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Abstract

Intermediate mass fragment emission from neck-like structures join-
ing projectile- and target-like residues has been observed for peripheral
129X 414t Cu collisions at E/A=50 MeV. These fragments are emitted primar-
ily at velocities between those of the projectile-like and target-like residues.
Relative to the charge distribution of fragments evaporated from projectile-
like residues, the distribution for “neck” emission shows an enhanced emission
for fragments with 4 < Z < 12. This feature is consistent with expectations

for the fragmentation of a non-compact cylindrical configuration.
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The binary breakup of liquid drops proceeds with the formation of a neck which thins
and scissions via the amplification of Rayleigh instabilities [1]. Such processes, readily ob-
served in macroscopic liquid drops [2], also occur in the binary fission decays of nuclear
Fermi liquid drops and in the scission stages of strongly damped binary nuclear collisions.
There, with rare exceptions [3] [4], the neck is largely reabsorbed by the fragments as they
are driven slowly apart by their mutual Coulomb repulsion. For the larger fragment sep-
aration velocities typical of peripheral collisions at higher incident energies, scission time
scales shorten considerably. The time scale for the development of surface instabilities, how-
ever, may not correspondingly decrease. Indeed, many calculations predict the formation of
rather elongated neck-like structures in peripheral collisions for relative fragment velocities
approaching the sound velocity of nuclear matter [5].

The creation and decay of such neck-like structures in peripheral collisions, as well as
toroidal or disk-like structures in central collisions [6] [7], may have significant implications
for the study of fragmentation processes. Due to their unusually large surface to volume
ratios, enhanced fragment emission is predicted from such structures relative to spherical
systems at similar excitation energies [8], thus complicating the interpretation [9)] [10] [11] of
fragmentation data in terms of nuclear phase transitions. The larger cross sections achieved
as one moves to greater impact parameters is a distinct advantage for stﬁdies of neck-like
structures over analogous studies of toroidal or disk-like structures. In addition, qualitative
evidence for the emission of fragments from neck-like structures has been observed [12] [13]
[14] [15]. In this letter, we extract the charge distribution of fragments from the decay of
neck-like structures formed in peripheral 129Xe+"**Cu collisions at E/A = 50 MeV.

The experiment ‘wa.s performed by bombarding a 2.3 mg/cm? "**Cu target with a 49.8
MeV /nucleon '**Xe beam from the K1200 Cyclotron of the National Superconducting Cy-
clotron Laboratory at Michigan State University. Light charged particles and intermediate
mass fragments (IMF’s: 3< Zjpr < 20) were detected at 16° < 8,5 < 160° by 171 phoswich
detector elements of the MSU Miniball [16] and at 2° < 6., < 16° by the LBL Forward

Array [17]. The charge identification thresholds were about 2, 3, and 4 MeV /nucleon in
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the Miniball for Z=3, 10, and 18, respectively, and 6, 13, 21, and 27 MeV/nucleon in the
LBL Forward Array for Z= 2, 8, 20, and 54, respectively. The geometric acceptance of
the combined array was somewhat greater than 88% of 4. Further details concerning the
experimental setup can be found in Ref. [18].

This analysis focuses upon events in which only one IMF and one projectile-like fragment
(PLF) are observed with a combined charge of Zis = Zimr + Zprr = 39. The latter
condition is made to ensure that most of the original projectile charge is recovered. This
class of events has a Gaussian distributed charged particle multiplicity (N.) with a mean of
13 and standard deviation of 4, independent of Z;apr. Using the impact parameter scale of
Ref. [18], this mean multiplicity corresponds to b = 6 + 2 fm. Although the PLF velocity
and mass decrease with decreasing impact parameter, the PLF is still reasonably large
({(Zprr) = 37) and the dissipation moderate ({Eprr/A) = 41 MeV) for the events under
consideration. Target-like residues (TLF) rarely overcome the Miniball thresholds, but their
existence in these collisions can be deduced from the-low values for the associated charged
particle multiplicity.

