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Balance of Mass, Momentum, and Energy in Splintering Central Collisions for 40Ar
up to 115 MeV���Nucleon
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For central collisions of �17 115�A MeV 40Ar 1 Cu, Ag, Au, an overall balance is determined for the
average mass, energy, and longitudinal momentum. Light charged particles and fragments are separated
into forward-focused and isotropic components in the frame of the heaviest fragment. Energy removal
by the isotropic component reaches 1–2 GeV. For such high deposition energies, statistical multifrag-
mentation models predict much more extensive nuclear disassembly than is observed.

PACS numbers: 25.70.Pq, 25.75.Ld
Central collisions between mass asymmetric heavy nu-
clei of ��10 100�A MeV deposit substantial amounts of
energy into a core nuclear system, e.g., for �100A MeV
40Ar 1 Ag one finds *1 GeV (or �10 MeV�nucleon
[1]). One expects that the addition of energy to a nuclear
system will cause it to expand in size and ultimately lead
to its disassembly, but we do not yet have a systematic
picture of the evolution from nuclear evaporative decay to
such disassembly [2]. In this spirit we study the reactions
of Cu, Ag, and Au with 40Ar from �17 115�A MeV.
What are the roles of nuclear stopping vs transparency in
these reactions? What fragments carry away the undis-
sipated energy in forward focused emission, and what
ejectiles remove energy via isotropic emission from the
very highly excited core nucleus? These are the questions
that we address in this survey experiment.

In this communication we focus on the multiplicities,
the angular distributions, and the average energies of the
charged ejectiles. As in [1] we select violent central colli-
sions via the highest 15% of the multiplicity distributions
and require that each event include $75% of the system
charge and $70% of the incident momentum. We group
the various ejectiles into two components: (a) an isotropic
component in the frame of the heaviest fragment, and
(b) a forward-directed component in this frame [3,4]. We
determine the average linear momentum for various ejec-
tile types of each component and hence characterize the
residual system after the forward ejections and prior to
the isotropic emission. Similarly, we determine the en-
ergy removal by the ensemble of isotropic ejectiles and
hence characterize the excitation energy of this isotropic
emission ensemble (usually taken as thermalized and equi-
0031-9007�00�84(1)�43(4)$15.00 ©
librated). This is the first study to present such a complete
mass energy and momentum balance for mass asymmetric
reactions at intermediate energies.

The experiment was performed with beams of
�8 115�A MeV 40Ar from the K1200 cyclotron at Michi-
gan State University. Thin targets of Cu, Ag, or Au
were bombarded, and charged ejectiles were detected
from �0.5± 162± in the 4p array [1,5–7]. An important
aspect of this experiment was the use of 45 Si detectors
(�3 cm 3 3 cm 3 140 mm) mounted �70 cm from the
target in front of 45 plastic telescopes at polar angles
of 3± 18±. Energy and time-of-flight signals from
these detectors provided mass determinations (resolution
5%–10%) for fragments of A $ 10. As described in [1]
we use these data to characterize the heaviest fragment in
terms of its mass and longitudinal velocity; experimental
details are given there. For data acquisition a minimum
of two hits were required for 18± , u , 162± (thresholds
17 and 12 MeV for 1H and 4He)

For mass asymmetric reactions in the near-barrier en-
ergy domain of &20A MeV it has long been conventional
to resolve light ejectile emission into an isotropic and a
forward-peaked component, e.g., [3,4], commonly termed
the evaporation and direct components. For incident ener-
gies greater than �30A MeV, experiments have often been
performed with near 4p detector arrays that give a won-
derful view of the light or fast ejectiles [2]. Often these ar-
rays are not sensitive to the low-velocity heavy fragments.
Without such heavy fragment detection one has no inde-
pendent handle on a source velocity for isotropic emission;
therefore, it has not been possible to resolve these two
components with good confidence or even consistency.
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The multisource fits to particle spectra generally have em-
ployed a very large number of free parameters, which give
a substantial vulnerability to systematic errors.

