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Multifragmentation of ""Ag and ' Au nuclei induced by a 4.8-GeV He ions has been studied with
the Indiana Silicon Sphere 4~ detector array. Rapidity and moving source analyses are consistent with
thermal emission from a source in approximate kinetic equilibrium. For the most dissipative collisions,
the spectral Coulomb peaks are broadened to very low energies, indicative of emission from an extended
nuclear system. Predictions of a model with an intranuclear cascade and an expanding, emitting source
compare well with experimental multiplicity distributions and the evolution of fragment spectral shapes.

PACS numbers: 25.55.—e, 25.70.Pq

When nuclei are subjected to extreme conditions of
thermal or compressional energy, multifragmentation oc-
curs with high probability [1—7]. The nature of this dis-
integration process may provide insight into the nuclear
equation of state at low densities, limiting temperatures
in the nuclear medium, and the possibility of a liquid-
gas phase transition in finite nuclei. A related important
question is the role of nuclear expansion in the breakup
process. Analysis of recent exclusive data [2,6,8—10]
suggests that multifragmentation occurs from an extended
nuclear system, corresponding to relatively low densities

(p/po —1/3). Direct experimental evidence for this be-
havior is presented in this Letter, based on the observed
evolution of the fragment spectra as a function of collision
violence.

Investigations of hot nuclei formed with light-ion beams
(H and He) at energies above —1 GeV are an important
complement to studies with heavy-ion probes. For light-
ion-induced reactions, the multifragmentation mechanism
is driven by thermal heating and strongly influenced by
the excitation of 5 resonances during the cascade, fol-
lowed by rescattering and/or readsorption of the decay
pions [9,11,12]. Light-ion beams also insure that energy
dissipation occurs on a fast time scale (~30 fm/c), per-
mitting rapid destabilization of the system. Further, since
compressional and rotational effects should be negligible,
it becomes possible to isolate the thermal component of the
multifragmentation process.

In this Letter, we report the first studies of light-ion-
induced multifragmentation in which both light charged
particle (LCP = H and He) and intermediate-mass frag-
ments (IMF: 3 ~ Z ~ 20) are fully Z identified with low
thresholds and large solid angle coverage. The experi-
ments were performed at the Saturne II accelerator at the

Laboratoire National Saturne using the Indiana Silicon
Sphere 47r detector array [13]. Beams at 4.8-GeV He
ions of intensity, i.e., —5 X 107/spill, were used to bom-
bard targets of 1.0 mg/cm ""Ag and 1.5 mg/cm ' Au.
An active collimator system was used to minimize beam
halo contributions.

The Indiana Silicon Sphere array consists of 162 de-
tector telescopes, covering 14' to 86.5 and 93.5 to
166 in polar angle, giving a nominal coverage of 74%
of 4~. Each telescope is composed of (1) a gas-
ionization chamber operated at 17—18 Torr of C3F~ gas;
(2) a 500 ILm ion-implanted passivated silicon detector,
and (3) a 28 mm thick CsI (TZ) scintillator with pho-
todiode readout. Detector identification thresholds (in-
cluding target, window, and dead-layer thickness losses)
were F/A —0.8 MeV. The maximum telescope stopping
power was F/A = 96 MeV. Fast signals from two or
more silicon detectors provided a minimum bias trigger
for the data acquisition system.

In Fig. 1, we compare the primary IMF multiplicity
distributions for the 4.8-GeV He + ""Ag and ' Au
systems reconstructed from a GEANT simulation [14]
that includes detector geometry and experimental angular
distributions. The IMF multiplicity for the ' Au target
extends to distinctly higher values than for ""Ag, roughly
in proportion to the available mass for each system.
For reconstructed events with at least one IMF, we find

(MiMF) = 1.5 for ""Ag and 2.0 for the ' Au target
for fully identified events. These values are similar to,
although slightly lower than, those observed in heavy-
ion reactions for similar total mass and bombarding
energy [15]. They are much lower than the value of
(MiMF) = 3.8 previously reported by Lips et al. [16] for
the comparable 4.0-GeV He + ' Au reaction. The
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FIG. 1. Reconstructed multiplicity distributions for IMFs for
4.8-GeV 'He bombardments of ""Ag and ' 'Au targets.
Histograms are predictions of INC-EES model [9].

shapes of the multiplicity distributions in our work also
differ signihcantly from Lips et al.

In order to compare with theories of multifragmenta-
tion, it is important to have an accurate gauge of the ex-
citation energy distribution of the emitting source. All
such theories [17] predict that the IMF multiplicity and
excitation energy are strongly correlated. Under this as-
sumption, the average observed IMF multiplicities (N~MF)
have been plotted against several variables believed to
be associated with energy deposition in the collision, as
shown in Fig. 2. Among these are observed LCP multi-
plicity %«p, total charged-particle multiplicity W„„, total
observed charge Z,b„and total thermalized energy E,h.
We define the thermalized energy for each event to be
the sum of fragment kinetic energies near the Coulomb
peak (E/Z ~ 25 MeV); i.e. , the preequilibrium tails of
the spectra and fast leading particles are eliminated on
the basis of slope changes in the spectral tails. The to-
tal thermalized energy scales directly with total transverse
energy, commonly used in heavy-ion analyses.

