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protons,(5.0-9.3-GeV 7, and 8.0-GeW¢ antiprotons incident on a°’Au target. Relative to proton and
7~ beams, 8.0-Ge\ antiprotons are found to be the most effective projectile for depositing high excitation
energies in the targetlike residue. For protons andthe excitation-energy distributions are nearly identical
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whereas IMF multiplicity and total transverse energy exhibit large fluctuations. Correlations of the observed
fragment multiplicity, charge, and kinetic-energy distributions with excitation energy indicate a transition
in the reaction observables ne&*/A~4-6 MeV. These experimental signals are consistent with a
multifragmentation mechanism that becomes the dominant deexcitation mode above in theEtédAge
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I. INTRODUCTION [3-9]. Transport calculations indicate that the internal heat-
ing in hadron-induced reactions is created7#yN andN-N
During the past decade many challenging new physicscattering andA(N*) resonance excitation/ pion reabsorp-
questions have been exposed by the studies of nuclear multion, which heat the targetlike residue on a time scale
fragmentation; i.e., the breakup of highly excited nuclei into<30 fm/c, at the same time leaving it in a state of depleted
multiple clusters and nucleons. Motivated by the desire tQjensijty[10—14. Further, hadron beams suppress the collec-
define the parameters of the nuclear equation of state and {Re effects of the compression/decompression cycle, rota-
understand the physics of neutron star condensgiirex-  tjon, and the shape degree of freedom. Boltzmann-Uehling-
perimentalists have sought to resolve several crucial iSSU§§h1enback calculationgl 4] indicate that the average entropy

rele;lliakl)rr\t tt% thetprr:pebmesl OII h%‘ ﬂﬁﬁli,a; Im?rt\mr]. Cvailg N ger nucleon becomes nearly constant after about 3@,fm/
equiiibrated systems be clearly ldentiieds 1S there evidenc uggesting that at least quasiequilibrium is achieved on a

for a liquid-gas phase transition? What can the data tell USery fast time scale. Schematically, it is possible to perform a
about nuclear compressibility? Is it possible to relate data rytas e Y P P
separation of the reaction into fast cascade and subsequent

from finite systems observed in the laboratory to the infinite tatistical d itati " i tionale for int
systems that presumably occur in neutron stars? Many difraustcal deéexcitation stages, providing a rationale for inter-

ferent physical effects—heat content, temperature, thgretation O,f these“reactions in terms of hybrid two-_step
compression/decompression cycle, rotational and shape deonequilibrium/equilibrated decay modgk5]. However, it
grees of freedom—must be understood in order to arrive at clear that time evolution of the targetlike residue cannot be

meaningful description of the thermodynamic properties ofignored in these processgis, 16].
hot nuclei. Hadron-induced reactions on heavy nucleit{A) also

Isolation of the thermal component of the multifragmen-present several experimental advantages for the study of
tation process is basic to these studies and is achieved maosultifragmentation and the possible relation of such events
transparently via systems prepared with GeV hadron beants a nuclear liquid-gas phase transition. First, only a single
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FIG. 1. (Color) Contour plot of longitudinab vs transverse, velocity of hydrogen(left) and carbon(right) fragments from the
8.0-GeVkt 7 + 1%7Au reaction for several bins iB*/A. Solid lines indicate geometrical acceptance of the ISiS array; dashed line gives the
thermal cutoff velocity[34], not corrected for source velocity.
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TABLE I. Percent of events with at least one thermal particle of charggigger requires at least three
charged particles including one thermal particle watk 2, in silicon detectors.

Beam Events analyzed

%(Z=1) %(Z=2) %(Z=3) %(Z=3)
5.0 GeVrw~ 1.0x 10° 94.6 96.2 18.9 38.4
8.0 GeVr~ 2 2.5x10° 93.3 95.2 21.4 42.2
8.2 GeVr~ 2.4x 1P 94.0 96.3 19.5 38.7
9.2 GeVw~ 1.4x 10° 95.1 96.3 20.9 41.5
6.2 GeVp 2.4x 1P 94.9 96.3 18.9 38.1
10.2 GeVp 1.7x 10° 94.8 96.3 20.8 41.5
12.8 GeVp 1.4x10° 95.2 96.4 22.0 39.2
14.6 GeVp 1.1x10° 925 96.2 20.0 39.2
8.0 GeVp? 5.5x 10* 91.6 95.2 21.4 42.4

aTagged beam.

source of thermal-like fragments is produced, as illustratedtatistical multifragmentation mode]22—-24. The ISiS re-

by the invariant cross-section plots in Fig. 1 #o=1 and 6 sults also show many characteristics in common with the
fragments as a function of source excitation energy peALADIN peripheral Au and Au studie$32] and the EOS
nucleon, E*/A. Further, the hot residues formed im-A  '%Au+ “C measurementg33], although some differences
reactions are characterized by low velocitieg=<£0.01c), exist.

