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A measurement of the projectilelike fragments is reported for the collision of 86k
on !%Er at a bombarding energy of 12.1 MeV/u. The results seem understandable only
if a dynamical splitting of the projectilelike fragments is assumed.

Deeply inelastic collisions (DIC) have been
found to proceed essentially through a binary
reaction followed by the sequential decay of the
excited primary fragments. At incident energies
of ~3 MeV/u above the Coulomb barrier, the re-
lative velocity, v .., of the colliding nuclei is con-
siderably smaller than the internal Fermi veloc-
ity, vy, of the nucleons, so that the system has
sufficient time to equilibrate and shows sharing
of the excitation energy proportional to the mass-
es of the reaction products.!*> The observed ele-
ment distributions are symmetric bell shaped
curves of nearly Gaussian form, whose width in-
creases as a function of the total kinetic energy
loss (TKEL) of the system.3"®

With increasing bombarding energy nonequilib-
rium effects are expected to become more and
more important, Moreover, the enhanced mo-
mentum associated with the coherent motion of
the nucleons of the projectile relative to the nu-
cleons of the target favors collective modes of
excitation and new phenomena may be expected.
In this respect it is interesting to investigate
whether the energy is dissipated locally in space
(hot spots) or whether it is dissipated via few col-
lective degrees of freedom. The former would
be evidenced by the nonequilibrium emission of
energetic light charged particles whereas the
latter mechanism could lead to a prompt splitting
of the fragments. Investigations with “light”
heavy ions (A < 20) at bombarding energies®
above 10 MeV/u show the fragmentation of the
projectile into lighter products. Since for pro-
jectiles with A< 20, light-particle emission and
splitting leads practically to the same final pro-
ducts, a heavy projectile should be better suit-
ed. We report here, for the first time, results

gained from an experiment where projectiles
heavier than A= 60 are accelerated above 12
MeV/u.

The ®¥Kr-%®Er collision has been chosen be-
cause it was already extensively studied at the
lower bombarding energies of 6, 7.2, and 8.2
MeV/u.'**57+% Raising the bombarding energy
from 8.2 to 12.1 MeV/u, the initial available en-
ergy above the Coulomb barrier increases from
3.5 to 7.5 MeV/u.

A beam of about 1 particle-nA, delivered by
the Unilac accelerator at Gesellschaft fiur Schwer-
ionenforschung, was used to irradiate *®Er tar-
gets, 96% enriched and 160 ug/cm? thick, on a
carbon backing of 30 ug/cm? The projectilelike
reaction products were detected in a large-area
(D9 =50 msr, DO =21°), position-sensitive ion-
ization chamber,®!® which measures their charge,
energy, and (x,y) position coordinates. Because
of the strongly forward peaked kinematics (graz-
ing angle, 6, = 17°), the ionization chamber was
set at a very forward position, covering the an-
gular range from 3°to 24°. The detector could
be reliably operated at counting rates up to 100
kHz.

The center-of-mass transformation was per-
formed event by event and neutron evaporation
was taken into account in an iterative way.® The
absolute cross section was determined by normal-
ization of the elastic events to the Rutherford
cross section. In one-particle inclusive mea-

_surements of DIC the total kinetic energy (TKE)

of products is usually deduced assuming a binary
reaction. For comparison to the low-energy data
(Eqap<s 8.2 MeV/u) this procedure was also ap-
plied to the data at 12.1 MeV/u: The results are
presented in Figs. 1 and 2.
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FIG. 1. (a) Contour plot of the angle integrated (3°
<6<249 cross section d’c/dEdZ as a function of TKE
and of the nuclear charge Z of Kr-like fragments. The
absolute cross section is given in units of mb/[ (20 MeV)
*Z]. Dotted background shows the region of experi-
mental limitations. The V. line indicates the Coulomb
barrier at scission; it is calculated using two prolate
elipsoids (ratio of axis =0.6) with a distance between
surfaces of 2 fm. (b) Element distributions do/dZ inte-
grated over all ineleastic events and observed angles.
The relative yield of distributions is normalized at Z
=36.

Figure 1(a) shows a contour plot of the TKE
versus the atomic number Z of projectilelike
fragments. The dominant feature is that with in-
creasing energy loss a ridge in the element dis-
tribution develops towards light elements. This
can also be recognized in Fig. 1(b) where the
energy and angle-integrated element distribution
is shown together with the corresponding results
for 6 and 8.2 MeV/u. For a detailed comparison
at small energy losses, Fig. 2 displays the ele-
ment distributions at 12.1 MeV/u bombarding
energy together with the results obtained for the
same energy losses at lower bombarding energy.
The striking new result at the high incident en-
ergy is a pronounced skewness which develops
into the shift apparent in Fig. 1(a). At lower
bombarding energies, on the contrary, generally
symmetric Gaussian-shaped element distribu-
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FIG. 2. Comparison of element distributions for
given bins of available energy TKEL* =TKEL — V_ (in)
+V, (out) for energies of 8.2 and 12.1 MeV/u. V, is the
Coulomb potential of two touching spheres. The rela-
tive yields are normalized for each energy bin at Z =36.

tions are observed and a mass drift was found
only towards symmetry.®

Contributions from the targetlike products are,
from kinematic considerations, quite unlikely
and could only affect the distributions for TKE
less than 250 MeV. In addition, since measure-
ments using an uranium target gave very similar
TKE vs Z contour plots, target fission as the
origin of the enhanced production of elements
with Z < 36 can be ruled out. Although at 12.1
MeV/u the shape of the distributions is different
from the one observed at lower energies, the
measured width agrees well with systematics®
deduced from the experiments at lower energies,
assuming that the right side of the distributions
(for Z>36) reflects the primary population of the
elements, whereas the left side is modified by
an additional process.

