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Intermediate Mass Fragment Emission Pattern in Peripheral Heavy-Ion Collisions
at Fermi Energies
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The emission pattern in the yperp 2 ypar plane of intermediate mass fragments with Z � 3 7 (IMF)
has been studied in the collision 116Sn 1 93Nb at 29.5A MeV as a function of the total kinetic energy
loss of the reaction. This pattern shows that for peripheral reactions most IMF’s are emitted at velocities
intermediate between those of the projectile- and target-like products. Coulomb trajectory calculations
show that these IMF’s are produced in the interaction zone in a short time interval at the end of the
target-projectile interaction.
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In collisions of heavy ions in the Fermi regime, i.e., at
bombarding energies of �30 50�A MeV, an intense emis-
sion of intermediate mass fragments (IMF) at midveloc-
ity has been evidenced [1–7]. For noncentral collisions,
where the binary character of the reaction is preserved,
the velocity region between the projectile- and target-like
fragments (PLF and TLF) presents an intensity of particles
unexpected on the basis of the statistical emission from the
hot, fully accelerated main fragments. This emission may
be seen as a step in the evolution from the fast three-body
processes found at lower energies [8,9] to the fragmenta-
tion of the “participant zone” or the “fire-ball” at much
higher energies. At the present time, the isospin com-
position of the midvelocity light charged particles �Z #

2, LCP� and IMF’s is highly debated, as it can be con-
nected with the composition of the emitting source (see,
e.g., [10] and references therein). The question of the
mechanism responsible for these midvelocity emissions is
also under discussion, due to the fact that for their inter-
pretation both dynamical [6] and statistical approaches [11]
have been used.

It was shown by the INDRA Collaboration [7] that, for
a given bombarding energy, the largest ratio (up to �3) of
midvelocity to evaporative IMF’s is found in noncentral
collisions. However, because of the relatively high thresh-
old for TLF detection of the existing 4p detectors, so far
it has not been possible to reliably select the very periph-
eral collisions. In this Letter we present experimental re-
sults which, thanks to the low thresholds for TLF detection,
make it possible— for the first time—to identify reactions
where almost all IMF’s concentrate at midvelocity and to
carefully study their emission pattern. Preliminary results
were presented in Ref. [10].

The experiment (Florentine Initiative After Supercon-
ducting Cyclotron Opening, FIASCO) was performed
at the Laboratori Nazionali del Sud in Catania (Italy).
Targets of 93Nb ��200 mg�cm2� were bombarded with a
29.5A MeV pulsed beam of 116Sn, with intensity #0.1 nA
and time resolution #1 ns. The setup basically consisted
1-1 0031-9007�02�88(5)�052701(4)$20.00
of 24 position-sensitive parallel plate avalanche detectors
(PPAD) [12,13] covering �70% of the forward solid
angle, down to a minimum angle of 0.8±. They measured,
with very low thresholds �,0.1A MeV�, impact time
and position (FWHM resolutions 600 ps and 3.5 mm,
respectively) of heavy reaction products �A $ 20�. From
the velocity vectors, primary (i.e., preevaporative) quanti-
ties (including the total kinetic energy loss, TKEL [12])
were kinematically reconstructed event by event [14].
The setup included 160 two- and three-element phoswich
scintillators mounted behind most of the PPAD’s. They
detected LCP’s and IMF’s with Z # 20 in �20% of the
forward solid angle (plus a reduced sampling in the back-
ward hemisphere). The first element of the phoswiches
was a 200 mm thin fast-plastic scintillator resulting in
rather low thresholds [��3 10�A MeV for Z � 1 20].
The measurement of the time of flight allowed us to
directly obtain the velocities of LCP’s and IMF’s, without
tricky and time-consuming energy calibrations of the
scintillators. A detailed description of the setup was given
in [15].