permitting the breakup of the system to be studied in a frame The primary objective of this paper is to investigate the
very close to the center of mass. The comparison betweerlationship between the excitation energies derivefB#
Z=1 andZ=6 invariant cross sections in Fig. 1 also illus- and experimental observables. The data were taken at the
trates another important feature; i.e., the thermal-like fragBrookhaven National Laboratory AGS accelerator using the
ments(enclosed by dashed lineare emitted nearly isotopi- SIS array, details of which are described[84]. The num-
cally, in contrast with the energetic forward-focusedber of events that met the hardware trigger of three silicon
component observed fat=1 particles, which we attribute fast signals, at least one of which is a therrgat1 frag-

to fast nonequilibrium processes. These features of the reament, are summarized in Table | for each beam. For all prob-
tion observables play an important role in evaluating the exabilities quoted in the text, the total number of events in
citation energy/nucleorE* /A of the hot residue. Table | is normalized to a unit probability; Pi(N;)=1.

Excitation-energy distributions for hadron- antHe- The approach of the paper is as follows. In Sec. Il the
induced reactions have recently been investigated by twoollision stage of the reaction is examined as it relates to
experimental groups. At beam energies below 2 GeV thexcitation-energy deposition as a function of hadron type and
Berlin-neutron-ball/silicon-bal[17] array has been used to beam momentum. In Sec. Ill, the relationship between frag-
study stopped- and 1.2-GeY-induced reactions at the ment observables and excitation energy is presented. In Sec.
CERN LEAR facility [7,18,19 and the ORION neutron ball 1V, the conclusions, we discuss the correspondence of these
has been employed at LNS Saclay to study proton- andesults with the expected charactistics of a nuclear liquid-gas
3He-induced reaction$20,21. These measurements have phase transition.
demonstrated that Au-like nuclei can survive as self-bound
systems up td* ~800—-1000 MeV, subsequently decaying | o | |5i0N DYNAMICS: PROJECTILE DEPENDENCE
via the classical low-energy mechanisms of evaporation an
fission. The highest excitation energies in these experiments Excitation-energy deposition in GeV hadron-induced re-
roughly correspond to the threshold for opening of the mul-actions follows a much different path than in low-to-
tifragmentation channel, as predicfg®-24 and shown ex- intermediate energy heavy-ion reactions due to the strongly
perimentally[16,25,28. forward-focused nature of th&l-N collisions, formation-

At higher incident energies the Indiana silicon spherezone effects, and the significant transparency of nuclear mat-
(ISiS) array [27] has studied(1.8—4.8-GeV 3He-induced ter in the GeV energy regim@5]. As a consequence of the
reactions at LNS Saclay28-3(0 and (6.0-14.6)-Ge\/  energy dissipation mechanism, a broad range of excitation
proton, 8.0-GeV¢ antiproton, and(5.0-9.2-GeV/c 7~ energies is populated at a single projectile incident energy.
reactions at the Brookhaven AG%,8,9,31. These latter Thus, in a single reaction it is possible to study a spectrum of
measurements have shown that at higher beam momengxcited nuclei that extends from low excitation energy up to
about 100 mb of the cross section goes into events witlvalues well in excess of the total nuclear binding energy
E*>1000 MeV, which decay primarily via multiple light under identical experimental conditions.
charged particle(LCP: H and He isotopgsand, IMF Few theoretical predictions of excitation-energy deposi-
(3=<Z=20) emission and exhibit features consistent withtion are available for (5-15)-Ge¥/hadron-induced reac-
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FIG. 2. INC predictiond13] of the average excitation energy work, as indicated on figure. The distributions are normalized to
for events withE*>50 MeV are shown as a function of momen- ynit probability, relative to the total number of everiable .
tum forp, 7, andp beams incident oft®’Au. Inset compares the
excitation-energy probability distributions for 8-GeVi~ andp  of high excitation-energy events is achieved with the
beams for central collisionsb& 2 fm). 8.0-GeVkt p beam and the lowest with the 5.0-GeVi~