In Ref. [4] heavy fragment velocities were measured and
used, along with a 4p array for light particles, to resolve H,
He, and Li fragments into isotropic and forward-directed
components. Here we have followed the same procedure.
The various ejectiles were transformed into the moving
frame (MF) of the average heaviest fragment as illustrated
for several cases in Fig. 1. This moving frame (MF) has a
smaller longitudinal velocity than the reaction c.m. due to
the forward focusing of the lighter ejectiles (Figs. 3 and 4
in Ref. [1]). Results are similar for each target and energy.
An isotropic component, with angle independent energy
spectra, was observed for each reaction for polar angle
*100± in the heavy fragment frame [8]. This component
was subtracted from the complete set of emissions in 4p

sr (both corrected for acceptance and threshold) to obtain
the resultant average multiplicity and energy of the forward
component. Energy and angle-integrated multiplicities for
the two components are displayed in Fig. 2. Neutrons
were not detected in this experiment; however, a number
of measurements in the literature [9–12] have been used,
in conjunction with our data, to estimate their average
multiplicities for Ar 1 Cu, Ag, Au.

The overall balance of average mass, energy, and mo-
mentum is shown in Fig. 3. Panels a–c show the average
mass removed by the forward-peaked and isotropic com-
ponents along with the average mass of the heaviest resid-
ual fragment. Several points should be noted. (1) The

FIG. 1. Angular distributions for H, He, and IMFs (3 # Z #
18) in the moving frame (MF) of the average heaviest fragment
for Ar 1 Ag reactions.
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sums of the average experimental masses are consistent
with the total system masses of A � 104, 148, and 237
for Ar 1 Cu, Ag, and Au, respectively. (2) The mass of
the forward-peaked component decreases as target mass
increases. (3) The mass removed by isotropic emission in-
creases as the target mass increases.

Panels d–f show the average energy removal by
isotropic components (IE) and by forward focused com-
ponents (FE) separated by ejectile type. (1) Again, there
is consistency between the sums of the observed averages
and the total available energy. (2) The summed energy
removal by forward focused components decreases as the
target mass increases. (3) The energy removal by isotropic
emission increases as the target mass increases.

Panels g–i show the average momentum balance for
each reaction separated by ejectile type. The two un-
shaded bars indicate the average longitudinal momentum
of the heaviest fragment along with the average momenta
(over 4p sr) for its associated isotropic ejectiles. Shaded
bars represent the average momenta for forward-peaked
components of the type indicated. There is consistency
between the arrows for the incident momenta and the sums
of the exit channel momenta. The isotropic components
are dominant for the lowest energies where complete and
incomplete fusion are well known, and the compound-
nucleus model rules. This pattern has been well estab-
lished by studies of heavy fragment velocities, e.g. [13].
However, for beam energies of *44A MeV, the forward-
peaked components dominate, and the momentum is
widely spread over many ejectile types. For this reason
the term splintering central collisions was introduced [1].

It is interesting that the linear momentum transfer to the
heavy core nucleus (unshaded bars) decreases with energy
more rapidly for Cu than for Ag, and the trend contin-
ues for Au. One can say that, for central collisions, the
stopping power increases with target mass as is intuitively
reasonable [1]. The INDRA Collaboration has presented

FIG. 2. Charged ejectile multiplicities from this work and neu-
tron multiplicities from systematic extrapolations. Estimated
overall errors are �15%.
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FIG. 3. (a–c) Average masses for the heaviest fragment HF,
the isotropically emitted (IE), and forward-focused ejectiles
(FE). (d–f) Average energy (moving frame) removed by
forward-focused and isotropically emitted ejectiles for types
as indicted. (g–i) Average longitudinal momenta (laboratory)
for the isotropic and forward-focused ejectiles as indicated.
Estimated errors are �15%.

very different results that show essentially complete stop-
ping followed by nuclear disassembly into particles and
light IMF’s, e.g. [14]. We see very similar disassembly be-
havior for &1%, of the reactions for Ebeam * 65A MeV,
a very small fraction not inconsistent with [14]. In this
work we accept a reaction fraction of �15%, which, in
summation, overwhelms such disassembly events.

