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Multifragmentation of the remnant produced in the reaction of 1A GeV gold with carbon
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A high-statistics exclusive study of the multifragmentation &f GeV gold on carbon has been performed.
Particles withz<2 show evidence of emission in a first prompt stage as well as in a second equilibrium stage
whereas fragments with=3 appear to be emitted essentially only in the second stage. Two methods for the
separation of th&=<2 particles into the two stages are given and they are in agreement. The yields for each
stage are determined as a function of the event charged particle multipticihe mass, nuclear charge,
excitation energy per nucleon, and temperature of the remnant left after the first stage and their fluctuations
have been determined as a functionnaf The expansion of the remnant to fragment freeze-out is examined.
The freeze-out temperature is determined from double isotope ratios as a functivamf isentropic trajec-
tories are obtained in the temperature-density plane. The caloric curve shows a monotonic increase with
excitation energy. Some of the energy is in the form of radial flow. Overall, the results are consistent with a
previous statistical analysis of the data which suggests that, over a certain range of excitation energies,
multifragmentation involves a continuous phase transifi&8556-28188)04902-4

PACS numbdrs): 25.75~q, 21.65:+f, 25.70.Pq

I. INTRODUCTION [1], it has only become a subject of intense investigation
since it was found to occur in high yield in high-energy
proton and intermediate-energy heavy ion react{@jsThe-

MuIUfragmentatlon(MF)_, the breakup of a nucle_u sintoa gretical interest in MF followed upon the discovery that the
number of fragments having a range of masses, is a charac-

teristic response of a highly excited nucleus. Although MFyIeIdS of fragments with mas& produced in proton-xenon

has been known since the early days of cosmic ray physic@ndf protpn-krypton collisions obeyed a power [&WA;) )
«A; 7, with 7~2.5[3], as expected for a system undergoing

a liquid-gas type of phase transition in the vicinity of its
*Present address: Augusta State College, Augusta, GA 30910. cfitical point. This result raised the possibility that MF could
'Present address: Naval Research Laboratory, Washington, D.@rovide information about the equation of state of nuclear

20375. matter[4—7]. These inclusive studies also established that
*Present address: Space Systems/Loral, Palo Alto, CA 94303ragment kinetic energy spectra exhibited a strong reduction
4604. in the Coulomb barrier, suggesting fragment emission from
S$present address: Sung Kwun Kwan University, Suwon 440-746an expanded systefi@—10]. The systematics of the spectra
Republic of Korea. of over 60 isotopic fragments indicated that fragments are
IPresent address: St. Mary’s College, Morage, CA 94575. emitted simultaneously from a common remnant, lighter in
TPresent address: Nuclear Science Division, Lawrence Berkelegnass than the targgtO]. An analysis of the relative yields of
National Laboratory, Berkeley, CA 94720. these fragments based on our thermal liquid drop model gave

Present address: Ohio State University, Columbus, OH 43210.a freeze-out temperature ef5 MeV [10,11]. Fragment ex-
"Present address: Nuclear Science Division, Lawrence Berkelegitation functions for proton-nucleus interactions in the 1—20

National Laboratory, Berkeley, CA 94720. GeV range implied that MF is a high-energy phenomenon
Hpresent address: The Svedberg Laboratory, University of Uppinvolving excitation energies on the order of the nuclear

sala, S751-21 Uppsala, Sweden. binding energy[12,13. The above results are particularly
$8present address: Crump Institute for Biological Imaging,important because they showed that MF can be viewed as the

UCLA, Los Angeles, CA 91776. result of a two-step process. The formation of the remnant
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occurs in a first step involving prompt particle emission
while the breakup of the remnant involves a slower second
step.

In recent years, further progress has been made possible
by exclusive studies of MF, in which practically all the frag-
ments emitted in a given event are detected. The ALADIN
Collaboration studied the MF q#00—-1000A MeV xenon,
gold, and uranium nuclei incident on targets ranging from Be
to U [14,15. Fragment yields were found to be independent
of the entrance channel when scaled for projectile size, sug-
gesting that MF occurred following equilibration. Similar
universal scaling was observed by Beaulal.[16], again
pointing to the thermal nature of MF. The EOS Collabora-
tion studied the MF of A GeV gold on carbon and analyzed
the distribution of projectile fragments by applying the meth-
ods used in the study of critical phenomena. Four critical
exponents were obtained from the dft&,18. The values
of these exponents were found to be consistent with those of
the Ising(liquid-ga9 universality class, suggesting that, over
a certain range of excitation energies, MF can be understood
as arising from a continuous phase transition similar to that
involving ordinary fluids. Along with the earlier inclusive
studies, these experiments suggested that following its for-
mation in a prompt preequilibrium step, the remnant under-
goes equilibration prior to its breakup.

The above experiments indicate that thermodynamic or
statistical interpretations of MFL9,20 should be appropri-
ate. Statistical models are indeed able to account for many
features of the dati21]. However, it is clear that dynamical
effects must also play an important role. The occurrence of
the preequilibrium process can be followed by means of vari-
ous dynamical codel22,23. The resulting remnant can be C—=—7 PLUTOIl
characterized by a few global variables, such as nuclear :Ejssfd :
charge, mass, excitation energy, and temperature. These vari ' é’;'"fﬁy 1:
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. of pole tip
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_ 7 of pole tip

~ Boundary of
~ HISS yoke

ables may depend on the centrality of the collisj@d] as m;ping

measured, for example, by the event charged particle multi-

plicity m. The properties of the remnant are of great impor- =

tance to an understanding of MF since the nature of this -

process will vary with its excitation energy per nucleon, T 1

E*/A. Within the context of a phase transition picture, MF

will first occur at moderate excitation energies from the lig- - = bLUTO !