beam. In addition, the proton ane” beams produce nearly

tions with heavy nuclei. Two major complications encoun-identical E* distributions at the same beam momentum,
tered in such calculations are, first, the need to incorporate althile the 8.0-GeV¢ antiproton beam produces significantly
relevant scattering cross sectiofteany unknowh in this  more high excitation-energy events than does the 8.0-GeV/
momentum regime, and second, the inclusion of the nucleag~ beam. Finally, the predicted saturationE# deposition
physics assumptions necessary to fix the amount of energy reflected by the relative insensitivity of tHg* distribu-
stored in the residual nucleus at the end of the fast cascadgens to beam momentum above about 6 GeV/
One such model is the intranuclear-cascdteC) code The residue mas#\, s distributions in Fig. 3 show a
QGsM [13], which we examine here. In Fig. 2 INC calcula- somewhat different pattern. In this case the 14.6-@g)b-
tions of the average excitation enery*) imparted to Au-  ton beam produces the lightest residues and the 5.0-GeV/
like residual nuclei are shown as a function of momentum;~ the heaviest. This trend can be understood as a conse-
for proton, 7™, and antiproton beams. quence of the initial fast cascade, which produces an increas-

The qualitative features of the INC predictions can being number of fast shower particles as the beam momentum
summarized as follows. For protons and the average ex- increaseg[14] and references therginit is this process that
citation energy is predicted to be nearly the same. In contrasproduces the approximate saturation in average excitation
these same calculations predict a significant increa¢Ein  energy shown in the INC calculations of Fig. 2 and the data
for antiprotons relative to other hadrons, presumably due tén Fig. 3.
the rescattering and reabsorption of some fraction of the an- Quantitatively, however, the INC calculations predit
tiproton annihilation pions(f,)~5). For the most central distributions that extend significantly beyond the data. This
collisions (p=<2 fm, or =100 mb, the calculations show a is shown in Fig. 4, where we compare the experimeBtal
marked enhancement of high excitation-energy eventgfor distributions for 8-GeVé p and 7=~ with the INC code
relative tomr~ beams(see inset in Fig. 2 Above a momen- (stopped afterr=30 fm/c). The calculation assumes random
tum of about 5 GeW the code also indicates a saturation inimpact parameters and uses values of the code parameters
the amount of excitation energy that is deposited in the tarthat reproduce other cascade results at lower beam momenta
getlike residue, a consequence of the decrease in density 63 GeV/c) [37]. The two left-hand frames compare the
the residue after shower particle emission and the hadroniza&xperimentally derived excitation-energy distributions for
tion time. For comparison with the INC predictions, in Fig. 3 v~ (top) andp (bottom beams. Both the thermal definition
we show the reconstructed excitation-energy and residuadopted in our work34] and the uniform spectrum cutoff
mass distributions for several of the systems measured in thisf E; /A;yr<30 MeV of [33] are shown. Although the
work. Values ofE* below 250 MeV are uncertain due to the excitation-energy enhancement wifh beams relative to
unmeasured neutrons and the requirement of three chargether hadrons is qualitatively reproduced, the INC prediction
particles in the ISiS triggef34]. Data for 6.2-GeVé and is seen to overestimate the experimentally derived excitation
12.8-GeVt protons(not shown are similar to other proton energies for both projectiles. In this regard, the cutoff as-
and pion data in all figures. sumption of [33] agrees better with the calculation. This

The results in Fig. 3 confirm the qualitative behavior pre-agreement can be explained in terms of the inclusion of a
dicted by the INC code. Specifically, the largest populationsignificant number of nonequilibrium LCPs with the cutoff
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chosen because the sensitivity to the ISiS trigger is minimal
above this energy. Table Il confirms that the 8.0-Ge¥h-
tiproton beam produces a significant enhancement of high
excitation-energy events. In addition, the table shows the
yield of events with excitation energy above the predicted
multifragmentation threshold for Au-like nuclé range that
spans 800—-1000 MeV or about 5 MeV/nucl¢aoalative to
total events abovéE* >400 MeV (E*/A= 2 MeV). The
enhancement for thp beam is approximately 25% greater
than the next most effective beam, 12.8-Ge\Msrotons.
Since an increase in hadron beam momentum above
: T | 5-6 GeVEk has little effect on the amount of energy depo-
0 7006 50000 B0 100 150 sition, the observed enhancement of excitation energy with
E* (MeV) A antiprotons suggests that the dependence of temperature on
res excitation energy(nuclear caloric curve[36] could be ex-
FIG. 4. Left: distribution of excitation energy in targetlike resi- tended to excitation energies that approach the nuclear va-
dues form~ (upped andp (lower beams. Open circles denote porization limit by using an antiproton beam in this momen-
thermal particles only, solid circles include all energies ufEté tum range.

