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Dissipative Orbiting in ~09Bi + 136Xe Collisions at Et,h/A = 28 Mev
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Massive, projectilelike fragments (PLF) from the ~o9Bi + '3"Xe reaction at E~,b/A = 28 MeV were
measured in coincidence with lighter charged products and neutrons, detected with 4~ angular coverage.
Strong correlations are observed between the deflection angle of the massive fragment, on the one hand,
and various experimental measures of energy dissipation, on the other hand. These correlations, as
well as the observed broadening of the primary PLF atomic-number distribution with increasing energy
dissipation, are strikingly reminiscent of damped reaction features that are well understood in terms of
dissipative orbiting.

PACS numbers: 25.70.Lm

In recent years, the main thrust of heavy-ion reaction
studies at bombarding energies per nucleon comparable
to the nucleonic Fermi energy was aimed at demonstrat-
ing the occurrence of phenomena not encountered at lower
bombarding energies, such as, for example, multifragmen-
tation or vaporization [1—5]. Relatively little effort has
been spent to explore systematically the transitional fea-
tures of heavy-ion collision dynamics developing from the
well-known damped or dissipative reaction mechanism
[6], dominating at bombarding energies of only a few
MeV per nucleon above the interaction barrier. Very re-
cently, however, it has been demonstrated [7—9] in studies
of the o Bi + ' Xe and ' Au + Xe reactions that for
these massive systems, at the lower boundary of the Fermi
energy domain, the total reaction cross section is still al-
most entirely accounted for by binary collisions, in which,
with some allowance for emission of light particles,
two and only two fragments emerge initially from the col-
lision site. The present Letter focuses on selected dissi-
pative features of the projectilelike fragment (PLF) yield
discovered in the 2O9Bi + '~6Xe experiment of Ref. [7]
and reported previously in several preliminary accounts
[10]. Observations of the persistence of dissipative dy-
namics at intermediate bombarding energies have also
been reported in other works [9,11].

The experiment was performed at the National
Superconducting Cyclotron Laboratory of Michigan State
University. A beam of 28 MeV/nucleon '36Xe ions from
the K1200 cyclotron was focused on a self-supporting,
1.5 mg/cm thick ~o9Bi target. The detector setup pro-
vided a virtually 4~ angular coverage for neutrons, as
we11 as for light and intermediate-mass charged reaction
products. Massive fragments were measured using two
position-sensitive and one "plane" multielement silicon

detector telescopes. The former two covered angular
ranges from 3.0 to 5.6 and 11.5 to 15.1', respectively,
while the latter telescope covered a range from 23.1' to
27.9'. The present work discusses in detail only data
obtained with the most forward telescope; the others were
used only in cross section estimates. This small-angle
"master" telescope provided atomic-number identifica-
tion for charged products with 2 ~ Z ~ 54 and kinetic
energies per nucleon of E/A ~ 6 MeV. Neutrons were
detected using the Rochester RedBall neutron multiplicity
meter [12], which, in this application, had an overall
neutron detection efficiency of e = 50% for all neutrons
emitted in the reactipn, with a significantly higher sensi-
tivity (e = 70%) to neutrons emitted from slow-moving
sources. Light charged products and intermediate-mass
fragrgents (IMF) were detected using the Washington
University Dwarf array [13], covering a solid angle of
about 80% of 4~. A more detailed description of the
setup is given elsewhere [12].

Experimental results are shown in Figs. 1 —4. Figure 1

depicts a two-dimensional contour diagram of the yield,
plotted vs energy (E) and atomic number (Z) of charged
reaction products observed within the angular range of
3 —5.6'. As seen in this figure, the charged-product yield
is concentrated in a well-defined ridge connecting, in a
continuous fashion, the region of quasielastic events, at
Z = 54 and F. = 3.8 GeV, with that of the intermediate-
mass fragments near the origin of the plot. It is worth
noting that the above ridge is free of contamination by
fragments from either fission of the targetlike fragments
(TLF), or from symmetric PLF fission. The former have
too little energy to overcome the Z-identification threshold
of the telescope, while the absence of the latter fragments
is evidenced by the lack of a bimodal yield pattern [8]

0031-9007/95/74(8)/1299(4)$06. 00 1995 The American Physical Society



VOLUME 74, NUMBER 8 PH YS ICAL REVIEW LETTERS 20 FEBRUARY 1995

"'Bi+ '"Xe E/A = 28 Mev Bi + ' Xe E/A = 28 Mev

60-
E

50 -.

30--

3.6-

3.2

2.8-

2.4—

1.6—

1.2 ';

I

0.8

-',
, jI| I

55 iililil

pl
'

Ill ili

I..
I I, II RR
~ I I I I g rr

I Il I I I I SJI,

'sl
III~ & 1

J III
i ) a IISI S ~

I I IiSL NINIS '"
SeS S™1PiSaI IllIIII'.'

