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477 studies of multiple charged-particle emission in GeNV - and proton-induced reactions on
a Au target have been performed with the ISiS detector array. Multiplicity, charge, and angular
distributions yield nearly identical results for bothand =~ beams, suggesting an independence of
hadron type in initiating the fast cascade and subsequent energy deposition in the struck nucleus.
The excitation functions show little sensitivity to beam momentum, consistent with a saturation
in deposition energy and the concept of limiting fragmentation. However, the intermediate mass
fragment multiplicities and fragment charge distributions depend strongly on collision violence.
[S0031-9007(97)03752-6]

PACS numbers: 25.40.Ve, 21.65.+f, 25.70.Pq, 25.80.Hp

In order to prepare hot nuclear matter at temperaturesollision violence. The results are also related to earlier
up to and beyond the vaporization regime, two dynamistudies [4] that served to stimulate much of the interest
cal pathways are usually followed. One involves GeVin multifragmentation phenomena, as well as to recent
light-ion beams incident on heavy target nuclei, whichexclusive studies with®He [2,5], antiproton [6], and
produces highly excited, low-density residues on a veryeripheral Au+ Au reactions [7].
fast time scale [1,2]. Such studies emphasize the influ- The experiment was performed with the Indiana Silicon
ence of thermal effects on the disassembly process. THephere (ISiS¥# detector array [8] at the Brookhaven
alternative approach utilizes heavy-ion beams of a fevAlternating Gradient Synchrotron (AGS) accelerator
hundred MeVnucleon and introduces important collec- (E900). Secondary positive beams of momentum 6.0,
tive variables such as density compression, radial flow]10.0, 12.8, and 4.6 GeV/c and negative beams at 5.0,
and shape distortions [3]. Understanding the evolution 08.2, and.2 GeV/c were incident on d.8 mg/cn? ¥7Au
temperature, density, angular momentum, etc., for hot nuarget. Here we associate the positive beam with protons
clear systems formed via both approaches is essential {although a significantr* component is present at low
determining the properties of the nuclear equation of statbeam momentum) and negative beam with (=95%).
for finite nuclei. Average beam intensities were approximatedyX

In this Letter we address the former, or thermal, aspect0° particleg'spill and blank runs were taken period-
of this problem, presenting the first exclusive resultsically to ensure that the effects of the beam halo did
for GeV proton- and# -induced multifragmentation not affect the data. The reaction focus was defined by
reactions for whichZ-identified fragments are measured either al X 1 cn? or 2 X 2 cn? %Au foil suspended
with good granularity and large solid-angle and energyon two 50um tungsten wires attached toSax 5 cnv
acceptance. The qualitative results of these measuremerasiminum frame. Identified light charged particles
are emphasized, in particular, the dependence of reactiqghCP: *~*H and 3“He) and intermediate-mass fragments
observables on hadron type, projectile momentum, and@MF: 3 = Z < 16) were detected with the ISiS array,
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which contains 162 gas-ionization chamber/silicon/Csl ! P pr

detector telescopes, each having an energy acceptance

for Z identification of 0.7 = E/A = 95 MeV per frag-

ment nucleon. Angular coverage was°186.5 and

93.5-166. Py
The hardware multiplicity trigger required valid fast =

signals in three or more silicon detectors in the array. o

In addition, all ejectiles with energieE = 16 MeV in

the Csl detector (butE fast signal too low to trigger

the corresponding silicon discriminator) were recorded for

each accepted event, along with the silicon linear signal.

These signals provided information on the multiplicity of

fast cascade ejectiles (primarily charged hadrons) with en-

ergies~100-400 MeV. This definition closely follows

that of “"gray pamdes used in emulsion studies50- FIG. 1. Probability distributions for measured charged-
400 MeV). The ISiS array was complemented by aparticle multiplicities from®Au for events with at least one
15 cm X 15 cm upstream total beam (TB) counter, anIMF as a function of beam momentum. Left: proton beams;
annular ring veto (RV) scintillator, a 28 mm beam defi- right: 7~ beams; and centep: and 7~ beams at 9.1 GeV total
nition counter (BC), and a segmented inner/outer scintil&neray- Distributions are scaled according to legend in figure.
lator array (UV) upstream from the target for halo veto

and beam alignment. The acceptance trigger logic Wag vom. and thew~/p comparison at the same total

thfSTf' i\lfmlr?e?r ch(;/mn:glnSt the experimental obsery.EN€TAY in the center. The IMF multiplicity distributions
P Y ' P extend up taVivr = 10 and strongly resemble the results

ables in the present study, both inclusive and multiplicity, [ the 4.8 GeVPHe + 17Au reaction [2,5]. In addition

gated, strongly resemble those measured for the 4.8 Ge : oo : :
3He + 197Au reaction, described in detail in Refs. [2] andt ere is qualitative agreement with data from peripheral

[5]. The high multiplicity/deposition-energy events in the .. - /AU _reactions [7]. While the thermal-iike
5 g piicity/dep 9y . observables in the present study show little sensitivity to
He studies have been shown to be consistent with isotrop

emission from a hot, expanding source moving with av_'lgeam_ momentum, analysis of the probability distributions_
. ’ i~ . that include fast-cascade hadrons shows a systematic

erage velocityv/c ~ 0.01. Deposition energies up to

1.5 GeV per event are deduced from the spectra of thermal-

like fragments. Based upon the correspondence with the

He data set, we interpret the physics of the present hadron- ¥

7" (GeV/c)

P (GeV/c)
14.6

induced reactions similarly. (g2 el - 128
We first examine the probability distributions, s T e e R et

N./>,;N.(i), as a function of observed total charged- 5t )

particle multiplicity, N. = N(LCP) + N(IMF), for 16°

events in which at least one IMF is detected. These are 1(136 _te -

shown in Fig. 1 for the seven systems studied in this 0!