When compared with total observed LCP multiplicities,
(N~Mp) becomes constant at large values of NLcp, reach-
ing saturation near (N~Mp) = 0.75 for ""Ag and 1.5 for

Au, roughly proportional to the target masses. This
result is consistent with intranuclear cascade (INC) cal-
culations, which predict only a weak positive correlation
between the fast LCP multiplicity and large deposition
energies due to the very large fluctuations during the
cascade. A better correlation is obtained when the total
charged-particle multiplicities are compared with (N~Mp).
For the most dissipative collisions, the maximum (NtMp)
reaches values approximately twice as large as for LCP's
alone (i.e. maxima of —1.5 for ""Ag and 3.0 for ' Au).
This result is similar to data from comparable systems in
heavy-ion-induced reactions [6,15].
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FIG. 2. Average IMF multiplicity (N~MF) plotted as a func-
tion of (a) light charged-particle multiplicity, NLcp, (b) total
charged-particle multiplicity N, „„(c)total observed charge Z„&„
and (d) total thermal energy E,h, in MeV.

More sensitive correlations with IMF multiplicities are
found for the total detected charge Z, bs, and the total ther-
malized energy E,h. Both ""Ag and ' Au follow nearly
identical behavior over the entire observed range in Z, bs,
with a slope of approximately 12 charge units/IMF emit-
ted, on average. Maximum (N~Mp) values of 2.8 for ""Ag
and 4.6 for ' Au are found, in good agreement with INC—
expanding-emitting-source calculations [9], discussed be-
low. Since our detection system is not sensitive to very
low energy heavy residues, Z, b, is approximately propor-
tional to the number of participant protons in the fragmen-
tation process. Thus, Z, bs should be directly related to the
collision violence. The total thermalized energy should
be an approximate measure of the excitation energy of the
emitting source, when effects due to missing solid angle,
neutron emission, and separation energies are taken into
account. From Fig. 2 we conclude that the total observed
charge and thermalized energy provide good measures of
the energy dissipated by the beam into internal energy of
the system.

In order to estimate the degree of equilibrium of the av-
erage multifragmentation source, rapidity analyses have
been performed. To a good approximation, the data
for any given IMF invariant cross section are isotropic,
roughly independent of IMF multiplicity for M&MI: ) 1.
This suggests that the system is in at least approximate
kinetic equilibrium; i.e., the momentum distribution in
the source is randomized, but not necessarily statistically
equilibrated. Source velocities are —0.01 —0.02c, in good
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TABLE 1. Moving source fit parameters [19] for carbon
fragments emitted in the 4.8-GeV 'He + ""Ag, ' Au reactions,
as defined in the text.

Z„b, (Ag)

7—12
13—18
19—24
25 —30
31—36

kc

0.32
0.10
0.03
0.00
0.05

T (MeV)

11.5
14.5
16.5
17.9
20. 1

Z„b, (Au)

1 —10
11—20
21 —30
31—40
41 —50
51 —60

kc

0.64
0.58
0.46
0.42
0.44
0.44

T (MeV)

8.3
1 1.0
14.4
15.9
17.5
18.8

agreement with moving-source fits and intranuclear cas-
cade code predictions [18].

Moving source fits have also been performed for IMFs
as a function of Z, b, . Following procedores outlined in
Ref. [19], the spectra are parametrized in terms of a slow
and a fast source. The slow source, which is dominant,
assumes surface emission from a nucleus with charge Z,
velocity v, temperature T, fractional Coulomb barrier k~,
and Coulomb shape parameter p [20]. The fast source
is a standard Maxwellian function. An important aspect
of these fits is that the charge of the emitting source is
taken as Zsource = Ztarge& + Zproj + Z~MI Zpbs

'
1 e. , we

assume all charge observed in the reaction is emitted prior
to emission to the IMF. While this is an extreme assump-
tion, it minimizes the calculated Coulomb repulsion be-
tween the fragment and its residue, and maximizes k~.
Least-squares fit parameters for the slow source are shown
in Table I for carbon fragments.

Direct evidence for emission from an extended source
is found in the behavior of the fractional Coulomb bar-
rier kt- in Table I. For large Z, b, values we find that
k~ decreases as a function of Z, b, . In order to obtain
an estimate of the breakup density for the ' Au system,
we compare values of k~ for the two extreme cases of
Z, b, . The former should approximate emission from a
source at normal nuclear matter density and the latter
from the extended source. This analysis yields a value
of p/po ~ 1/3 for the multifragmentation system. How-
ever, the geometry of the emitting source may also play
an important role in a more quantitative analysis. The
""Ag system does not lend itself to a similar analysis be-
cause of the very low Coulomb peaks. This observation,
plus the apparent isotropic nature of the source, is sugges-
tive of significant energy deposition followed by nuclear
expansion prior to fragment emission —or of some mech-
anism which is accompanied by a major disruption of the
Coulomb field of the emitting source.