'~AIhiiiiI Ii,
'

04—

10—

0
2.8 3.2 3.6 4 4.4 4.8 5.2 5.6 6

Deflection Angle {'deg.)

0 '

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6
Energy (Ge V)

FIG. 2. Same as Fig. 1, except plotted versus deflection angle
and kinetic energy of the product. Solid circles and squares
represent results of calculations based on the nucleon exchange
model with standard and hard-core interaction potentials,
respectively.

FIG. 1. Contour diagram of the yield of charged reaction
products from the Bi + "Xe reaction observed in an angular
range of 3 —5.6, plotted versus kinetic energy and atomic
number of the product.

(two kinematical solutions) in Fig. 1, characteristic of
PLF fission. Asymmetric PLF fission is indistinguishable
from IMF emission and can sufficiently accurately be
identified based on the value of the atomic number of the
fragment.

Figure 2 shows correlations between laboratory kinetic
energy and emission angle for the charged reaction prod-
ucts, in the form of a two-dimensional contour dia-
gram. In this representation, most of the yield of the
massive fragments is seen to be distributed along two
well-defined ridges. One of these ridges extends, with
decreasing intensity, from the region of quasielastic yield
around the grazing angle (Oi, b

= 7 ) toward lower en-
ergies and smaller angles. The second ridge shows the
opposite trend with defIection angle, for both intensity
and energy. The distribution of yield in Fig. 2 strongly
suggests that the two ridges seen are actually two sec-
tions of one continuous ridge, the missing portion of the
ridge falling outside the angular aperture of the master
telescope. The correlations seen in Fig. 2 are reminiscent
of the well-known Wilczynski plots illustrating the deAec-
tion function for binary heavy-ion collisions at energies of
a few MeV/nucleon above the interaction barrier.

Experimental data are compared in Fig. 2 with the
predictions of dynamical model calculations [14] based

on stochastic nucleon exchange model (NEM) [15], us-

ing either the standard liquid-drop interaction potential
with proximity corrections (solid circles) or the frozen-
density proximity potential featuring a repulsive core
(solid squares). In each case, the code Evan [16] was
used to simulate the decay of the excited primary reac-
tion products. Both calculations underpredict significantly
the yield in the upper section of the ridge (o.NEM = 2 b)
and attribute too much cross section (o.i = 4 b) to the
lower branch or to fusion. For example, with o-f„,
1.5 b, the standard NEM calculation overestimates the fu-
sion cross section, which experimentally is compatible
with zero. Calculations were also performed with the
Boltzmann-Uehling-Uhlenbeck (BUU) model [17], for a
"stiff" (IC = 380 MeV) and a "soft" (K = 200 MeV)
equation of state, which both lead to defiection functions
indicating much stronger orbiting than observed experi-
mentally, corresponding to or& = 2.2 b and o-t"
1.8 b, respectively. Thus, neither NEM nor BUU calcu-
lations reproduce the magnitudes of the cross sections of
upper and lower branches separately.

Integration of the yield of fragments with Z ~ 20 in

any of the three telescopes results in an observed cross
section of o. = 3.0 b (fragments with Z ( 20 are mostly
IMF's and were excluded to avoid double counting).
Exponential interpolation of the angular distribution of
the fragments, in the angular ranges between the observed
sections of the ridge, results in a reaction cross section of
approximately o. = 5.1 b, with an uncertainty estimated
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at 15%. Note that here the angular range between 5.6'
and the grazing angle is excluded. In the same angular
range, classical trajectory calculations performed with the
code CI wT [14] result in a cross section (fusion included)
of 5.0 b. The fact that the latter number almost coincides
with the 5.1 b, found here for binary processes, is
consistent with the findings [7—9] that, in this bombarding
energy and mass domain, almost the entire reaction cross
section is accounted for by a binary primary collision
scenario. The same model calculations predict 6.3 b for
the total reaction cross section.

A further demonstration of the resemblance between
the phenomenology of the present reaction and that of
damped reactions at lower energies is given in Fig. 3. In
this figure, the primary PLF atomic-number (Z„„;) distri-
butions are plotted as functions of the degree of energy
dissipation, expressed in terms of the measured neutron
multiplicity. The primary atomic numbers were deduced
by adding to the measured secondary atomic numbers

(Z) the charge (b,Z) evaporated from the PLF's, as de-
rived from the invariant emission patterns measured with
the Dwarf array. As seen from this figure, the primary
atomic-number distributions broaden with increasing en-

ergy dissipation, while their averages show only a weak
drift away from the projectile Z. The observed trends in
the primary atomic-number distributions are quantitatively
compatible with predictions of dynamical NEM calcula-
tions described above.