uid state, resulting in the emission of light particles and frag- —

ments and the formation of a heavy residue. At a higher [ e

E*/A, the system passes through the critical region and frag- ouad (b)

ments are emitted with a broad range of masses according tc —

the power law. At still highelE*/A the system undergoes ) .

vaporization, disassembling into nucleons and light particles, F!G- 1. The EOS detectofa) main componentsb) plan view
This paper deals with the dynamics of the MF @ GeV of upstream beam line detectolS, andV, are upstream of the

gold (beam rapidityy=1.35) plus carbon and the character- quadrupole magnet and are not shown.

ization of the remnant that eventually undergoes MF. Section ] )

Il presents the details of the experiment and data analysié? Fig. 1. The experiment used four major detector systems

Section 11l deals with the separation of the prompt preequif0 track and detect fragments produced in the nuclear colli-

librium particles and Sec. IV presents the properties of théions: the EOS time projection chamb@iPC), a multiple

remnant. Section V deals with the expansion of the remnariampling ionization chambeiMUSIC 1), a time-of-flight

towards fragment freeze-out. Finally, a summary of the reWall, and a neutron spectromet@UFFINS). Only the first

sults is given in Sec. VI. Some of our results have beerfwo of these detectors were used in the present analysis.

im

published previous|y25,26]. An evacuated beam line, shown in Fig. 1, led to the TPC.
It contained several beam defining detectors. Two {&b0
Il. EXPERIMENTAL DETAILS um) plastic scintillator signal-veto detectors ensured proper

beam alignment and prevented beam interactions occurring

outside the target from being recorded. They also provided
A beam of high-energy gold ions from the LBL Bevalac beam intensity and arrival time information. To trigger the

was incident on the target and detector configuration showdownstream detectors to read an event, the beam was re-

A. EOS detector
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quired to pass through both vetw1,V2) scintillator holes, erated about 727 ion pairs per cm, which were used to
3.2 cm in diameter, and hit the sign@1,S2 detectors. determine the charge of each fragment. The electrons drifted
Between the signal-veto detectors were the PLUTO detecat roughly constant velocity through the active volume and
tors locatel 2 m apart in air gaps along the beam line. Thearrived at the anode with a time delay proportional to their
PLUTO detectors determined the incident beam direction foinitial distance from the anode plane. The anode strips mea-
each event. Scintillator and optical fibers arranged in a gricured the drift times, which provided information about the
at 1 cm intervals and four photomultiplier tubes attached tgposition and slope of the fragment’s path through the cage.
the edges of the scintillator provided vertical and horizontalTrack segments in the three cages with matched charge,
beam position. An incident beam vector for each event waslope, and position were combined to reconstruct the frag-
constructed by combining these vertical and horizontal posiment tracks with~95% efficiency.
tions at the planes of the two PLUTO detectors. The angular

resolution of these detectors was 1.2 mrad and 0.5 mrad in B. Data reduction
the horizontal and vertical planes, respectively. Since the tar-
get is located in the field of the dipole magnet housing the 1.TPC

TPC, some bending of the beam in the fringe field occurs The TPC data analysis translates the three-dimensional
prior to the interaction with the target. A small average cor-gjectronic signals into space points and calculates the amount
[ﬁ_ctlo; totthe PLUTO beam vector was made to account f0p¢ j5nization associated with each hit. Pad signals were ana-
'ﬁ_ﬁ et(): ' i foll db 490 ma/&rearb lyzed for drift time measured in 100 ns time pixels. Peaks in
tar ete Ioc?;g] d :rr:eaivrvajstou og\t/reeamyo? the ng arrfgrs Ocnm i the analog-to-digital convertdADC) spectrum were found
9 . Just up . . y searching for three or more adjacent pixels with the cen-
front of the trigger scintillatoST). Events in which large al pixel being the highest. The peak height is found after

energy losses occurred in this detector were vetoed. The . X . . :
minimum bias trigger formed in this manner eliminated the itting these ADC readings with a Gaussian. A correction for