work. Corrections for geometric acceptane€70%) and o 152

energy threshold§E/A < 0.7 MeV) are not included in Zg 16°

the values ofN(LCP) and N(IMF), nor are unidentified 5 1§;

fast-cascade hadrons. The left-hand frame compares the 10

probability distributions obtained with proton beams, and 9 R

the right-hand frame provides the same information for 16 —_ 02

7~ beams. The center frame compares the results for 102 I 52 (/16)

p and 7~ projectiles at the same total kinetic energy of N}i )

9.1 GeV 0.2 GeV/c 7~ and10.0 GeV/c p). Charged- 10, o

particle multiplicities up taV, ~ 30 are measured in each 0 l

case, with a most probable value®f ~ 10. These val- [ TR

ues are larger than those previously reported by Warwick N e

et al. [9]; however, detector thresholds were much higher S o
and the coverage limited to the forward hemisphere irf|G. 2. Probability distributions for measured IMF multiplic-
that K King direct ; difficult ities from %’Au for events with at least one IMF as a function
al work, making direct comparisons ditcuit. - of beam momentum. Top: proton beams; bottanT: beams;
In Fig. 2, the measured IMF probability distributions and centerp and 7~ beams at 9.1 GeV total energy. Distri-
are shown; proton results are on tap, results on the butions are scaled according to legend in figure.
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increase in the number of high multiplicity events with The systematic increase {Wyr) with collision violence
increasing beam momentum. (Zops) for all systems in Fig. 3 parallels the observed
Two features stand out in Figs. 1 and 2. First, therebehavior in the 4.8 GeVHe + '“’Au reaction [5], as
is little sensitivity to beam momentum for either hadronwell as the 6 GeV®°Kr + 7 Au reaction in the region
type. This result most likely reflects a saturation in de-of Z,,s overlap [15].
position energy for incident beam energies above 5 GeV Much of the recent interest in multifragmentation and
and can be understood as a consequence of the increasexdrelation to the nuclear equation of state was stimu-
projectile energy being compensated by increased transated by inclusive measurements of GeV-proton-induced
parency of the heavy nucleus to fast-cascade hadromsactions on complex nuclei [15]. These studies used a
[1]. Similar observations have been reported for thepower law,o(Z) « Z~7, to characterize the charge dis-
lighter *He + "3'Ag system above 3.6 GeV [5]. This ap- tributions of IMFs emitted in these reactions. In Fig. 4,
parent saturation in deposition energy accounts for theve show representative charge distributions (normalized
observation of limiting fragmentation [10] and energy-to Li fragments) for several systems as a function of col-
independent cross sections for IMF formation [11] inlision violence £.,). Despite the existence of autocor-
hadron-induced reactions above about 5 GeV [4]. relation effects, these data demonstrate that, as with the
The second observation is that both projectile types promultiplicity distributions, the total charge distributions are
duce nearly identical total-charged-particle and IMF mul-nearly identical for all seven systems. There is, however,
tiplicity distributions, as emphasized by the comparison ofa strong dependence of the charge distributionZgg.
p and 7~ data at 9.1 GeV total beam energy in the cen-One also observes a systematic increase in the relative
ter panel of Figs. 1 and 2. Emulsion and radiochemical = 5, 6 yields with increasingZ.s, which is a common
studies [12] have suggested a similar conclusion. Thisignature of equilibrated IMF emission at lower energies
insensitivity indicates that the initial collision step is [16]. However, this could also be due to sequential decay,
independent of hadron type and that, on average, thperhaps associated with the observed defici af 8 and
subsequent hard scatterings and resonance excitatiodragments yields. This deposition-energy dependence is
during the fast cascade evolve similarly as far as depaoalso nearly identical for all systems and for both forward
sition energy in the heavy residue is concerned. Both thand backward hemispheres.
bombarding-energy and hadron-type independence are in A power-law parametrization has been performed on
qualitative agreement with intranuclear cascade code cahll the data as a function of projectile type, incident en-
culations of Toneev [13]. ergy, and total thermalized energy. Values of the power-
In order to illustrate the dependence of the observethw parameterr as a function ofZ,s are shown in
IMF multiplicity on collision violence, in Fig. 3 we Fig. 3. For lowZ,,, values ofr ~ 3.5 are found, typi-
have plotted the average number of IMB8;yr) as a cal of dynamically produced IMFs in preequilibrium or
function of the parameteZ,s, which is the sum of the coalescencelike processes [16]. With increasing collision
charges of all ejectiles detected in a given event. As a
gauge of collision violenceZy,s scales directly with IMF
multiplicity and transverse energy [5] and can be related

to the total deposited excitation energy in an event [14]. 3 >0 ggv/c
16" I
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FIG. 3. Beam momentum dependence of average IMF multiFIG. 4. Total charge distributions fa§.0 GeV/c =~ (top)
plicity (top) and power-law exponent (bottom) gated B, and 10.0 GeV/c proton (bottom) bombardment of®’Au.
intervals, as indicated in figure. Results are shown as a function Gj;.
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violence, ther parameters systematically decrease fomprovided by the U.S. DOE, with additional support from
large Z,,s values. This indicates that the formation of the NSF and NSERC of Canada.

large clusters becomes increasingly more probable as the
collision violence increases. Approximately the same
values have also been determined for well-documented
equilibrated systems formed in both light- and heavy-ion *Present address: Los Alamos National Laboratory, Los

reactions [16]. With respect to thevalues at high depo- TAIamos, NM 87545.
sition energies, large-angle correlation studies show that Present address: Lawrence Berkeley Laboratory,
the dominant equilibriumlike component of the most vio- Berkeley, CA 94720.
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