VOLUME 41, NUMBER 7 PHYSICAL REVIEW LETTERS 14 August 1978

all reactions studied, those with the residual nu-
clei in their ground states, lowest excited states,
and even at higher excitations in the region of
breakup reactions, This is inconsistent with cur-
rent theoretical predictions based on pion strip-
ping models,® 7 although most calculations for
pion production to date do not include considera-
tions of A,.

The characteristics of the A, suggest that its
form is largely dictated by the reaction mechan-
ism rather than by nuclear structure. The sign
and simple angular structure of the observed
analyzing power for these reactions is similar
to the corresponding data for the reaction p + p
—~d+7*.15 Thus, the analyzing power in the nu-
clear pion production reaction appears to reflect
the basic N-N pion-production analyzing power

in the sense expected from an impulse approxima-

tion'® rather than being dominated by gross nu-
clear effects as expected from the single-nucleon
models.
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The cross sections for the fusion of %0 with the spherical and deformed isotopes of Sm
measured at bombarding energies spanning the fusion barrier indicate the importance of
nuclear deformation for the fusion process. Calculations based on the usual static treat-
ment of deformation effects, however, show significant discrepancies with the experi-

mental data.

The deformation of one or both of the partners
in a heavy-ion reaction is expected to influence
the probability that the partners will fuse to form
a compound nucleus. The effect on the fusion
cross section is also expected to differ accord-
ing to whether the deformation is static or dy-
namically induced.*? For a given bombarding

energy, the cross section for fusion with a rigid,
deformed nucleus should exceed that of a com-
parable spherical nucleus when averaged over all
initial orientations.!*® Dynamic effects such as
the excitation of vibrational states or the rotation
of the deformed nucleus during the collision, how-
ever, are expected to reduce the fusion cross
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section.'*?

The above considerations have been the subject
of theoretical study for some years. While much
of this work has been motivated by an interest in
the production of superheavy nuclei,* the question
of how nuclear deformation affects the fusion
process is of general importance both for the
study of nuclear reaction mechanisms and for the
production of nuclei far from stability. Previous
attempts to positively identify static deformation
effects through the analysis of experimental data
have either been inconclusive®® or have led to
quite different conclusions.” Dynamic effects are
predicted to be relatively small**? and therefore
have not been easily recognized.? The difficulty,
as pointed out by Vaz and Alexander,® has been a
general lack of precision fusion data at subbarri-
er energies. In order to study the effects of de-
formation and to provide precise fusion cross
sections, 0y, for testing the associated reac-
tion theories we have measured o4, for *°O
+148,150,152,1549y;  These isotopes of Sm span the
transition region from spherical to strongly de-
formed (B, ~0.3) equilibrium shapes and, since
their monopole Coulomb potentials are identical,
they facilitate the isolation of effects depending
on the shape of the nuclear surface. The use of
heavy-ion projectiles as opposed to @ particles
greatly increases the sensitivity of the cross sec-
tion to small changes in the fusion barrier while
the doubly magic nature and consequent sphericity
of '°0O simplifies the analysis. Most importantly,
we have chosen an experimental technique which
allows extension of the measurements to low
bombarding energies and small cross sections.

The experiments were carried out using beams
of %0 ions provided by the 14 UD Pelletron accel-
erator at the Weizmann Institute. Thin targets
(100-200 pg/cm?) of isotopically enriched Sm
(>95%) were prepared by vacuum evaporation on-
to thin carbon backings. The Yb evaporation resi-
dues were collected by a carbon foil of thickness
700-1000 ug/cm? located 2 mm behind the Sm
target. Compound nuclei produced by the reac-
tion of %0 with the oxygen impurity in the target
and with carbon passed through the catcher foil,
resulting in a low background. Surface-barrier
detectors placed at +40° monitored the Ruther-
ford scattering from the Sm target. Following
bombardments of typically 30-60 minutes, the
catcher foil was removed from the scattering
chamber and placed before a 1.5-cm? intrinsic
Ge x-ray spectrometer. Spectra covering the
range from 15 to 250 keV were then recorded
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for successive counting intervals. The resolu-
tion at 50 keV was 360 eV FWHM (full width at
half-maximum) which allowed separation of the
Ka,, Ka, lines of the x rays of Tm, Er, Ho, and
Dy.

The radioactive isotopes of Yb and their daugh-
ters decay primarily by electron capture and the
internal-conversion process in many cases fur-
ther increases the already high yield of Ko x
rays. The absolute intensities of x rays from the
radioactive sources were calculated from decay
schemes in the Nuclear Data Sheets.® The life-
times of the adjacent isotopes are also sufficient-
ly different that their individual contributions
could be determined from the measured time de-
pendence of the x-ray yield for parent and daugh-
ter activities.