bulk of the noninteracting beam as well as some of the mogtlectron diffusion in the vertical direction during the drift to
peripheral interactions. the pad plane was applied. A deconvolution procedure was
The TPC[27] detected, identified, and tracked fragments@Pplied for overlapping peaks. . .
with charges in the range<iz<8, providing a nearly 4 The pattern recognition routing29] first examined the
solid angle coverage in the center-of-mass system. Thredad rows most downstream from the target. If three hit clus-
dimensional tracking and charged particle identification perters contained colinear hits, an initial track segment was fit.
mitted momentum and energy reconstruction of these fragA straight line projection was used to search for a hit cluster
ments. The entire TPC volume was situated between then the next pad row upstream. If at least two more hit clus-
poles of the Heavy lon Superconducting Spectrometeters were found, a helix was fit and extrapolated to the next
(HISS) dipole magnet and was rotated 7° with respect to thepad row. The helix was updated if another hit cluster was
beam line to optimize coverage of charged fragments bendound and the procedure repeated until no further hit clusters
ing in the 1.3 T magnetic field. The TPC has an active driftwere found. The radius of the helix fit to each track and the
volume 154 cm in the beanz) direction, 96 cm wide in the magnetic field map were used to calculate the rigidity of the
bending &) direction, and 75 cm high in the drify] direc- fragment. The momentum was obtained after charge identi-
tion. Electrons drifted at about 5 cp in the parallel elec- fication. Track segments were then merged and a vertex with
tric and magnetic fields to the floor of the TPC, which wasa resolution of 0.4 cm was reconstructed. The vertex pro-
tiled with 15360 pads. The pad array provided a two-vided a starting point to reevaluate track fits and allowed
dimensional horizontal location of the track and the 256 samelimination of tracks coming from interactions outside the
plings of the drift time gave the vertical location. The TPC target. Tracks fit using the vertex information showed im-
thus provided over 2 1(P pixels for tracking. ThedE/dx  proved rigidity and momentum precision over tracks fit by
was measured with an analog system. A laser calibratiogimply merging segments. Typically, a track was constructed
system was used to monitor the electron drift velocity and tdrom ~ 100 hits.
map the distortions in the electron drift path. The energy loss of the fragmerdE/dx, was obtained
MUSIC 1l [28] detected and tracked fragments with from the sum of the amplitudes of all time pixels associated
charges & Z<Z,... The detector consisted of a cylindrical with the track. Landau fluctuations were smoothed by includ-
vessel filled with P10 gas slightly above atmospheric presing only the lowest 80% of samples of energy loss for each
sure. The ends of the vessel were enclosed by low-mass kafgack. Figure 2 shows the 80% truncated meand&fdx
ton windows to minimize multiple scattering. The inner di- versus rigidity for charged particles detected in the GeV
ameter of the vessel was 124 cm with a length of 250 cmAu+C collisions. Note that charge bands are generally well
Three field cages with active areas of 102.4 cm by 60 cm andeparated. Isotope separation was possible up=td and
a depth of 51.2 cm each were aligned in the vessel. Eacivas made by graphically scribing boundaries along valleys
anode plane was composed of 16 anode strips 3 cm widd the contour plot of the distribution. While good separation
The two field cages at the ends of the vessel generated hotivas achieved at rigidities corresponding to the rapidity of the
zontal drift fields while the central field cage produced aprojectile remnant, where the particle yields peak, the sepa-
vertical drift field. ration is not as good for particles having low rigidity. For
The MUSIC Il chamber operated without gas gain and seexample, the yield ofHe is cut off at a rigidity of 1.6 GeV/
was capable of detecting the heavier, more highly ionizingc and some of théHe yield at lower rigidities may actually
charged fragments without electronic saturation. A track librepresent*He. The separation in rigidity betweetH, 2H,
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FIG. 2. Contour plot ofdE/dx vs rigidity in the TPC for A MUSIC charge, Z

GeV Au+C. Adjacent contours correspond to a factor-of-2 differ-
ence in the number of particles. FIG. 3. Charge resolution of MUSIC II.

and 3H is better than that between He isotopes and isotopic Figure 5 shows the distribution of the total reconstructed

misassignment is not a problem fér=1 particles. charge of each event. The data peak near the charge of gold
but extend to much smaller total charges. The causes of this
2 MUSIC 1| low-charge tail include losses due to inefficient track recon-

) struction[30] as well as a reduction in TPC efficiency when-

Pulse shapes from gold beam particles were used to €%ver a highly charged fragment is emitted. This effect is
tract the amplitude and position of hits from each anodejiscussed in detail below. The shaded region indicates the
strip. Overlapping hits were deconvoluted and track segevents with a reconstructed charge of 75-82, selected for
ments constructed in each field cage from the calculated st ther analysis. Approximately 410* events met this cri-
of amplitudes and positions of the 14 interior anode strips Merion. If all charges from the gold projectile and carbon
each cage. The angle or slope of each track segment relatiygget were collected in each event, the reconstructed charge
to the anode plane was also computed. Combining verticgl,oyid be 79-6=85. However, aGEANT simulation shows
and horizontal cages produced a position in space at the déyat fragments from the carbon target are not likely to enter
tector midpoint and an associated three-dimensional tracle TPC volume in the low-multiplicity even{80], and so
vector. Track segment vectors from all cages were projecteghe total reconstructed charge in the data is expected to be
onto a single plane perpendicular to the main axis of theyyoyt 79 in these events. At high multiplicity, the simulation

detector. Tracks were then reconstructed by requiringso shows that some tracks in the TPC are missed or lost
matches in charge between track segments in the three cages

and matches in slopes and projected positions between track
segments in the horizontal drift cages.

Peaks in the charge distribution were visually identified
and corrected to coincide with an integer charge. The maxi-
mum charge peak was set to be that of the gold beam, 79.
Although greatly 99%) suppressed by the trigger, enough
beam particles were detected to give a clearly identifiable
peak. An example of the charge resolution.2Z) of the
reconstructed tracks in MUSIC 1l is shown in Fig. 3. The
peaks corresponding to the various fragments are well re-
solved and the charges were assigned by stepping down from
79.

Number of events

C. Event reconstruction

The experiment produced a high-statistics (12°) set

) S P A S B

of minimum bias events. A wide range of total event multi- 0 10 20 P —— 60
plicities was detected. The charged particle multiplicity dis- Multiplicity

tribution of fully reconstructed events is displayed in Fig. 4.

While the distribution peaks for events with low multiplici-  FIG. 4. Charged particle multiplicityng) distribution for fully

ties, m~4, it extends to~60, corresponding to a nearly reconstructed events inAlGeV Au+C interactions. Fission events
complete breakup of the gold nucleus. have been suppressed.