T ™

| O Thermal
£ W Thermol+PE
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<30 MeV and lines give INC predictiof.3]. Right: residue mass In order to convert the probabilities shown in this paper to
distributions; all symbols are the same as for left-hand panels. Althe cross-section observed in the ISiS detector, we have at-
distributions are normalized to unit probability. tempted to estimate the missing cross section for events be-

low E* <300 MeV as follows. We have scaled our results to

assumption of 33], which are also included in the cascade-both the INC predictions and the experimental results of
code excitation energies. PS208[7]. The INC code predicts that 33% of the cross

On the right-hand panel of Fig. 4, the mass distributionssection falls below 300 MeV; when our distributions are nor-
of the reconstructed residues for the 8-GeVit— andp  malized to these predictions, the value increases to 39%,
reactions are compared with the cascade code. The modgihce the cascade-code overestimates the highest excitation
predicts slightly less mass loss than deduced from the datnergies. For the PS208 results 49% of the cross section falls
using the thermal assumption, but is in relative accord withbelow E* =300 MeV. When normalized to our data, this
the results of[33], which assumes a much higher energynumber becomes 26%, since our data extend to much higher
acceptance for thermal particles and therefore larger resexcitation energies. We adopt a value of 37% for the missing
dues. The success in describing the residue mass while at tikeoss section and use a geometric cross section of 2100 mb,
same time overpredicting the* distribution may indicate assumingry=1.20 fm. This gives an estimated measured
that the probability for pion rescattering and reabsorption incross section of=1300=200 mb, which can be used to
the residual nucleus is too high in the code and/or the formaeonvert unit probability into cross section.
tion time too short. In summary, these studies show that, using the reconstruc-

In order to emphasize the probability for forming highly tion procedure described (134], excitation energies well in
excited systems, in Table Il we examine the ratio of totalexcess of 1 GeV can be reached in hadron-induced reactions.
events withE* greater than a given value to that for eventsThis translates into values up &*/A~9 MeV (12 MeV)
with E* =400 MeV. The normalization &* =400 MeV is  for all but the highest 1%40.1% of the observed events.

TABLE Il. Ratio of the integrated events beyond the multifragmentation threshold for three assumed
conditions €*=800 and 1000 MeV,E*/A=5 MeV) to total events withE*>400 MeV (E*/A

>2 MeV).
* * *
Beam S(Gevi)  T(GeV) P(E*>800 MeV)  P(E*>1000 Me\) P(E*/A>5 MeV)
P(E*>400 MeV)  P(E*>400 MeV)  P(E*/A>2 MeV)
E900ap 8.0 7.2 0.30 0.097 0.27
E900 p 14.6 13.7 0.23 0.067 0.21
E900 p 12.8 11.9 0.25 0.076 0.22
E900 p 10.2 9.3 0.23 0.066 0.19
E900 7~ 9.2 9.1 0.21 0.058 0.17
E900am™ 8.0 7.9 0.21 0.056 0.18
E900 7~ 8.2 8.1 0.20 0.054 0.17
E900 p 6.2 5.3 0.19 0.045 0.13
E900 7~ 5.0 4.9 0.17 0.036 0.11
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Increasing the proton beam momentum beyoBg.,n, 8
=8 GeV does not lead to a significant increase in these val- -
ues because of the nature of the energy dissipation meche _ |
nism for relativistic hadrons. Thus, the bulk of the observedzé .
cross section in these studig—-95 % falls below the mul-

tifragmentation threshold d&* ~800—1000 MeV for target-

like residues formed front®’Au. In the next section we fo- s
cus on the highest 5-10% of the excitation-energy 100f
distribution. g

0\I-III

750

500F

E,, (MeV)

Ill. THE EVOLUTION OF FRAGMENT OBSERVABLES

WITH E*/A 250

Two central questions must be addressed in order to con
struct an argument for a nuclear phase transitithhas the
fragmenting system attained at least quasiequilibrium? anc
(2) is the evolution of the fragment observables as a functionNAg
of excitation energy consistent with the expected properties
of such a phenomenon? The first question can be addresse i
by referring to the invariant cross-section plots for hydrogen L S N S T
and carbon in Fig. 1. Faf=1 the existence of two compo- E'/A (MeV) E'/A (MeV)
nents is evident, one consisting of fast, forward-focused par- ) ) ] ]
ticles and a second characterized by thermal-like, isotropic F'G: 5 TWO'd'me”S'O”a'_Crols;'se‘:t'on contours of various ob-
emission. The fast component decreases systematically wiifvables for the 8-Gei/= + ™Au reaction as a function of
increasing fragment charge, so that for carb@md all E*;ﬁ' EOl'd points are average values for each Var'fb!e ata given
heaviej fragments it is negligible, as seen in Fig. 1. The " ach contour I!ne indicates a decrgage of 10% in cross sec-
slow component, bounded by the dashed lines, exhibits Max.o" and the dotted line on each graph indicates HidA value

. : - above which the last 1% of the cross section is contained.
wellian behavior and behaves similarly for all charges. When
transformed into the source frame, this component is isotro-
pic. Thus, the basic criteria for quasiequilibrium are met forand defined in29,34. In evaluation ofE, and Z,, all
the subset of events within the bounded area, which are iderpbserved charged particles are included for consistency with
tified as thermal particles in this text. other analyses.