From Figs. 2 and 3, a reaction scenario similar to that
of damped collisions can be inferred. In this scenario,
the two reaction partners form a transient dinuclear
system and orbit about each other for a fraction of a
revolution, while relative kinetic energy is dissipated
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FIG. 3. Distributions of primary atomic numbers (Z9„; ) of the
projectilelike fragments for different bins in associated neutron
multiplicity, as indicated.

through incoherent multinucleon exchange. This is a
process termed here "dissipative orbiting, " regardless of
the magnitude of the "orbiting angle" and, hence, of
the sign of the asymptotic emission angle. Eventually,
due to the repulsive Coulomb and centrifugal forces, the
orbiting complex reseparates into two excited fragments,
which subsequently decay statistically, predominantly via
emission of light particles, but often also via fission. The
dynamical reseparation into two and only two products
defines the present use of the term "binary, " as an attribute
of the primary collision phenomenology, and not of the
final count of reaction products in the exit channel.

For a further understanding of the dynamics governed
by the l-dependent macroscopic interaction forces, it is in-
teresting to explore whether the lower section of the ridge
in Fig. 2 represents negative or positive deflection angles
and, hence, whether a rainbow phenomenon occurs in a
relatively narrow angular range along the orbiting ridge,
falling outside the acceptance angle of the telescope.

The question of a possible rainbow is addressed
schematically in Fig. 4, where the average emission angle
(Ol, b) of the massive residue of the primary PLF is
plotted versus the average multiplicity of associated p,
d, and t particles, along the orbiting ridge. The vertical
bars illustrate the widths (FWHM) of the respective mul-

tiplicity distributions. In order to help visualize the two
possible signs of the associated deflection angles, the data
corresponding to the lower section of the ridge in Fig. 2
are plotted at both negative and positive angles. First,
Fig. 4 confirms, in a direct fashion, a steady increase in
energy dissipation, as one moves along the upper section
of the ridge, from the quasielastic region toward smaller
angles, and then continues along the lower section toward
larger angles. Figure 4 shows also that an "S"-shape
connecting section (dot-dashed line) of the ridge is needed
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FIG. 4. Analysis of the yield ridge line in a representation of
deflection angle versus measured average multiplicity of light
charged particles. The lower yield branch has been plotted both
at positive and at negative angles. The vertical bars illustrate
FWHM values of the respective multiplicity distributions. The
various curves represent different extrapolations of the two
branches of measured yield discussed in the text.

1301



VOLUME 74, NUMBER 8 PH YS ICAL REVIEW LETTERS 20 FEBRUARY 1995

to accommodate negative deflection angles for the lower
section of the ridge. Similar S-shape connecting sections
were found necessary for continuity in the correlation be-
tween PLF deflection angle and several other observables,
including (i) PLF kinetic energy, (ii) PLF atomic-number,
multiplicities of (iii) protons, (iv) deuterons, (v) tritons,
and (vi) ot particles. To our knowledge, an S turn has
never been observed in experimental deflection functions;
it would imply nonmonotonic variations with l of the
effective interaction forces. On the other hand, a simple
V turn (solid line) suffices to connect the two sections,
were they both at positive deflection angles, and this

type of turn provides no unusual theoretical challenge.
Although the simple geometrical analysis of Fig. 4 is
not conclusive, it provides reasonable grounds for a
cautious supposition that the lower section of the ridge
actually represents positive deflection angles and, hence,
that a rainbow phenomenon occurs in these collisions
at an angle around 2 . If confirmed, this conclusion
would contradict the above standard BUU and NEM
calculations, which do not show such a rainbow feature at
positive deflection angles.

In summary, two sections of the deflection function have
been observed for the 209Bi + '36Xe reaction at F/A =
28 MeV and an angular range of 3 —5.6', corresponding to
two different ranges of kinetic-energy dissipation and as-
sociated impact parameter. The observed evolution of the
primary PLF atomic-number (Z~„)distributions with the
degree of energy damping points to an underlying collision
scenario similar to that encountered in damped reactions
at lower bombarding energies. From simple geometrical
considerations, it can be argued that possibly both observed
branches of the deflection function correspond to posi-
tive deflection angles, indicative of the nuclear rainbow
phenomenon. Neither, the dynamical one-body exchange
model nor the BUU approach, in their current implementa-
tions, account quantitatively for the macroscopic reaction
dynamics. Clearly, more systematic studies, spanning a
range of systems and bombarding energies, are needed to
provide directions for a further development of a quan-
titative theory of macroscopic nuclear interactions in the
Fermi energy domain.
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