The temperature parameter T in Table I increases
uniformly as a function of collision violence (Z, b, ),
reaching values near T = 18 MeV. For the least violent
collisions, the values of T are relatively low, comparable
to nonequilibrium emission in lower energy He-induced
reactions [19].
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FIG. 3. Laboratory energy spectra of carbon fragments for
the 4.8-GeV 'He + ' 'Au reaction, gated on total observed
charge. Points are data for Z„„, = I —10 (top), Z, b, = 11 —20
(middle), and Z, b, = 41 —50 (bottom). Lines are predictions
of the INC-EES model, as described in the text. Data and
calculations are normalized so that maximum probabilities are
equal in magnitude.

In Fig. 3 the energy spectra of carbon fragments, gated
on Z, b, are shown. With increasing Z, bs bin, one observes
a decrease in the Coulomb peak energy, a broadening
of the peaks toward lower energies, and a systematic
hardening of the high energy spectral slopes, consistent
with the moving source parameters in Table I. This
aspect of the data again emphasizes the strong distortion
of the Coulomb field of the emitting source relative to
emission from a spherical source at normal nuclear matter
density.

These data have been compared with predictions based
on a hybrid intranuclear-cascade-expanding-emitting-
source (INC-EES) statistical model [9,19,21]. Excitation
energy distributions from the INC calculation [18],
binned in 100 MeV steps, along with the corresponding
average values of the mass, charge, and velocity of
the residue, provide input for the expanding emitting
source calculations. In this model, IMF emission occurs
sequentially, but on a fast time scale (~70 fm/c), during
the expansion. If the thermal pressure is sufficient to
reach nuclear densities of p/pp ~ 0.3, multifragmenta-
tion of the residue then occurs. At this point, surface
fragment emission is replaced by volume emission in
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calculating the fragment spectra. Volume emission may
also be interpreted in terms of simultaneous breakup of
the expanded reside. To examine this point, a sphericity
(S) and coplanarity (C) event shape analysis [22] was
found to yield a high degree of sphericity for the most
dissipative events (e.g. , (S) = 0.52 and (C) = 0.15 for
MtMF = 6) for the ' Au target.

The calculated multiplicity results are compared with
the reconstructed data in Fig. 1. For ' Au the calcula-
tion describes the data well for most of the IMF cross
section. For ""Ag, the agreement is somewhat poorer,
but may be improved by more exact treatment of detector
thresholds in the simulation. In comparing the INC-EES
model with the data, no attempt has been made to adjust
the input parameters, which are identical for both targets
and based on Ref. [9]. In this regard, it is worth not-
ing the differences in excitation energy distributions pre-
dicted by the INC code. For ' Au, initial excitation en-
ergies up to 1500 MeV, or F*/A ~ 8.5 are calculated for
the most dissipative collisions, whereas for ""Ag, these
values are 1000 MeV and E*/A ~ 12 MeV. Overall, the
calculations and data are consistent only if expansion is
included in the model.

Predictions of the spectral shapes by the INC-EES
model are compared with the data in Fig. 3. The trends
parallel one another well. Particular success is achieved
in reproducing the data for large Z, b, values, where
the model should be most appropriate. In terms of the
model, the overall behavior can be explained as follows.
The most energetic fragments are emitted early in the
expansion from a high Z source near normal matter
density; they also receive a boost in energy from the
source expansion velocity. Since both the excitation
energy and expansion velocity should scale with Z, b„
the spectral slopes are expected to become systematically
Hatter with increasing Z, bs. For systems that expand to
the critical breakup density (p/po —0.3), the expansion
velocity is near zero and the system is highly distended.
Thus, fragments emitted at this stage experience greatly
reduced Coulomb repulsion, resulting in very low energy
fragments.

The poorest agreement in Fig. 3 is found for the
lowest Z„b, bins. Fast processes [2,19] in more peripheral
reactions may also contribute to the experimental spectra.
Evidence for such a fast source is present elsewhere in the
data (at the —15% level), but is not discussed here. This
mechanism is not included in the INC-EES model.

In conclusion, the 4.8-GeV He + ""Ag and ' Au re-
actions have been studied with a low threshold, large solid
angle particle identification array. For these reactions,
thermal heating is expected to be a major mechanism in
producing highly excited nuclei with negligible compres-
sion and angular momentum. The ' Au target produces
significantly larger multiplicities of LCPs and IMFs than
does ""Ag. Both the total observed charge and the to-

tal thermalized energy provide reliable gauges of the ex-
citation energy distribution for the emitting source. For
both systems, fragment emission appears to originate from
a source in approximate kinetic equilibrium, for which
Coulomb barriers are significantly lower than for nuclei
at normal density. Qualitative agreement is found for the
multiplicity data and the fragment kinetic energy spectra
when compared with predictions of an intranuclear cas-
cade or expanding emitting source calculation. In par-
ticular, the fragment spectra provide a compelling argu-
ment for nuclear expansion in light-ion-induced multifrag-
mentation reactions —or for some mechanism involving
significant perturbation of the nuclear Coulomb field at
freezeout.
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