In the remaining section we address the second question For each of the average observables, a nearly linear in-
by comparing the reconstruct& /A distributions from the crease withE*/A is found up toE*/A~8-9 MeV. The
E900 and E900a data with direct experimental observabledeviation from linearity above this value is most likely due
from ISiS. Many of the examples shown here are for theto the skewing of the distributions toward lowg&/A, a
8.0-GeVkt 7+ 97Au reaction, but other systems are nearly consequence of the exponentially decreasing cross section
identical. with E*/A, as discussed in the preceding paf#t]. How-
ever, considerable variation in the extent of the fluctuations
is observed for the various parameters. As evidenced by the
narrow widths of the contours, the tightest correlations occur

Studies of hot nuclear matter have frequently employedor the total thermal energy and the total observed charge.
various experimental observables as a measure of excitatio&ince the thermal energy is a significant part of the recon-
energy  deposition (centrality in the collision structedE* value and the total observed charge influences
[8,20,26,30,38—43 The choice has usually been dependenthe reactionQ value strongly[34], a close correlation must
on experimental conditions, since no existing detector arrayesult for these two observables. The multiplicity of light-
is capable of simultaneously measuring all reaction productsharged particles exhibits somewhat larger fluctuations.
and their kinetic energies. While the Q-value contribution associated with LCP emis-

To examine the correlation between these observables aribn is large, gating on LCPs alone permits considerable
excitation energy, in Fig. 5 two-dimensional contour plotsvariation in the reconstruction from which the total evént
are shown for the 8-Ge\/ 7~ + %’Au reaction in which value is calculated. The correlation can be improved if one
E*/A is plotted as a function of: observed IMF multiplicity, looks at the total charged-particle multiplicity,, by includ-
Niue; observed light-charged-particle multipliciti;c,; to-  ing the IMFs in the sum, thereby constraining Qevalues.
tal transverse energg;, ; total thermal energyk,, as de- Thus, these results are consistent with the usé;Qf Zyps,
fined in [34]; total observed charg&,,s, and total bound andN,, as excitation-energy measures of hot nuclei.
charge,Zyoung= 2i(Zi=2). Superimposed on each plot is  The largest fluctuations are found for the frequently used
the average value of the observable as a functioE™ofA. E* markersN,ye, andE;, . The IMF multiplicity appears to
The plots forNyye, Nicp, Ein, and Zyoung include only  be a particularly poor experimental indicator of excitation
thermal-like particles, inside the dashed boundary of Fig. ¥nergy[44], as might be expected due to the small multi-

20—

A. Gauges of heat content
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& CorreciionTl ability for emitting a specific number of IMRsniddle frame
[ 4 Correction I —t——] of Fig. 6), then a different picture emerges. It is observed that
A4 © Experimental s asE*/A increases, the probability fod,,-=0, 1 decreases,
ZE I :?::_._—'——'—_ while the channels foN,==2 open up systematically with
v 2 = E*/A.

In the bottom frame of Fig. 6, the probability for emitting
three or more IMFgthe classical definition for multifrag-
mentation [22]) is seen to grow rapidly abovéE*/A
~4 MeV, while that forM ,r=0-2 IMFs decreases corre-
spondingly. AboveE*/A=6 MeV, fragmentation into three
or more IMFs becomes the dominant IMF decay channel. In
this context, it should be stressed that the growth of the IMF
multiplicity with E*/A is accompanied by a corresponding
growth in the light-charged-particle multiplicity, so that the
—~ 075F © P(M;,23) fractional contribution of each to the total excitation energy
EE ] remains nearly constant, as shown in the preceding paper
T ot 4 P(M,=0,1,2) [34]. Thus, the results of Fig. 6 demonstrate that above
: — E*/A~5-6 MeV, the principal decay channel involves
e s s T e Y breakup into three or more IMFs. Below this value, the cross

E'/A (MeV) section is assumed to go into fission and evaporation-residue
formation(the latter measured inefficiently with 1S9iSas has

FIG. 6. Top: average number of observed IMEbsed circles  been shown in Refd.7,19]. These changes coincide with a
and corrected for geometgolid triangle$ and for both geometry  rapid decrease in the relative emission time, which becomes

and fragment energy thresholdspen trianglegas a function of  constant at 20—50 fra/ aboveE*/A=5 MeV for this sys-
E*/A for the 8-GeVt o~ + **’Au reaction. Middle: probability for  tem [16].