The data presented in this Letter are focused on binary
events, where only two major fragments are detected in
the PPAD’s while the coincident LCP’s and IMF’s hit the
phoswich detectors. Using TKEL as an ordering vari-
able, one can select events with increasing impact pa-
rameters up to grazing collisions. Contrary to all other
available 4p detectors, our low thresholds also allow us
to measure both the PLF and the TLF for events with
TKEL # 400 MeV. Reconstructed primary quantities
were obtained from two-body kinematics for events with
emission not only of LCP’s, but also of an IMF [16].

The left part of Fig. 1 shows, for TKEL � 240
400 MeV, the experimental yields of p, d, He, and IMF’s
�Z � 3 7� in the yperp ypar plane. Here ypar and yperp
are, respectively, the velocity components parallel and
perpendicular to the asymptotic PLF-TLF axis in the
target-projectile center of mass system (differing by only
4 mm�ns from the nucleon-nucleon one, due to the small
© 2002 The American Physical Society 052701-1
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FIG. 1. Left: experimental yields in the yperp-ypar plane for
p, d, He, and IMF’s �Z � 3 7� in the system 116Sn 1 93Nb
at 29.5A MeV, for TKEL � 240 400 MeV (corrected for the
setup geometry). Level spacing is logarithmic, dashed lines in-
dicate velocity thresholds. Right: same results for the simulated
evaporative emission from the hot reaction partners.

asymmetry of the entrance channel). Dashed lines show
the velocity thresholds due to the thin fast-plastic scintil-
lator. The data were corrected with Monte Carlo methods
for the efficiency and finite geometry of the setup [15];
because of its large acceptance and axial symmetry, the
correction is largely independent of the emission pattern.
In the backward lab hemisphere �ypar & 240 mm�ns�,
due to the reduced detector coverage, the correction is not
as effective as in the forward one.

In order to better clarify the major features of the ex-
perimental data, the right-hand panels of Fig. 1 show the
corresponding yields obtained with the simulation of a pure
evaporation from fully accelerated fragments, filtered with
the setup acceptance and then corrected in the same way as
the experimental data. The excitation energy of the frag-
ments was obtained from TKEL with an “equal energy”
sharing, according to [17]. For the evaporation step, the
statistical code GEMINI [18] was used, but the LCP and
IMF multiplicities had to be adjusted to reproduce the ex-
perimental ones.

The experimental emission pattern for protons does not
differ very much from that expected for a sequential evapo-
ration, but with increasing particle mass the midvelocity
yield becomes increasingly important until it actually ex-
hausts most of the IMF intensity.

The midvelocity particle multiplicities were obtained
with a procedure similar to that outlined in [6]. The simu-
lation of the evaporation step was tuned so as to reproduce
the experimental data in the velocity region corresponding
to forward emission from the PLF (10± # uPLF # 40± in
the PLF reference frame). Assuming that it properly mim-
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ics the whole evaporative emission of PLF and TLF, the
midvelocity yield is obtained as the difference between
the total experimental emission and the corresponding es-
timate of the evaporative component.

The deduced multiplicities are shown as a function of
TKEL in Fig. 2, separately for p, d, t, He, and IMF’s.
Full circles refer to the statistical evaporation, with uncer-
tainties (due to detector thresholds and determination of the
TLF emission) usually smaller than the symbol size. Full
squares show the multiplicity of midvelocity particles. The
larger the midvelocity component, the more reliable its ex-
traction; the largest errors are for protons, owing to the
presence of a large evaporative component.

It is worth noting that in the midvelocity emission
of peripheral events, the mass removed by the IMF’s
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FIG. 2. Experimental multiplicities of p, d, t, He, and IMF’s
�Z � 3 7� against TKEL in 116Sn 1 93Nb at 29.5A MeV. Full
squares (circles) refer to the midvelocity (evaporative) compo-
nent; open symbols are for the system Xe 1 Sn at 32A MeV
[7]. Lines are to guide the eye. On top, correspondence between
TKEL and impact parameter (or centrality binning of [7]), esti-
mated from the QMD code CHIMERA [19].
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(assuming A � 2Z) is comparable to that removed by
LCP’s (while it is much smaller in case of evaporation).
Moreover, as already qualitatively seen in Fig. 1, the
midvelocity component of IMF’s greatly overcomes the
evaporative emission by more than a factor of 20 for
the most peripheral collisions. To our knowledge, this
extremely enhanced emission of midvelocity IMF’s has
never been directly observed before; the nuclear matter
tends to break apart in intermediate mass fragments, and
this process successfully competes with LCP emission.