In order to exclude as a possible explanation a
drift during the primary nucleon exchange, we
have measured the nearly symmetric system
®Kr-8%Y which shows the same features as in
Figs. 1 and 2. Since for a symmetric system
the element distribution must be symmetric un-
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less more than two charged products are emitted,
the projectilelike products must undergo a frag-
mentation into light charged particles or into
heavier products (splitting).

However, the yield of light charged particles
(protons and alphas), measured in coincidence
with the projectilelike fragments using a plastic
scintillator, was not sufficient to explain the ef-
fect.'* The multiplicity of alpha particles is es-
timated to be one for energy losses TKEL great-
er than 300 MeV. For smaller energy losses the
multiplicity is rapidly decreasing by more than
one order of magnitude. The overall proton mul-
tiplicity is even smaller. As a consequence the
projectilelike fragments are expected to decay
by the emission of products heavier than alphas.

If the projectilelike products are splitting into
two massive fragments only one of which is de-
tected, then the two-body kinematic assumption
is no longer valid and the reconstructed TKE is,
in general, too low. The wrong interpretation
of the nonbinary events may simulate a shift of
the element distribution, like the one observed
in Fig. 1(a). Even a small splitting probability
of the projectilelike fragments will have a large
effect on the distributions at low TKE and small
Z values because of the strong decrease of the
primary cross section d%/dZdE as a function of
decreasing energy.

In order to present the data without using the
two-body kinematic assumption the results of
Figs. 1 and 2 are displayed in Fig. 3 as a func-
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FIG. 3. Angle-integrated double-differential cross
section d%s/dvdZ as a function of nuclear charge Z
and laboratory velocity. Absolute cross sections are
given as mb/[ (cm/ns)*Z] on the contour lines. Vg,
indicates the low-velocity limit for a two-body reaction
as given by the Coulomb energy at scission (see cap-
tion of Fig. 1).

tion of the measured laboratory velocity v ., of
fragments. The events for Z< 15 show a large
spreading around the V,, line. This line indicates
the limiting velocity given by the Coulomb energy
of the fragments at scission (see caption of Fig.
1). Such a spreading can be expected if the light
nuclei result from a splitting of the projectile-
like fragments after a DIC.

Another mechanism which results in an en-
hanced production of elements lighter than the
projectile is the fragmentation as observed at
relativistic energies.'?*!* In such a case the pro-
jectile velocity is preserved and the ridge of the
distribution should develop from the quasielastic
peak in direction of arrow (a) shown in Fig. 3,
which is not the case.

For a more direct proof of the splitting hypothe-
sis a third experiment was performed** in order
to detect both splitting fragments in coincidence
at very forward angles. Very preliminary re-
sults given in Fig. 4 for the reaction ®¥Kr-%°Y
show that indeed two coincident products are ob-
served whose total charge and energy are dis-
tributed like charge and energy of the projectile-
like fragments in the DIC at lower incident en-
ergies. Assuming that the splitting fragments
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FIG. 4. Scatter plots for splitting fragments in 3Kr-
8%y collisions: (a) Correlations of Z numbers (Land U
are for lower and upper fragment detector). The true
coincidences lie around the line Z; +Z, =36 with broad
mass distribution. The random coincidences with elas-
tically scattered Kr ions lie on vertical and horizontal
lines. (b) Summed laboratory energy vs summed charge
Z of coincident fragments.
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are emitted isotropically within a cone of + 45°
opening around the beam axis, a rough estimate
for the splitting probability was 4%.

The interesting question is whether the split-
ting of the Kr-like products is a fast nonequilibri-
um decay or a sequential decay of an equilibrated
nucleus. From the data of Fig. 2, the first hy-
pothesis seems more likely. The fact that for
comparable excitation energies (same TKEL*
bins) the presence of the splitting products is
observed at 12.1 MeV/u but does not appear in
the distributions at 8.2 MeV/u is hard to under-
stand in a pure statistical picture. An explana-
tion based on the sequential fission of the Kr-
like nuclei would require a drastic decrease of
the fission barrier due to an increased angular
momentum dissipation at the higher bombarding
energy. This however is not predicted by model
calculations?® based on the y-multiplicity experi-
ments at lower bombarding energies.”

In conclusion the new feature emerging from
the reaction ®¥Kr-!%®Er at a bombarding energy
of 12.1 MeV/u is the enhanced production of ele-
ments lighter than the projectile, which at low-
energy losses appears as a skewness of the ele-
ment distributions and at high-energy losses de-
velops into a pronounced shift of the maximum.
The experimental results can be understood in
terms of a dynamical splitting of the projectile-
like fragments which prevails over the emission
of light charged particles. This suggests that in
DIC between heavy nuclei at high incident ener-
gies a considerable fraction of the dissipated en-
ergy is at first concentrated in few collective
degrees of freedom, rather than in a small local
region (hot spot).
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Observation of Selected Molecular-Orbital X Rays in Coincidence
with Separated-Atom K X Rays
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A cascade relationship between molecular-orbital (MO) and separated-atom x rays has
been utilized to study selected MO transitions. Depending on the mechanism of vacancy
production, the observed MO spectra are interpreted as reflecting 2po — 1so transitions
or a mixture of 2po—~1sc and 2pr — 1so transitions. The coincidence selection also di-
rectly corroborates a previous assignment of MO transitions to the 2po state.

Although the study of molecular-orbital (MO) x
rays is expected to provide one of the more di-
rect sources of information on quasimolecular
states formed in heavy-ion collisions, the acqui-

sition of such information has been severely lim-
ited by the lack of distinctive features in MO x-
ray spectra.’ Moreover, since previous experi-
ments have been confined to the observation of
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