In Fig. 4 we look in more detail at the energy removed
by the isotropic emission components. These components
are generally termed as “postthermalization” or “equi-
librium emission.” It should be kept in mind that the

FIG. 4. Energy removal (moving frame) by the isotropic ejec-
tiles as indicated. Overall errors are �15%.
condition of isotropy is necessary but not sufficient for
complete equilibration. To obtain these values we have
made a calorimetric sum of each ejectile’s average multi-
plicity times its average separation and kinetic energies in
the emitter frame. The separation energies have been taken
from averages over calculated statistical model decay
chains [15]; they result from a complex average and are
rather insensitive to the detailed parameter set employed.
As mentioned above, the neutron multiplicities have
been taken from reported measurements where available
[9–12], supplemented by systematic extrapolations based
on ratios to the charged particle production observed here.

The magnitudes of the total energy removal (isotropic
component) shown in Figs. 3 and 4 compare quite fa-
vorably with deposition energies inferred from average
velocities of the heaviest fragment [1]. At the lowest in-
cident energies, the 40Ar projectile deposits the bulk of
its energy via incomplete fusion with each target. As the
beam energy is increased, the total energy deposited also
increases to �1 GeV for Cu compared to �2 GeV for
Au. In each case the main ejectiles for energy removal
are the light particles n, H, and He with IMF’s playing
a relatively minor role. For 115A MeV 40Ar 1 Cu colli-
sions, Figs. 3 and 4 show that �1�3 of the available energy
(or �13 MeV�source nucleon) is converted into isotropic
emission compared to �1�2 (or �9 MeV�nucleon) for
Au reactions. This energy is more than the total bind-
ing energy, but contrary to many expectations it does not
lead to disassembly of the core nucleus into light particles
and IMF’s.

One way to characterize nuclear disassembly is by the
average mass of the heaviest remaining fragment. In Fig. 5
we show these average masses for each reaction system;
they are compared to average masses calculated by the
Berlin [16] and Copenhagen [17] models for multifrag-
mentation (using default parameters). The two models are
generally consistent with each other (except for the lowest
energy for Ar 1 Au, where Berlin allows binary fission
to dominate). However, the experimental results are con-
sistent with the models only at the lowest energies. The
divergence between experimental and model calculations
is very marked for reactions of �65 115�A MeV.

For these calculations, initial conditions of energy, mass,
and charge were taken from the isotropic components, as
given in Fig. 3. Evidently these statistical models invest
much more of the energy in nuclear disassembly and less
for kinetic energy than is actually found in these reactions.
A very similar result has been observed for the case of
197Au 1 12C (E�A � 1 GeV) [18]; there about half of the
isotropically removed energy (12 6 2 MeV�nucleon) was
found to be in excess of that for a thermalized system. For
that reaction the extra-thermal kinetic energy was ascribed
to a form of radial flow. More information on this aspect
will be given in a future publication.

In summary, we have studied the mass, energy, and mo-
mentum balance in central collisions of 40Ar with Cu, Ag,
45
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FIG. 5. Average mass of the heaviest fragments from the data
and from model calculations as indicated.

and Au [�17 115�A MeV]. The average velocity of the
heaviest fragment has been used to define the reference
frame for isotropic emission from a highly excited system.
Angular distributions have been used to separate each ejec-
tile type into isotropic and forward-focused components
in this moving frame. The forward-directed components
carry away a large fraction of the energy via a spray of
light ejectiles. The isotropic components give core nu-
clear excitations of �1 2 GeV or �8 13 MeV�nucleon
for 115A MeV 40Ar. Multifragmentation models predict
that such a highly excited nucleus will essentially disas-
semble, leaving heaviest fragments with A # 20. Much
heavier residual nuclei are actually found, indicating less
46
energy utilization for disassembly and more in isotropic
kinetic energy.
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