The determination of the absolute cross section
is based on the Rutherford cross section and the
relative counting rates for elastically scattered
%0 ions in the monitor detectors and the post-
bombardment x rays. Corrections have been ap-
plied for the summing of coincident radiations,
electronic deadtime, fluctuations in beam current
and for energy loss in the target. The decay of
the compound nucleus by charged-particle emis-
sion was found to be usually less than 5% and has
been included in o, ; the fission mode of decay
is negligible at these low bombarding energies.®
In several cases, cross sections were deduced
from y-ray yields and confirmed the x-ray re-
sults. The standard deviation (random plus sys-
tematic errors) on the absolute cross sections is
estimated at typically +10%. This error does not
include a contribution from the £0.3% uncertainty
on the absolute '°0 beam energy. A detailed de-
scription of the experiment and deduction of ab-
solute cross sections will be published separately.

Figure 1(a) presents the measured values of
O gs. At the highest bombarding energy, the
cross sections obtained for the different isotopes
are almost identical. As the bombarding energy
is reduced, however, o4, exhibits a systematic
variation, with the more deformed isotopes ex-
hibiting progressively larger cross sections rela-
tive to the less deformed isotopes. This system-
atic variation in the energy dependence of o, for
the different isotopes is in qualitative agreement
with a static treatment of the effect of deforma-
tion.® The observed effects, however, appear
quite large—at 60 MeV, oy, for 0 +!%Sm ex-
ceeds that for %0 +!*%Sm by a factor of 20. Since
experimental errors are relatively small, a
quantitative analysis as described in the follow-
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FIG. 1. (a) Values of oy, for 160 + 148,150,152, 1545y
from Ep, = 60~75 MeV. The full curve connecting the
18gm data points is the result of a calculation described
in the text. The other curves are to guide the eye. The
arrow denotes the location in the lab system of the fu-
sion barrier corresponding to V at dv/dv =0 for ‘%0
+183m. (b) The ratio of o4, for %Sm and !®Sm. The
full curves are the results of static calculations de-
scribed in the text.

ing is possible.

The procedure thus far followed in the usual
static fusion calculation®® is to replace the nu-
clear radius R in the expression for the nuclear
potential V, with a function of the form R - R(6)
=Rp+R,[1+)5,B,Y,%(6)] where 6 is the angle
between the axis of symmetry of the deformed
target nucleus and the initial direction of the
spherical projectile. The total real potential is
then taken to be

v, (R(6), )+ V6, r)+§§5z(1+1), (1)

where the angular dependence of the Coulomb po-
tential V (6, 7) is determined by the multipole
moments for a charge distribution with deforma-
tion parameters 8,. The transmission coeffi-
cients for fusion, T(6), in the expression,

0 0) = TR ‘Z)(2l+ 1)T,(6), (2)
=1

may bé evaluated using methods varying in sophis-
tication from the Hill-Wheeler expression for a
parabolic approximation of the barrier® to the
solution of the Schrédinger equation for a com-
plex potential in which the radius of the imaginary
part is also angle dependent. Since the target nu-
cleus is not aligned, an average over the initial
orientations, 0= ["'?06)sin6d6, is per-
formed.

Our procedure is to determine empirically an
appropriate fusion potential for a spherical target
by fitting the measured values of oy, for *°O
+148Sm assuming $,=0. Such a semiempirical
procedure is essential since theoretical predic-
tions of the nuclear potential for fusion reactions
generally are not sufficiently accurate for the
prediction of subbarrier cross sections.” The
full curve through the data points in Fig. 1(a)
represents the fusion cross section calculated
with the Schrédinger equation and a complex po-
tential having a liquid-drop form factor! for the
real potential (V,=-36 MeV, 7,=1.0 fm, d=2.5
fm) and a rectangular well (W =10 MeV, 7,=1.3)
for the imaginary part. The values of §, deduced
from a-particle inelastic scattering'’ were then
used to predict o, for the other isotopes. We
will present a detailed comparison of such pre-
dictions with all of our experimental data in a
future publication and concentrate here on a com-
parison of o, for **Sm and '>*Sm.

Figure 1(b) shows the ratio of the fusion cross
sections for !%*Sm and '*®Sm. The curve labeled
with 8, =0 is the ratio obtained under the assump-
tion that !%*Sm is also spherical with a radius
which is larger than that of *®Sm by an amount
given by an AY® dependence of R 7 On nucleon num-
ber. The difference between this curve and unity
represents the change in relative fusion cross
section expected because of the slightly higher
center-of-mass bombarding energy for **Sm and
because of the larger radius which '%*Sm would
have even in the absence of any deformation. The
difference between the curve for 8, =0 and the ex-
perimental data represents the effect which we
may associate with the different nuclear struc-
tures of '*%Sm and '**Sm. The main difference be-
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tween these nuclei is their vibrational (spherical)
and rotational (deformed) nature, respectively.