768 J. A. HAUGERet al. 57

1 .
3000- :
2500 G) o1
GO
%] % B
z -1
=] L
S 2000 S
[0} F.
b g oF
-
B 1500 g r
2 o L
g g 1L
Z 1000 % Tt
S F =]
o F El=!
0 5=
500 i =5
gt
0 L i L L L [
55 60 65 70 75 8 85 90 p, momentum (GeV/c)

Total reconstructed charge
FIG. 7. Light particle and fragment yields in the TPC as a func-
FIG. 5. Distribution of the total reconstructed charge in eachtion of transverse momentum components, wheresignates the

event. The shaded region marks the events selected for furthdgertical direction andx the horizontal direction. The size of the
analysis. rectangles is proportional to the number of particles.

due to two-track resolution limitations, and so the data ar&han the two-track resolution of the detecter2.5 cm, it is
expected to have a total charge of about 79 in the hightikely that the ionization of the light fragment will be merged
multiplicity events as well. This expectation is borne out bywith that of the heavy fragment. Because the size of the
the data, which sho_w essentially constant reconstructefirgest fragment decreases at high multiplicity, the ineffi-
charge at alm. See Fig. 6. _ . ciency of the detector caused by the large fragment will be
In reverse kinematics, most reaction products continue t@.qs severe in the highest-multiplicity events. On the other

move at near beam rapidity through the detector systems Sgand, at high multiplicity we expect more severe losses due
e

that most tracks in the TPC are found in a cone center : : ;
two-track resolution especially for lopr particles[30].
about the beam path. The heavy fragments are not detected The heavy fragments will typically havkl/Z~2.2 (see

by the TPC but leave saturated ionization trails. This clou ig. 10. Therefore2H and “He will tend to follow the path

of liberated electrons reaches the pad plane in the detect Fthe | f tth h the detector. H ¢
along with the ionization from the lighter particles, which the O' th€ 1arge fragment through the detector. However, protons

TPC does detect. Light fragments with low transverse moWill have a smaller radius of curvature than the heavy fra_g-
mentum p, traveling at near beam rapidity and having ament. We therefore expect protons with a zero or negative
mass-to-charge ratidM/Z) similar to that of the beam will Momentum componer, , which are farthest from the large
have only a small separation from the track of a heavy fragfragment track, to be virtually unaffected by it. On the other
ment when exiting the chamber. If this separation is smallepand, protons withp,>0 may have a reduced detection ef-
ficiency. The inefficiencies should be largest for particles
90 moving in the plane of the beam, i.e., witj~0.
The above effects are evident in plots of fheversusp,
distribution of particles detected in the TPC, displayed in

885— B Corrected

e Uncorrected

861 Fig. 7. Focusing first on the protons, we note that the distri-
aal ] bution is asymmetric, with more protons havipg<0 than

r px>0. If we assume that the distribution of protons with
82 px<0 is unaffected by the reduced detector efficiency, then
sl — comparing the yield of protons witp,<0 to the number

with p,>0 gives an estimate of the detector efficiency for
. protons. These average values of the efficiency can then be
76 L used to correct the total reconstructed charge as a function of
i m and are listed in Table | for various multiplicity bins.

The impact of the ionization trail of the heavy fragment

Mean reconstructed charge per event

72 L on the light fragment detection efficiency is also evident in
0 b L plots of p, versusp, for the other hydrogen and helium
0 10 20 30 40 50 60 isotopes. The main effect is that all these particles have an
Multiplicity efficiency “hole” in the middle of the distribution. There-

fore we could not assume, as in the case of the protons, that
FIG. 6. Dependence of total reconstructed charge on multiplicone-half of the distribution was unaffected. Instead, we made
ity. The results apply to the shaded events in Fig. 5. an estimate of the number and average kinetic energy of the
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TABLE I. Light fragment efficiency estimate for the TPC as a function of multiplicity.

Multiplicity

bin H ’H *H *He “He
1-10 88.5 86.7 81.3 84.1 86.3
11-20 92.2 88.4 82.9 82.3 85.2
21-30 92.6 90.2 84.6 88.0 86.5
31-40 93.6 92.3 88.5 91.6 87.9
41-50 91.8 92.0 93.7 89.0 87.5
51-60 90.5 94.9 78.3

lost particles by fitting a two-dimensional function of the proving because the number of particles being corrected is
form larger at high multiplicity. Reconstructing a total charge via

simulation also suggests that the efficiencies listed in Table |
N describe the fraction of missing particles well.

{1+exd (pP-B)/C} W

f(py)
I1l. SEPARATION OF REACTION STAGES

to thesep, andp, distributions in various multiplicity inter- In this section we describe the procedure used to separate
vals. Here A, B, C, andN are fit parameters angk is the the particles emitted in the first step from those associated
transverse momentum. Fits were performed¥drand 3He  with the decay of the remnant. We begin by presenting evi-
by combining the two highest-multiplicity bins. The results dence for the occurrence of two reaction stages. Next, we
are summarized in Table I. determine the velocity of the remnant in the laboratory frame
Figure 7 shows thaZ=3-8 fragments also suffer from and show how this velocity can be used in conjunction with
reduced efficiency in the middle of the distribution. How- the transverse momenta of heavy fragments to determine
ever, the total reconstructed charge does not require an effiheir average mass for a given charge. We then transform the
ciency correction due to the loss of these fragments becauseeasured energy spectra to the moving frame and describe
the charge cut shown in Fig. 5 effectively eliminates eventdwo methods of separating the two stages. Our analysis sup-
with undetected fragments in this charge range. The meaports the results mentioned in the Introduction, which indi-
transverse kinetic energies @=3-7 fragments are dis- cated that a first prompt preequilibrium step is followed by a
cussed in Sec. V E. The reduced TPC efficiency primarilysecond step in which the equilibrated remnant breaks up.
affects these energies via the width of the momentum distri-
bution. The reduced efficiency far,~0 makes the width of A. Evidence for two reaction stages

the py dIStI’IbUtIOﬂ,(rpX, too large. However, the width of the An indication that protons are emitted in two distinct re-

py distribution, o7, , is essentially unaffected. Therefore the action steps can be seen in a contour plot of the transverse
ratio of widths, ngy/of, +a,2)y, was applied as a momentunp, versus laboratory rapidity, Fig. 8. We note a

X

multiplicity-dependent correction factor. The effect of this Strong component centered nggg.mand at lowp;, with a
correction is to reduce the mean transverse energy of the
fragments, thereby correcting for the preferential loss of low- |
py fragments. The correction amounted+80%, on aver- | LT
age, for smalim, but to only~2%, on average, for larga. 600 1 )

Since the pool of events used in the present analysis is i
known to have a total charge peak at 78, we have likely
selected events which have missing fragments. Therefore the
efficiency values listed in Table | are worst case estimates for
the efficiencies of all particles produced in the event includ-
ing the prompt component.