The comparison of the multiplicities presented in Fig. 2
with those of Xe 1 Sn (open symbols) at similar bom-
barding energies [7] required us to find a correspondence
between our ordering variable (TKEL) and that used by
the INDRA Collaboration to estimate the impact parameter
(transverse energy of LCP’s, Etrans12). Following Ref. [7],
we used the same quantum molecular dynamics (QMD)
code CHIMERA [19] as an event generator for our reaction
116Sn 1 93Nb. In simulated events, analyzed in the same
way as the experimental ones, the reconstructed TKEL is
closely correlated with the impact parameter [20]; details
are given in [15]. Here, on top of Fig. 2, we have synthet-
ically drawn the obtained impact parameter scale. It has
to be noted that the range of impact parameters probed by
our experiment extends to significantly larger values than
those accessible with INDRA, the results of both experi-
ments being in good agreement in the common region.

To deal with the question of whether the production
mechanism of midvelocity IMF’s is mainly of a dynami-
cal or statistical nature is beyond the scope of this Letter,
but the peculiar emission pattern of the very peripheral
collisions (where it is almost free from contaminations due
to evaporation from PLF and TLF) can give information on
the time-space configuration of the emitting system.

First of all, an emission from PLF and TLF alone would
not produce the large yield of midvelocity IMF’s with large
transverse momenta. In fact, even in the case of a fast
nonequilibrium process, the IMF’s would still be pushed
(possibly in an anisotropic way) on portions of Coulomb
rings. Therefore a midvelocity emission was assumed,
the IMF being the remnant of the overlapping nuclear
matter (“neck” or “participant zone”). Schematically, the
Coulomb trajectory calculation was performed by numeri-
cal integration of the three-body classical equations of mo-
tion starting from the following initial conditions: (1) The
three objects are in an aligned configuration, at the end of
the interaction phase. Distances dsep between the PLF and
TLF surfaces in the range 5 12 fm were considered, the
lower value corresponding to three touching spheres and
the upper one to a very elongated neck [21]. At the con-
sidered relative velocities, this upper limit corresponds to
times of �60 fm�c. Since the results are not very sensi-
tive to its specific value, dsep was randomly varied in the
mentioned range. (2) Positions and velocities of PLF and
TLF are obtained by analytically bringing back these two
fragments (produced by a realistic two-body Monte Carlo
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simulation) on their Coulomb trajectories until their sur-
faces are at the distance dsep (the correspondence between
TKEL and impact parameter was deduced from the QMD
code). (3) The IMF, sampled from a charge distribution
deduced from the experimental data, is emitted halfway
between PLF and TLF with a mean velocity intermediate
between those of PLF and TLF (nucleon-nucleon system)
plus a random “thermal-like” kinetic energy described by
a tuning parameter �En�.

Figure 3a presents the emission pattern obtained after
applying the experimental filter, in the bin TKEL �
240 400 MeV (with �En� � 25 MeV). The main effect
of the two close-lying fragments is to partly deplete
the high values of ypar, while the shape of the yperp
distribution mainly depends on the assumed thermal-like
energy. In fact, for peripheral collisions, the heavy frag-
ments fly swiftly apart, with little energy transfer to the
IMF. The comparison with the experimental correlation
(Fig. 3d) shows that the simulated midvelocity emission
significantly contributes to the experimental distribution,
in particular in the high transverse momentum region,
but is too narrow in the parallel momentum. This can be
better seen in Figs. 3e–3f where the experimental ypar

and yperp distributions (full dots) are compared to the
simulated ones (dashed histograms).