Statistical IMF emission from a highly excited but nevertheless equilibrated projectile-
like residue (PLF*) constitutes the primary background process to be considered. A clear
identification of this process is facilitated by analyzing the data in the center of mass
frame of the IMF plus PLF subsystem. This subsystem moves with velocity VeLps =
(P’IMF + ﬁpr)/[mN(AIMp + Aprr)] in the reaction center of mass frame. The analysis con-
siders the components (V,., ¢, ¢’) of the IMF velocity (1261) relative to the PLF in a standard
right-handed spherical polar coordinate system ¥’ based on the following Cartesian.axes:

and &' = Vpr./WpLF. |. All velocities are obtained

# = (Vaeom X Verr+)/|Vaeam X VoL
by assuming fragment masses (ApLr, AjpF) to be twice their measured charge. This ap-
proximation does not materially influence the separation between the statistical decay of a
PLF* and other processes.

The extraction of the statistical decay of the PLF* relies upon comparisons of the mea-

sured data to statistical emission patterns with a known rotational symmetry. Assuming the
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angular momentum of the PLF* to be aligned along the reaction normal (2’), the statistical
decay of the PLF* is simulated via the analytic model of Halpern [19] wherein the differential

multiplicity in the ¥ frame is given by,

d*M J(iK)
') = N _ -(E-Ec)/T
where,
Rw
K = —[am(E - Ec)]'*sin¢’. (2)

Here, E is the energy of relative motion between the PLF and IMF, T is the temperature,
Rw is the tangential velocity at the equatorial surface of the rotating nucleus, E¢ is a
parameter describing the suppression of IMF emission below the Coulomb barrier and J,
is the Bessel function of order unity. The velocity and scattering angle of the PLF* with
respect to the beam axis determines the transformation from the 3 frame to the lab frame.
These are accurately parameterized by Gaussian distributions with means and variances
determined from the experimental data. Using these parameterizations and Eq. (1), the
statistical decay of the PLF* is simulated via a Monte Carlo algorithm, taking the acceptance
of the detection apparatus into account. The parameters of this evaporative simulation are
optimized by comparison to measurements at angles where the statistical decay contributions
are dominant, and at relative velocities where contributions from the statistical decay of the
target-like residue can be avoided.

The right-hand panels of Fig. 1 display the measured relative velocity spectra (solid
points) for Z;pmp = 4, 7, and 10. Possible contributions from the decay of excited TLFs
are observed as a bump at velocitieg greater than 0.15c. The lack of detailed knowledge
concerning the undetected TLF makes this component difficult to simulate; therefore, the
analysis was restricted to the region of V,,; < 0.15¢ (bounded by the dotted line) in order
to eliminate such contributions. The independence of statistical emission on @' allows one
to determine the temperature and Coulomb barrier parameters from a carefully selected ¢’

region, in situations where ¢’ dependent processes may also exist. In particular, statistical

4



decay is expected to dominate in the angular domain pointing away from the TLF (¢’ < 75°
or ¢' > 255°). The left-hand panels of Fig. 1 illustrate data (points) restricted to this angular
domain (denoted by EVAP), accompanied by the Monte Carlo (solid line) simulations over
the same angular dqmain. Although the data are well described by the simulations, it is
necessary to ensure that the 6’ dependence of the data in the EVAP region is also correctly
described by the parameters and normalizations used for the velocity distributions. The
upper left panel of Fig. 2 shows excellent agreement between the cos @’ distribution of the
data (points) and the simulation (line) for the case of Z;pr = 7. The minimum found near
cos @ = (', in both the data and the simulation, is an artifact of the detection geometry, as
the simulation is isotropic (Rw = 0).

Once all of the parameters and normalizations have been determined in this fashion, it
is relevant to compare the simulations (extrapolated to cover the full range of ¢') to the
data in the right-hand panels of Fig. 1. The extrapolations (long dashes) reveal an inability
of the simulation to account for all of the yield below V,,; = 0.15¢c. This suggests an
enhancement for emission of fragﬁlents at velocities between that of the PLF and TLF. This
enhancement in the direction of the TLF, which appears to be the greatest for Z;yr = 7, is
more effectively demonstrated by the upper right panel of Fig. 2. While it is clear that the
simulation correctly predicts the shape and overall normalization for the EVAP region of
the ¢’ distribution delineated by the dashed lines, it is also apparent that there is an order
of magnitude enhancement near ¢’ = 180° corresponding to IMF emission between the PLF
and the TLF. This extra yield at 75° < ¢’ < 255° cannot be reduced due to constraints on
the statistical decay yield enforced by the data in the EVAP region.