The total reconstructed charge was corrected for effi- L
ciency by determining the mean number of light particles of 200 |
each type in each event as a functiomofThese yields were o
then corrected by dividing by the TPC efficiency correspond- 3
ing to the multiplicity bin and particle being considered. The
amount of additional charge associated with these “miss- 00 : 0'5 :
ing” particles was then added as a correction to the average ‘Lab Rapidity
reconstructed charge. The mean corrected and uncorrected
reconstructed charges per event are compared in Fig. 6. The F|G. 8. Linear contours of transverse momentum of protons
corrected total reconstructed charge increases monotonical)rsus laboratory rapidity. The contours cover a factor-of-10 range
with event centrality from~78 to ~85 as expected. This in proton number. The dashed curve corresponds to quasielastic
increase occurs even though the efficiencies are slowly imaucleon-nucleon scattering.

400

p, MeV/c)
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FIG. 9. Laboratory rapidity distributions of light particles and
fragments. The heavy lines correspondytam. features. In contrast, the distribution for fragments heavier
than helium is symmetric abowt,e,» implying that these
second distribution extending to lower rapidity and high ~ fragments are emitted virtually only from the decaying rem-
The first component is suggestive of thermal emission fronnant in the second step of the reaction. Because of the pre-
the remnant in a second reaction step. In reverse kinematicgiously mentioned uncertainties in particle identification at
the excited remnant moves at nearly beam rapidity in themall rigidities we estimate that 10% of the *He yield for
laboratory reference frame. Consequently, the rapidity distriy<1.0 may actually belong t6He. However, the effect on
bution is expected to be centered nggy,,for protons and  the “He spectrum in Fig. 9 would not be noticeable because
fragments emitted from the projectile remnant. Further, if thethe yield of “He is an order of magnitude larger than that of
remnant is at thermal equilibrium, the emitted protons will *He.
have lowp;. It might appear that a straightforward separation of
The second component is indicative of prompt emissiorprompt protons could be performed by reflecting the forward
in a first stage involving elastic and inelastic nucleon-half of the rapidity distribution. However, such a procedure
nucleon collisions. The dashed curve, which follows the conis not valid since, as noted in Fig. 8, there is a strong com-
tour ridges, represents quasielastic scattering of a nucleon onent of prompt protons near beam rapidity, but with a
the projectile with a nucleon in the target. This curve islarge transverse momentum.
broadened by the initial Fermi motion of the nucleons in the
projectile and target nucléBl]. By adding an inelastic com- B. Remnant source velocity and heavy fragment masses
ponent, many of the features of the data are qualitatively

reproduced. In the elastic scattering case, the distributiorésg;ror?oe:jg:esrfnpi?;a:re]etr\';lm?t re?(i'ﬂon stages Itis f|rs;[ nec-
starts atypeam for low transverse momentum. This corre- y ocity of the moving remnbt,

. - n a sim [
sponds to a glancing nucleon-nucleon collision. The curvé a simultaneous thermal breakup of the remnant, particles

L : : : ~are emitted isotropically in the moving source frame and
extends to lower rapidity for highep, , reflecting higher their laboratory velocities may be used to calculgje The

momentum transfer collisions between the interacting nucler—_novin reference frame is comouted from  the
ons. Further confirmation of the nature of this first step is oi htged average of the fragment ?/elocities for hma\l/ssr;t
given by intranuclear cascade calculations, which represeﬁ 9 9 9 each eve

the first step of the interaction as a series of quasifre 2. Therefore,

nucleon-nucleon collisions. Thus, the cascade asdeeL smy,8
[23] yields a plot ofp, vsy for 1A GeV Au plus C that (B)= __E @)
closely resembles the experimental contours observed for the 2m;y;

second component.

The above features can also be seen in Fig. 9, whicMherem; is the fragment mass angl, is the velocity of the
shows the laboratory rapidity distributions of particles andfragment in the laboratory frame. Only those fragments with
light fragments detected in the TPC. The proton distributiongood mass identification and no prompt component are used
shows a Gaussian peak centered ngasmand a tail extend- in the source velocity calculation, i.e., Li and Be. A least
ing to low rapidities. The peak negi..mincludes the first squares fit of the source velocity as a functionnofyields
component in Fig. 8 and therefore represents second stag@,)=0.873 for m=0, decreasing td3,)=0.867 form
protons(as well as some first stage protonshe tail at low =60. The fit is shown in Fig. 10. Other combinations of
y corresponds to the second component in Fig. 8 and thuisotopes were tested to check the sensitivity of the calcula-
indicates the emission of prompt protons. The distributiongion. The resulting least squares fits differ by less than 0.5%.
for ?H, H, 3He, and, to a lesser exterfle exhibit similar  In any particular event only one or two of these fragments
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FIG. 12. Logarithmic contour plot of proton kinetic energy in