The result of a calculation employing the meas-
ured!! deformation parameters for !5Sm and the
above complex potential is shown in Fig. 1(b).
(The values of 8, used in conjunction with the
present nuclear potential were obtained by the re-
normalization procedure, Bz, =const.!') Not only
does a static treatment of the reaction mechanism
predict quite different energy dependencies for
1489m and !**Sm, we see in Fig. 1(b) that it leads
to a marked overestimate of the observed effect.
In order to reproduce the experimental data, a
value of $,=0.20 (with B8, = 3;,=0) must be used for
1%49m. This value is not consistent with the meas-
ured values and their errors.'’ A reduction of the
radius parameter 7, for **Sm by 0.6%, which cor-
responds to maintenance of constant volume under
deformation, can account for only a small portion
of this discrepancy. A reanalysis of the experi-
mental data using B,=0.13 for '**Sm (which repre-
sents a root-mean-square amplitude of time-de-
pendent deviations from sphericity'!) also leads to
results very similar to those shown in Fig. 1(b).
Furthermore, the failure of the calculation to re-
produce the experimental data is not a consequence
of the particular numerical procedure chosen to
evaluate.the transmission coefficients, 7,(6), in
Eq. (2). An analysis using the Hill-Wheeler® ap-
proximation for the barrier penetrability (and
hence no explicit imaginary potential) produces
theoretical curves very similar to those shown
in Fig. 1(b) provided that the spherical potential
deduced in this approximation reproduces o
for 48Sm.

Some possible explanations for the discrepancy
are found in the approximations embodied in the
usual static treatment of deformation effects.

(i) For noncentral collisions, the separation of
the nuclear surfaces also depends on the azimuth-
al orientation of the deformed nucleus with re-
spect to the scattering plane. Equation (1) ne-
glects this completely.

(ii) Equation (1) introduces a variation in nu-
clear potential solely'through a shift in thé radius
with orientation. The strength of the nuclear po-
tential may also vary with position along the nu-
clear surface through changes in the local radius
of curvature.!? The diffusivity of the nuclear sur-
face has been assumed to be independent of 6.

(iii) Geometrical effects associated with the fi-
nite size of the projectile have been neglected.

(iv) The discrepancy in Fig. 1(b) may result in
part from the neglect of dynamic effects. We
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have estimated (using a quasistatic approxima-
tion) the importance of rotation prior to fusion
and the loss of relative kinetic energy through ex-
citation of rotational and bibrational degrees of
freedom. The combined estimated effect of these
processes results in a lowering of the predicted
cross section at 60 MeV lab for '%*Sm by a factor
of about 1.7. Comparable dynamic effects for
160 + 148Sm, however, would also be present. Of
the above considerations, item (i) appears to us
to represent the most serious shortcoming of

the usual static treatment of deformation effects.
It would also be of interest to apply a coupled-
channels analysis to the data.

In summary, a sizable variation in the energy
dependence of the measured cross sections has
been observed for the fusion of °0O with the spher-
ical and deformed isotopes of Sm. A comparison
with a calculation of 0, using previously meas-
ured deformation parameters sﬁggests that much
of this variation can be attributed to the effects
of static deformation. Significant differences be-
tween theory and experiment remain, however,
and point toward necessary improvements in the
theoretical treatment of the effect of deformation
on heavy-ion fusion, The resultant progress in
understanding the role of deformation in heavy-
ion fusion could have important consequences for
fusion reactions in mass regions quite apart from
the Sm isotopes,'® and could eventually lead to
application of measurements such as those pre-
sented here to problems in nuclear structure.
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Radiochemically determined cross sections o(Z, A) were used to construct charge and
mass distributions for the reaction of 1785-MeV *®U ions with thick 2®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 23U beam available at the Unilac
accelerator is presently being used to investi-
gate the #%U +2°%U reaction with several comple-
mentary techniques. First results of AE, E 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
238y with “°Ar, %Fe, ®Kr, and '*°Xe ions 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 238U
beams of 7.5 MeV/amu and up to 2.5x10 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,

“a-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 7.4 X10% 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 1.5x10%° 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)];
the process to generate the surface was discussed
in Ref, 3. Corrections for products from reac-
tions of 2*¥U ions with O 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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