is based on the same neutron-defi-

TABI,E I. Cross section comparison.

Mechanism
Label

Figure 1
Cross Section

Xe + U Kr + U [lj
Fusion-fission

Quasi-elastic transfer
induced fission

Quasi-fission (light
product)

Quasi-ternary fission

Quasi-elastic transfer
(light product)

Quasi-elastic transfer
(heavy product)

Quasi-fission (heavy
product)

A/2

B/2

D/2

20 mb

185 mb

600+125 mb

400+ 25 mb

600 mb

415 mb

140 mb

55+ 15 mb

200+ 40 mb

470+ 70 mb

420+ 60 mb

700+120 mb

420 mb

40 mb

Quasi-Fission

Quasi-Elastic Transfer

Total Reaction

cr f =C=D/2+GQf

oET E = B/2+F

o = A/2+C+E

600+125 mb

600 mb

1200+200 mb

470+ 70 mb

700+120 mb

1265+205 mb

cient charge-dispersion formula used for com-
ponent C. Because of the rapidly varying chain
yields, the charge dispersion was not well de-
fined in the region 180 & A & 120. However, ex-
perimentally determined independent yields for
'"Au and "'Au, corrected for the slope of the
mass distribution in this region, are consistent
with the assumed charge dispersion. Finally,
components FX and I are based on very neutron-
deficient yieMs of light rare-earth isotopes.
These two components are the result of reactions
of "'Xe respectively with Al and Mg, and with
Ar impurities in the uranium target and its sup-
port. A comparison of the integrated cross sec-
tions for components A through G is given in Ta-
ble I.

Many similarities and several important dif-
ferences are seen when the present Xe+ U and
the Kr+U' results are compared. One impor-
tant difference is that there is no indication in
the Xe+ U mass distribution that the fusion-fis-
sion process has occurred. The e].astic-transfer
mechanism can be assigned to components E and
I' [Fig. 1(c)]. The asymmetric fission distribu-
tion, component 8, is the result of low-excita-
tion-energy induced fission of the heavy elastic
transfer product near "'U. The reported cross
section for B/2 (Table I) includes a 1F/p correc-
tion for recoil loss of these fission products.
Because of a combination of recoil losses, short
half-lives, and stable reaction products, the
mass distribution for component E could not be
independently determined and therefore was tak-
en to be equal to the cross section of the heavy
"rabbit ear" plus half of the asymmetric fission
distribution. The mass distribution of the quasi-
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Xe (deep-inelastic component) formed in the
quasifission process is identified as component
C [Fig. 1(c)J. This light quasifission-product
mass distribution appears to be skewed to the
heavy-mass side. About 75%%ug of the complemen-
tary quasi-U fragments undergo high-energy bi-
nary fission resulting in the broad symmetric
fission distribution shown as component D. This
process has been referred to as quasiternary
fission. ' Component G, colloquially labeled as
the '*gold finger" and unexplained in the Kr+U
results, can be attributed to the quasifission
(deep-inelastic) reaction mechanism. This rep-
resents quasi-U products that have survived de-
excitation without under going fission. The Xe+ U
"gold finger" is no longer peaked in the gold re-
gion but extends up to "'At. There is also no in-
dication of a gradual decrease in cross section
for heavier masses, possibly because isotopes
heavier than A =210 typically are short-lived +-
particle emitters not detected in this work. For-
mation cross sections for "Ra, '"Ac, and '"Th
are plotted in this region.

The above interpretation is supported by a mass
balance of the composite mass distribution. Com-
plementary masses and charges in the quasi-Xe
and quasi-U distributions (components C and G)
plus 20 neutrons derived from the final Z~ func-
tjons account for all of the mass and charge of
the composite system (A =374, Z =146). Although
the charge of complementary quasifission pro-
ducts indicate that no charged particles were
evaporated, we find that the unchanged charge-
distribution Z~ formalism which we used is not
very sensitive to the detection of the possible
evaporation of charged particles with N/Z =1,
such as n particles or "C particles. The sum of
one half of the quasiternary fission cross section
(D/2) and the cross section for quasi-U products
(G) is 540 mb. This, within error limits, is
equal to the 600-mb cross section for the quasi-
Xe products (component C), as it should be ac-
cording to our interpretation. In addition, we
have made a radiochemical mass-yield study of
the reaction of 730-MeV Kr with a thick bismuth
target. The quasi-Bi mass distribution shows
the same trend seen as component G in Fig. 1(c)
with the exception that it extends up into the bis-
muth region. In Table I we see that a larger frac-

tion of the total reaction cross section for Xe+U
than for Kr+U has gone into quasifission. The
total reaction cross section is given by the sum
of the components A/2, C, and E, and is thus ex-
perimentally determined to be 1200+ 200 mb.
This appears to be a reasonable value for the
mean cross section for reactions occurring over
the energy range from the interaction barrier,
about 750 MeV, and the full energy of the inci-
dent '"Xe beam, 1150 MeV (where a reaction
cross section of about 2500 mb is calculated). If
15.0 fm is taken as the grazing distance, then the
Coulomb barrier for "'Xe on "'U is 750 MeV in
the lab system. The mean geometrical cross
section is estimated from these values as

where B= 750 MeV, g = 15.0 fm, and E = 1150
MeV. This is in agreement with the experimen-
tal value.
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