Aftebr subtracting the statistical decay yield, one is left with the non-statistical contribu-
tions shown by the solid points in thé lower panels of Fig. 2. This non-statistical yield was
simulated (solid lines) by multiplying Eq. (1) with a Gaussian of width o4 in ¢/, varying o, to
reproduce the ¢’ distribution. New values for 7', Rw, and E¢ were also chosen to reproduce
the velocity spectra, and out-of-plane distributions of the non-statistical contribution. The

RMS widths of the #' and ¢’ distributions extracted for the focused non-statistical emission



are comparable and of order 30°-35°, consistent with the nearly symmetric fragmentation of
a cylindrical structure connecting the PLF and TLF. The relative velocity distributions for
the extracted non-statistical fragmentation products are shown as the short dashed lines in
Fig. 1. Their extension to much larger relative velocities than that of the statistical decay
contributions (dashed lines) is also consistent with a neck fragmentation picture [20].

While the velocity spectra show evidence for a charge dependent evolution of the relative
yields for statistical and neck fragmentation, more quantitative information is provided by
the efficiency corrected yields for the statistical (solid circles) and neck fragmentation (open
squafes) components shown in the upper panel of F ig. 3. The ratio of neck fragmentation to
statistical yields is consistently greater than one and reaches a maximum for Zimr = 7. This
maximum may, in part, be a reflection of the breakup geometry. To illustrate this possibility,
bond percolation calculations [21] have been performed for a sub-critical bond breaking
probability of p=0.55, a lattice spacing of 1.8 fm, and A,,;q; = Aproj + Ater. The nucleons
are arranged in a “dumbbell” geometry consisting of a spherical PLF and a spherical TLF
joined by a cylindrical neck of length L=12.6 fm and variable radius (consisting of nucleons
taken from the projectile and target in proportion to their masses). Percolation calculations
with these choices for L and p roughly reproduce the measured values for N. and Zp;F.
Fragments were labeled as originating from the neck, the TLF or the PLF depending upon
the spatial origin of the majority of nucleons comprising the fragment. The predicted ratio
of neck to PLF fragment yields are shown in the lower panel of Fig. 3 for neck diameters of
3.0, 5.4, and 5.7 fm. It is instructive to note the correlation between the peak location and
the increasing neck diameter even though essential dynamical instabilitigs that cause neck
fragmentation a.-re not considered by this simple model.

In summary, evidence for intermediate mass fragment emission from neck-like structures
joining projectile- and target-like residues has been observed for peripheral ?°Xe+4tCy
collisions at E/A=50 MeV. These fragments are emitted primarily at velocities between
those of the PLF and the TLF. Relative to the charge distribution for fragments evaporated

from the projectile-like residue, the distribution for “neck” emission shows an enhanced

6



emission for fragments with 4 < Z;yr < 12. This feature is consistent with expectation
for the fragmentation of a non-compact cylindrical configuration. Future investigations of
the impact parameter and incident energy dependence of this phenomenon should provide
considerable insight into the growth of instabilities in finite nuclear matter.
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FIG. 1. Relative \-r‘elocity distributions for three values of Zarr. The left panels show results
for ¢' < 75° or ¢’ > 255° where the emission is predominantly statistical. The right panels
compare simulations for statistical (long dashes) and non-statistical decay (short dashes) and their
sum (solid lines) to data taken over the full ¢’ range. The dotted line indicates the cut used to

eliminate statistical contributions from the excited TLF population.

11



—IIII|II|IIIIII errT TTllllllll[ll'lT LI
| | I — 103
[ f\ I 3
* | % N
100 — | f .l i
| = a
L I i
= I 2
n * I 10
50—
/\. ~
:, -
x o::e:lm:}:::;{m: 101
N’ R 3
o 34
— -
q) -
-y -
. i
500
—3102
1ll|llllllllllllll 1 101

-05 0.0 05
cos @'

FIG. 2. A comparison of simulations (lines) to experimental data (points) for evaporative
decay (upper panels) and non-evaporative decay (lower panels). These results are for the case of

Zimr =1T.
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FIG. 3. Upper panel: Efficiency corrected yields for statistical emission (solid circles) and neck
fragmentation (open squares) as a function of Z;prp. Middle Panel: Ratio of the measured yields
" of neck fragmentation divided by statistical emission. Lower panel: Corresponding ratio of yields
calculated with the bond percolation model. The dashed, solid, and dotted ]jnes_ correspond to

neck diameters of 5.0 fm, 5.4 fm, and 5.7 fm, respectively.
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