FIG. 11. Average masses of heavy fragments with charges demoving system vs laboratory rapidity. Adjacent contours corre-
termined with MUSIC II. The solid line is the EPAX parametriza- Spond to a factor of 2.4 difference in proton number. The horizontal
tion [33]. line at 30 MeV divides the two reaction stages.

are found and so there are fluctuations in the calculateqgie that above KE30 MeV. the distribution becomes
source velocity, event to event. However, isotropic emissionysymmetric due to the increased prompt component at low
of these fragments ensures that the correct average veloCifypiity At lower kinetic energies, the distribution appears
as a_functlon ofm is determined. T_he sourc_e_velocny fr(_)m roughly symmetric aboufp.., Similar plots for the other
the fit was used to transform particle velocities for a given; 7 jnq7=2 particles also show that the distributions be-
multiplicity. _ _ come asymmetric when the kinetic energy per nucleon in-
The fractional mass difference of fragments Wit 6 IS ;reases above 30 MeV/nucleon. This value of kinetic en-
too gmall to permit a mass determination in the TPC. It 'Sergy per nucleon is common to all of the light fragments
possible, however, to use the above values@ to infer  ,ing a strong prompt component. Furthermore, the kinetic
average hgavy fragment masses. In turn, comparison of t,heé‘ﬁergy spectra show a distinct kink at this energy per
masses with those obtained in other experiments Conf'rmﬁucleon (see Fig. 1R Therefore, cuts made at 30 MeV/
the validity of (8,). Our procedure is. based on the fact th_atnucleon are used to approximately separate the two compo-
heavy fragments are emitted isotropically from the decaying,gnts Adjustments of:5 MeV/nucleon in the location of
projectile remnant and, on average, will be moving with theyyis oyt have only a small effect on our subsequent results.
same velocity in the Iaborat_ory reference frame as this rem- gjnce the kinetic energy of each particle is computed by
nant. Consequently, an estimate of the mass of these fra@r’ansforming to the moving remnant reference frame, we

ments is possible using the TPC momentum information iNuhecked the sensitivity of the spectra to the value of the
conjunction with the above values ¢B3,). The mass esti-

mate proceeds by approximating, for each fragment, the total ‘
laboratory energ¥= yM =p,/(B,). We ignore the trans- 103} o,
verse momentum singe,>p,. Average masses &f=6-8 F o
fragments obtained in this way are in close agreement
(~1%) with those measured in target fragmentation of xe-
non and krypton by high-energy protof 10]. oy

Mass estimates for the heavy fragments detected in the , 103
MUSIC Il detector were made in the same way as described = . i JA
above. The measured charge of the heavy fragments is plot- @ [T - \ 17
ted versus the estimated mass in Fig. 11. The results agreeU ! \"' i
well with the EPAX parametrization of the most probable
charges of products of high-energy reacti¢83].

1<m<10 L@ " 11<m<20]

1%,

1

C. Separation by constant velocity cut

In order to separate the two reaction steps the kinetic en- : 5'0 0 e 50 '160
ergy of each fragment was first transformed to the reference Kinetic Energy (MeV)
frame of the moving projectile remnant. In Fig. 12 the proton
kinetic energy(KE) in the moving system is plotted versus  FIG. 13. Two-stage fit to the proton kinetic energy spectrum for
the laboratory rapidity. The higher-energy protons are foundndicated multiplicity intervals. Dashed curve, first stage; solid
preferentially at lower rapidity than the remnant source. Wecurve, second stage; dotted curve, sum of two stages.
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100 —— T deconvoluted into first and second stages in a continuous
~ i () i way, and thermal parameters such as the second stage tem-
> L ® perature and Coulomb barrier can be extracted.

& r ® o 1 The MB function of kinetic energ¥ with Coulomb bar-
2, 50 ¢
@ B rier B is
N’ L -
= i i fus(E,B,T)=(E—B)Y%exd —(E—B)/T] for E=B
| | | | Il | | | | |
O i T T T | T T T | T T i :0 fOI‘ E< B (3)
~ - (b) 1
% i m The Coulomb barrieB should be average@r smearegfor
S 10 - _ at least three reasongl) The remnant nucleus loses charge
~ o | [ | . and expandsboth of which decrease the barrige=Z€%/r),
u |
HN i ] (2) the source velocity is only an average, and the source in
L y individual events is really moving with respect to KB,
0 ———+—F—+—+—+—F—+—+—— allowing KE<B in the average frame, ar{@) there may be
L (¢) 4 a radial position dependence according to fragment charge.
§ 10 A A _ The MB functions were modified with a smeared Coulomb
é’ L A 4 barrier, by averagindyg(E,B,T) over a range of barriers
= L A y from B, to B, as follows:
aa} - . 1 5
= E 2
O I I I | I I | + I 4 gMB(E,Bl,Bz,T):B B J' dB(E—B)1/2
- B
0 20 40 60 s
Multiplicity xexil —(E~B)/T]
FIG. 14. Multiplicity dependence of the parameters in the two- = ;TS/Z[ [E @}
stage fit to the proton spectra. B>—B; 22T
moving frame’s laboratory velocity. After varying the pro- _p § (E_BZ)H ()
jectile remnant reference frame by 1%, the spectra differ 2" T '

only slightly in the lowest-energy bins, implying that the _ _ _
systematic error in the kinetic energy spectra due to the mowhereP(a,x) is the incomplete gamma function.

ing reference frame is insignificant. For the first stage, the Coulomb barrier of AG (Z
=85) is over 17 MeV. Because the second stage remnant
D. Separation by deconvolution of spectra charge decreases t8Z,,/2 in high-multiplicity eventysee