Further simulations with different modeling of the IMF
emission have shown the following: (a) variations of its
spatial position (up to a flat distribution across the whole
gap between the two main fragments) do not appreciably
alter the emission pattern; (b) variations of its initial mean
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FIG. 3. Plots of yperp-ypar for IMF’s �Z � 3 7� at TKEL �
240 400 MeV: (a) Coulomb trajectory calculation for mid-
velocity emission with �En� � 25 MeV and (b) for surface
emission with �Es� � 10 MeV, (c) mixture of the two, and
(d) experimental correlation. Projection on (e) ypar and (f ) yperp
of the experimental (full dots) and simulated yields [histograms:
dashed for the correlation in (a); dotted for an extended source,
see text; continuous for the correlation in (c)].
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velocity (with respect to that of the nucleon-nucleon sys-
tem) have little effect unless values close to that of PLF or
TLF are considered. The dotted histograms of Figs. 3e–3f
show the result of a simulation where the initial spatial
position of the IMF is evenly distributed across the gap
between PLF and TLF and its initial mean velocity corre-
spondingly spans the whole range between PLF and TLF
velocities. The disagreement with the experiment has been
considerably reduced. This suggests that further improve-
ment might be obtained by assuming that an even larger
amount of IMF’s are emitted nearly at rest in the PLF or
TLF reference frame, from a quasialigned configuration
somewhat reminiscent of the so-called “fast oriented fis-
sion” [8,13] or “aligned breakup” [9].

In order to keep the schematization simple (and the num-
ber of parameters small), we preferred to add to the central
emission of Fig. 3a just a second component, namely a fast
surface emission. It was assumed that the IMF’s are emit-
ted from the original contact regions on the surfaces of
the two flying-apart primary fragments, with the velocity
of PLF or TLF and, superimposed, a “thermal-like” en-
ergy �Es�. The overall agreement could be significantly
improved only by allowing some spread of the emission
point on the surface of the nuclei, which may be justified
by shape fluctuations and/or angular momentum effects.
Figure 3b shows the emission pattern of this surface emis-
sion (for �Es� � 10 MeV and a two-dimensional Gaussian
spread around the contact point with su � 40±): the re-
sulting incomplete Coulomb rings reproduce the wings of
the experimental distribution. A combination of the two
components can now give a satisfactory reproduction of
the experimental data, as shown in Fig. 3c, where a ratio
between surface and midvelocity emission of 0.7 has been
used. The projections of the experimental and simulated
data (full dots and continuous histograms, respectively) on
ypar (Fig. 3e) and yperp (Fig. 3f) give us a better percep-
tion of the good quality of the agreement obtained. Thus
a single mechanism aiming at a good reproduction of the
experimental pattern should be modeled in such a way as
to include, besides a central emission, also an important
emission from phase space regions very near to those of the
PLF and TLF. An agreement of the same quality is found
for more peripheral events �TKEL # 240 MeV�, while for
more central TKEL bins the comparison becomes increas-
ingly blurred by the growing contribution of the evapora-
tive emission. The overall trend is that both the random
energy �En� of the midvelocity emission and the spread of
the emission point in the surface emission increase with
increasing centrality. Thus, in the proposed approach, the
experimental IMF emission appears to be compatible with
the formation of an extended neck-like structure which
decays by a prompt emission from the neck region itself
or induces a successive emission from the surfaces of the
separating nuclei. In this framework, the midvelocity emis-
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sion develops on a time scale of the order of the con-
tact time of the two colliding nuclei, while for the surface
emission a somewhat longer time extension is estimated.
In fact, from the observed angular anisotropy and using
realistic values of the angular momenta �L � 30h̄� and
moments of inertia of the nuclei (rigid sphere), one can ex-
clude times significantly larger than about 300 fm�c. This
value is of the order of that estimated in [8] for the most
asymmetric fission-like processes.

In conclusion, peripheral collisions are characterized by
a sizable emission of IMF’s at midvelocity, successfully
competing with LCP’s and greatly overcoming the IMF
evaporative emission. The peculiar pattern of midveloc-
ity IMF’s from peripheral collisions seems to require the
emission from an “extended neck,” which also includes a
fast contribution of IMF’s emitted nearly at rest in the PLF
or TLF reference frame.
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