given number of detected IMFs as a function Ef/A. Bottom: Another important aspect that must be considered in any
prOtl’a:"'ty for IMF multiplicity M=3 (circles and M<3 (tri- jnterpretation relative to the multifragmentation mechanism
angles.

is the relative charges of the emitting source and the corre-
sponding fragments. In the top frame of Fig. 7 we show the

licities. This width is also related to the small effect that ) .
P average fraction of source char@eass relative to the target

IMF emission has on th@® value[34] and the large number charge(mass as a function ofE*/A. The values are ex-

of open channels at very hid* /A. The large fluctuations in .
transverse energy are likely due to the inclusion of nonequig]ic'[ti?alfrg?arthg gfa;'gltl ts)%osvvg;{/rr?gazg Jirl?br::utrge t:rrt?gtegh?;ge
librium light-charged particles in the sum. These particles 9 d P P

originate in the cascade process during energy dissipatioﬁji1ose above our t_herr_nal CUHOIT e”e.@“] and .OUFS'de the.
and are subject to the fluctuation introduced in subsequeﬁtaShEd boundary in Fig. 1. At the highest excitation energies

knockout collisions. Thus, whiléNe) and{E,,) correlate }eg denﬁefct) gf erlzn?esgm?Clep;r]t;ileesezrgflz%onels ;lé';irzgggg’
with E*/A, their large widths must be kept in mind when Ny verag u 9 1€
qf 20-30 % relative to the target.

using these parameters in relation to the heat content o The middle frame of Fia. 7 shows the average missin
highly excited nuclei. Although the ISIS array does not de'char e in our reconstructiog' rocedure assumedghere to bg a
tect heavy recoils and therefore is not ideal for determiningSin Ige fragment. The missin pchar e is,obtained by subtract-
Zbouna, We still find a nearly linear correlation with*/A; inggthe to?al observed char%,,DS (c%rrected for effi?:/ienc)y
the fluctuations in this case are part of experimental origin. ¢ 1 the charge of the thermal-like source. This difference is
then identified a<,,5,L in Fig. 7. These values should be
considered upper limits, since there is a finite probability that
The predicted opening of the multifragmentation channethe missing charge consists of more than a single residue,
in the vicinity of E*/A~5 MeV [22-24 indicates that mul- especially as the excitation energy increases. Nonetheless,
tiple IMF emission should appear above this excitation encomparison with the statistical multifragmentation model
ergy. In Fig. 6, this prediction is examined in terms of the(smMMm) [45] indicates that this is a resonable assumpf#s].
average IMF multiplicity, the probability for emitting a given The solid line in the center panel of Fig. 7 is the missing
number of IMFs, and the probability for emitting three or charge predicted bgmm after passing through the ISiS filter
more IMFs relative to events with two or less. The unmea-and the dashed line is the maximum fragment charge from
sured heavy residue is not included in these probabilitiessMM. In addition, because ISiS does not detect the small
HereN refers to the measured multiplicity amdi to the true  number of fast shower particles above 350 MeV, our source
multiplicity derived from a Monte Carlo reconstruction that charge in the top frame would be slightly lower if this cor-
takes into account detector geometry and thresholds. In theection could be made. Nonetheless, the results show that
top frame, the values dfN;=) and(M ye) increase mono- aboveE*/A~6 MeV, the missing mass corresponds to an
tonically, with no apparent deviations neat/A~5 MeV. IMF, indicating that on the average the source has distint-
However, when the averages are decomposed into the probgrated completely into IMFs and LCPs.

B. Fragment charge distributions
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FIG. 8. Top: average ratio of observed and geometry-corrected
IMFs per residue nucleon as a function®f/A; symbols are de-

FIG. 7. Dependence of fractional source charge and IMFfined in bottom frame. Bottom: power law parameterfsom fits to
charges as a function d&*/A for the 8 GeVt-7~ + 197Au reac-  the charge distributions as a function®f/A of the residue.
tion. Top: fractional source charge of residue. Middle: missing
charge n IS'S’ gssumed to bg thg largest fragment; and SSM Pl inimum nearr~2 in the vicinity of E*/A=6 MeV, just
diction for missing chargdsolid line) and for largest fragment ) ) ] i
(dashed ling both passed through the ISiS filter. Bottom: charge of@P0Ve the multifragmentation threshold. This behavior is pre-
two largest observed fragments, solid line is $hev prediction for ~ dicted by the multifragmentation modef22-24. At still
second largest fragmenZ,,,2) and dashed line for third largest higher excitation energies, where multiplicities are large and
fragment Z,5,3). nearly all charged particles correspond to LCPs or IMFs,
values begin to increase. This reversal in trend toward the