Sec. IV A), the first stage Coulomb barrier was averaged

The procedure for the separation of the two reactiory,m B,=8.5 to B,=17 MeV. For the second stage, the
stages outlined in the preceding section is an oversimplificag 5 rier was averaged froB, =0 to B,=B, whereB is a ;‘it
tion because it ignores the continuous nature of particle spegj— '

) . , arameter.
tra. In this section we separate the first and second stage |, g of the following analyses, the data were divided into

protons by assuming that the second stage source is in thegy eyent multiplicity intervals. Only protons witi, <0
mal equilibrium. The proton KE spectrum can then be charyere ysed, to avoid the TPC two-track resolution ineffi-
acterized by a Maxwell-BoltzmaniMB) distribution for low ciency for protons with positive, (Sec. Il Q. The spectra

KE (second stageand a simple empirical parametrization of were fitted from O to 100 MeV in KE with the sum of two
the high-KE tail (first stage. For the composite light par- r?MB functions:

ticles, a coalescence analysis provides the first stage cont
bution to the spectra. Subtraction from the experimental E 8.5 MeV.17 MeVT.)+N EOB.T
spectra, which were corrected for the reduced TPC efficiency 19u(E.8. ’ T2)+N2Gus(E.08, 2)'(5)
by means of Eq(1), then yields the second stage spectra.

There are five parameters in this #; andN, are the first
and second stage normalizatiofis, is the stage one slope
For all but the highest-multiplicity events, the proton ki- parameterT, is the second stage temperature, & the
netic energy spectra in the remnant frame show a distinanaximum second stage effective Coulomb barrier. A good fit
kink at about 30 MeV. The spectral shapes both above antb the proton KE spectra is obtained for all six multiplicity
below 30 MeV appear similar to negative exponentials, buintervals, as seen in Fig. 13. Plots Bf, T,, andB vs mul-
with distinctly different slopes. Protons emitted from a ther-tiplicity are shown in Fig. 14. The values @f, are compa-
malized equilibrium source would follow the MB distribu- rable to the first stage slope parameters obtained in other
tion, which is approximately a negative exponential for largehigh-energy experimeni84]. T, increases withm to a com-
kinetic energy. This suggests fitting the proton kinetic energyparable extent as the second stage initial and final tempera-
spectra with two MB-like functions, one for each of the re- tures that were estimated by other techniques, as described in
action stages. With this procedure, the proton spectra can gecs. IV C and V A. Since all these techniques assume

1. Protons
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FIG. 15. Coalescence ratio of light particles as a function of F|G. 16. Decomposition of the KB/ spectra of composit&
kinetic energy per nucleon. =1 andZ=2 particles into two reaction stages for thesdh<30
multiplicity interval. Dotted histogram, first stage; dashed histo-
equilibration and give consistent and reasonable tempergram, second stage.
tures, the results support the validity of this assumption. The

decrease OB with increasingm refleCtS the Corresponding with exponentia| functions Of the form e)@fbKE/n) over
decrease in the density of the remnéBec. V D. The above  the range 3&KE/n<100 MeV. These exponentials were
procedure effectively decomposes the protons into a promghen extrapolated down to KED, which cut significantly
first stage and an equilibrium second stage with no arbitrarynder the peaks of the coalescence ratios. The stage one
KE cut. A%dN/pdE spectra for the light nuclear fragments were ob-
_ _ tained by solving the equatio®.g., for deuterons
2. Composite particles
The emission of prompt composite particles is generally protorf
believed to involve coalescence of scattered protons and neu- deuteron exp(a+bKE/n) @)
trons in the first stage of the reacti86]. Gutbrodet al.[36]
have given an expression for the three-dimensional phader first stage deuterons, i.e.,
space density of a light cluster of ma&gsrelative to that of
protons. Because of our limited statistics, it is convenient to protorﬁ
integrate over angles, which gives the one-dimensional phase deuter0@=m, 8
space density ratio

1 where protop is the first stage proton component and
= constx ( f f';‘rotor(E,Q)dQ) ' deuteron is the derived first stage deuteron spectrum. Stage
one spectra for the other composite particles were obtained
(6) the same way. The derived first stage KEkpectra
AdN/dKE were obtained from thé?dN/pdE distributions
where oo E,€2) = Nprowor E, ) /Nproto E) - Note that the  gyer the range € KE/n<100 MeV by multiplying them by
integral on the right side of Eq6) is equal to unity forA /A The stage one coalescence distributions were normal-
=1 by construction. However, this integral will differ from ;¢ tg all the data without any, cut by making the sums of
unity for A>1 if fpo0f E,Q2) varies with(), i.e., if the pro- e spectra agree for KE=60 MeV, well outside the range
ton angular distribution varies with energy. of stage two particles. The slopes of the entire KE spectra
Figure 15 shows the coalescence ratios of @)for Z  4n4 the stage one component derived from coalescence
=1 and 2 particles. The ratios show a large peak at lowygreed very well for KEi=40 MeV (which is independent
energies followed by slowly varying tails above30 MeV/'  of the normalization
nucleon. We attribute the low energy peak to second stage \ye optained the second stage components from the ex-
emission and the tails to coalescence. The abrupt change Herimental spectra for the various particles by subtracting the
the coalescence ratios at30 MeV/nucleon is consistent first stage components. Figure 16 shows typical examples of
with the cut made at this energy per nucleon between the tWehe KE/ spectra of the composi=1 andZ=2 particles

reaction stagegSee S_ec._ Il Q. The relatively smqll energy ith the decomposition into first and second stages.
dependence of the tails is due to slow changes in the proton

angular distribution with energy, i.e., to the energy depen-
dence of the integral in Ed6).