The bottom frame of Fig. 7 shows the average charge 0i}ormation of smaller fragments at the highest excitation en-
. : : . rgies most likely reflects the influence of the excess ener
the two heaviest observed IMFs as a functiorEdf A, or in g y 9y

h £ 1h o h h q above the multifragmentation threshold, due to the dissolu-
the context of the missing charge, the secorg{2) an tion of large clusters in the heat bath and/or emission of

third (Z,4,3) heaviest fragments in an event. It is apparen,iq |y excited clusters that subsequently undergo secondary
that the average charges of the fragments evolve Cont'mﬁecay.

ously toward similar, although not completely symmetrical, 11,o average number of IMFs per residue mass is found to

values as the heat content increases. This is consistent wigb nearly independent &* /A [9], as shown in the top panel

the behavior predicted by multifragmentation modeg&-— of Ei : : L :
. g. 8. This systematic behavior is in good agreement with
24] and with the data off47]. The charges of the second and .o ,its from heavy-ion studid82,51 and suggests a com-

third largest fragments predicted by them model are also . ; :
shown in Fig. 7. Up toE*/As?l—S MeV, the model and rp:(;:?éleeg;e;kfuop”ﬁ;?izibmtgcl;gn?sgq.nuclel ata given/A,
data are in relative accord. At higher excitation energies the
smm model predicts decreasing charge for the largest frag-
ments. The version adMm shown here stores excess excita-
tion energy in the emitted fragments, enhancing secondary Finally, an important probe for estimating the breakup
decay a€£*/A increases and increasing the relative yield ofdensity in multifragment emission is provided by the IMF
lighter fragments. The data suggest that this version of th&inetic-energy spectra, due to the sensitivity of this observ-
sMm model may overestimate secondary decay effects.  able to the Coulomb field of the emitting source. In Fig. 9 the
Additional insight into the breakup process can be gainedinetic-energy spectra for oxygen nuclei are shown at four
from studies of the fragment charge distributions, of rel-angles for three excitation-energy bins for the 8.0-Ge¥/
evance to discussions of critical phenomena and the nucleand °’Au reaction. These spectra are representativ& of
liquid-gas phase transitiop]. The results of a power law =6 fragments observed in all systems studied here.Zor
analysis,o(Z)aZ 7 are nearly identical for all projectiies =6 fragments at the lowest excitation energy, a break in the
and momenta, as shown in the bottom panel of Fig. 8. At theslope at high kinetic energies indicates the presence of a
lowest excitation energies, values of 3 are found, consis- weak nonequilibrium component at forward anglgs2].
tent with lower-energy proton-induced reaction studé®—  Above E*/A=4 MeV, the kinetic-energy distributions for
50]. As the system is heated and particle multiplicities in-all Z>5 IMFs can be described by a single spectral shape
creasey values decrease steadilgrger clusters reaching a that is nearly independent of angle. The systematic evolution

5 6 7
E /A (MeV)

C. IMF kinetic-energy spectra
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FIG. 9. Kinetic-energy spectra of oxygen nuclei at four angles in .— 500} %
the laboratory system for three bins of excitation energy for \“\)\ 8
8 GeVic 7~ +Au reaction; open circles are foE*/A = : :
. . [elVN N M
=2-4 MeV, closed triangles foE/A=4.6 MeV; and open tri-  + i N :
angles forE*/A=6—-9 MeV. The lines correspond t&mm calcu- — r %ﬁ@:%:—ﬁ—‘ﬁg::gzggj
lations for breakup volum& =3V, with extra expansion energy, 05+ wll = ‘7) = i 5 s 789 led T
equal to zerdsolid line) and 0.\ MeV (dashed ling[53]. For each ) N Ex /A (MeV
bin in excitation energy, the simulated spectrum is normalized to the */ < e )

maximum of the experimental one. Data are for the 8.0 @eV/

7 -induced reaction. FIG. 11. Dependence ok*/A for the following quantities,

from bottom up: relative IMF emission tine extra radial expan-

. sion energyE.,,/Ame, charge distribution power law exponent
of the spectra withE*/A shows that the energy of the Z-7, and pm;agi.ity for a given IMF multiplicity.

Coulomb-like peak decreases with increasing excitation en-

ergy, as can be seen also in Fig. 1 B+ 6 fragments. This source chargésee aboveand emission from an expanded/
behavior is consistent with the measured decrease of thdilute system. As expected for a hotter source, the spectral
slopes become flatter with increasing excitation energy.

In Fig. 10 the mean kinetic energy of fragments from the
8.0-GeVkL = reaction is plotted as a function of fragment
charge for several excitation-energy bins, transformed into
the source frame. The data are found to increase monotically
with charge, as expected from Coulomb effects. But the most
distinguishing feature of Fig. 10 is the near independence of
the average kinetic energies on excitation energy over a
broad range ofE*/A. This behavior can be interpreted
within the context of Fig. 9. It results from a compensation
between competing factors in which the decrease of the

80,

70f
60~
50F

40F

Mean Kinetic energy (MeV)

30f source charge and densitghown by the decrease of the
. ® E/A28MeV location of the Coulomb peaks offset by the increase in
20F . gig*ﬁ;g temperature of the syste(flatter slopg at high excitation
L A 4>E/A>2 energy. o -
10 Also shown in Fig. 9 aresmMm predictions that show the
§ effects of extra expansion energy, as discussgd3h The
O T e s 10 12 14 16 18 extra expansion energy is defined here as the difference be-
Fragment charge tween the observed kinetic-energy spectrum and that pre-

dicted by smm. Two reference calculations are given, one
FIG. 10. Fragment mean kinetic energy as a function of IMFWith no extra expansion energgolid line) and another with
charge calculated in the source frame for four bins of excitationan additional 0.5 A of energy. In Fig. 11 the extra expansion
energy, as indicated on the figure. Data are from the 8.0-GeV/ energy that must be included in tseim in order to provide
m~-induced reaction. a best fit to the data is shown as a functionEdf/A. The
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results indicate that the extra expansion effect increasesxcitation energie€€*/A=7 MeV. Further consistency is
monotonically with excitation energy, but is much smallerevidenced by the fragment charge distributions, which

than in heavy-ion-induced reactions. evolve systematically toward larger fragments upEtt/A
~5-6 MeV, but at higher excitation energies lighter frag-
IV. SUMMARY AND CONCLUSIONS ments are again favored, presumably due to the secondary

decay of hot primary fragments.

In experiments E900 and E900a the collision dynamics i ;
and multiple fragment breakup features have been investi- The IMF kinetic-energy spectra suggest an evolution from

| .. . . .
; . . emission at normal density to a decay scenario consistent
gated for GeV hadron-induced reactions &tAu. Direct Y y

observables have been correlated with excitation energies d\é\rl]ith a system at lower than normal density. This behavior is
. . S : X . 10st apparent in the broadening of the spectra peaks toward
termined from high statistics data obtained with the ISiS ar bp g b b

. . . Tow energies(lower Coulomb fielgl and flattening of the
ray, which measures e.XCIUS'Ve charged-partlcle_ s_pectra fosrlopes asE* /A increase(higher temperatuje As a result,
1=<7Z=<16 fragments with excellent spectral definition and,[he average IMF kinetic energies show little change as a

large dynamic range. function of E* /A.

The reconstructede* distributions indicate that relative In Fig. 11 several features of the E900/E900a results are

th‘? Erottons anddplons'i' 8'0'?‘3&//?”“5:“0”5 pLowde the compared to illustrate the evolution of the disintegration pro-

\ghest-energy epg_rsl |(t))n va uers] orthe same beam ?Ome@éss with increasing excitation energy. Both the IMF multi-
tum. For proton andr  beams the excitation-energy distri- jicir gata (top frame and charge distribution parametriza-
butions are nearly |dent|c§1_l, indicating an independence of, ) (second frampe suggest a transition in the reaction
hadron type onE** deposition. Above beam momenta of echanism in the regioB*/A=4-6 MeV. The third frame
6-8 GeVL, theE d|st.r|but|ons show little change, Pre- shows the deduced extra thermal expansion energy derived
sumably due to increasing transparency, formation-zone ek 1\ ihe fragment spectrf53], indicating an onset near
fects, and depleted density of the residue. HOWeESIA  Ex/A_5 Mev. Finally, in the bottom frame time scale re-

values increase slightly with beam momentum due 10 they s from an IMF-IMF correlation analysia6] show a rap-
decreased residue charge associated with increased partlﬁlﬁy decreasing relative emission time upEs/A~4 MeV
knockout at the higher momenta. The observed trends are Iefar which a constant value af~20—50 fmk is reachea

good qualitative agreemet\nt.with the intranuclear-f:ascad%hese very short relative emission times correspond to a
SOdeQ.G.SM’ although quantitatively the code overprediets near-simultaneous breakup of these highly excited systems.
eposition. These features of the data abok&/A=5 MeV coincide

. . "
As signatures o=* deposition, the total thgrmal energy, henomenologically with a process that is suggestive of a
total observed charge, and total charged-particle multiplicit iquid-gas phase transitidi22—24.

correlate most strongly witle* /A, while rather large fluc-
tuations are observed for the IMF multiplicity and total trans-
verse energy. While the number of IMFs is not a good gauge ACKNOWLEDGMENTS
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