In order to obtain the first stage spectra of composite par- The results of the above analyses are presented in Fig. 17,
ticles coalescence ratios of the type shown in Fig. 15 weravhich shows the fraction of light particles remaining after
determined for all multiplicity intervals. The tails were fitted first stage removal as a function of multiplicity. While over

[d Nproton/deE]A
[A2dNA/pdKE]

E. Results
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LT L L P equilibrium processes. However, the linearity of the relation
betweenm, and m indicates that either multiplicity can be
used as a measure of temperat(gee Sec. IV €[17,37].
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IV. PROPERTIES OF THE REMNANT

=
oo
T

The emission of first stage particles results in the forma-
tion of an equilibrated nucleus termed the remnant, which
eventually undergoes multifragmentation in the second reac-
tion step. In this section we characterize the remnant by its
average charge, mass, excitation energy per nucleon, and
temperature. These properties are determined as a function of
the event charged particle multiplicity and, along with sev-
eral other quantities, are tabulated in Table II.

Second Stage Fraction
2o G

05 f

0 20 40Multiglicity20 40 60 A. Charge and mass
The charge and mass of the projectile remnant can be
FIG. 17. Fractional particle yields associated with second staggletermined by subtracting the total charge and mass of the
as a function of multiplicity. Solid points, constant velocity cut; preequilibrium particles fromz=79 and A=197, respec-
open points, deconvolution of spectra. tively. In order to obtain the mass, we have estimated the
number of first stage neutrons from the corresponding num-
90% of thea particles as well as-70% of the tritons are ber of protons. We have assumed a value of 1.70 for the
emitted in the second stage, most of the other light particlepromptn/p ratio, as predicted by thisABEL cascade simu-
are associated with the prompt stage. Thus orB0% of  Ilation[23]. The total number of first stage neutrons includes
the protons are emitted from the remnant. Recalling fromthose which have coalesced into heavier preequilibrium par-
Sec. Il A that fragments withiz=3 are emitted virtually ticles.
only in the second stage, our results indicate that the equi- The average charge and mass of the remnant are plotted
librium fraction increases markedly witd betweenzZ=1 as a function ofm in Fig. 19. (The mass was incorrectly
andZ=3. This increase can be understood from the decreasglotted in Ref.[25].) Both quantities decrease by about a
with increasing mass in the coalescence yield of first stagéactor of 2 over the event multiplicity range. Figure 20 shows
particles. Figure 17 also shows that the second stage yield the rms width of the distribution in remnant masses at a
a slowly decreasing function af for all particles. It is worth  given multiplicity expressed as a percentage of the average
noting that both methods used to separate the two stagesass. The rms width increases with, ranging from ap-
yield essentially identical results, suggesting that systematiproximately 1% to 13%. Comparable fluctuations are seen in
errors in the procedure are small. the average charge of the remnant. These fluctuations must
Figure 18 shows the average second stage multipliaity in large measure reflect the stochastic features of the dynam-
as a function ofn. We see thaim, is a linear function ofn ics.
and accounts for approximately one-third of the total number
of charged particles and fragments. It is evident that the re- B. Excitation energy

moval of prompt particles is essential in any consideration of .
promptp y The excitation energy per nucleok*/A, of the frag-

menting projectile remnant is based on an energy balance
B T ] between the initial stage of the excited remnant and the final
i ] stage of noninteracting fragments. The prescripfi®?| for
calculating the excitation energy per nucleon for each event
o O 1 is then

W]
=]
T
Ce
-
|

E*

X =( Aremnan) > (KE+Q))+3nT/2], (9)

—_
W
T
Ce
|

. wheren is the multiplicity of neutrons in the second stage of
0 ] the reaction, KEis the kinetic energy of thith fragment in
e 1 the reference frame of the remnant, aQ@dis the removal
energy. Since the binding energy per nucleon saturates for
® ] even moderately sized nuclei, two approximations were used
] to calculate the removal energies. First, the initial binding
20 4'0 T T 60 energy per nucleon is assumed to be that of gold since the
Total Event Multiplicity heavy remnant will have similar binding energy per nucleon.
Second, removal energies are negligible for all but the light-
FIG. 18. Variation of second stage multiplicity, with total ~ est fragments, and were only included for isotopes through
charged particle multiplicitym. Symbols are defined in Fig. 17. carbon. To check these approximations, the removal energies

—_
o
L e e
O
1

Second Stage Multiplicity
T
o
|
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TABLE Il. Dependence of experimental and derived quantities on event charged particle multiplicity.
Multiplicity Multiplicity Second stage Remnant Remnant Remnant excitation Remnant
interval probability multiplicitym, chargeZ,em massAem energy per nucleon, temperature
E*/A (MeV/nucleon T; (MeV)
1-5 0.146 2.4£0.01 76.0:0.04 194-0.03 1.9-0.02 5.1 0.02
6-10 0.253 3.20.01 75.0:0.03 188-0.04 2.4:0.01 5.8£0.01
11-15 0.198 5.20.02 72.0:0.04 18G-0.07 3.2:0.01 6.6£0.01
16-20 0.137 7.60.03 68.3-0.05 172:0.09 4.0:0.02 7.5-0.02
21-25 0.090 9.30.04 64.6-0.07 162+ 0.13 5.0:0.03 8.3:0.03
26-30 0.059 11.80.06 61.1-0.09 153:0.17 5.9-0.04 9.10.03
31-35 0.044 13.80.07 57.5-0.11 144-0.21 7.3:0.05 10.10.05
36-40 0.032 1480.09 54.2:0.14 135-0.28 9.0:0.10 11.4-0.08
41-45 0.022 1780.11 51.4-0.16 126+-0.33 10.7:0.11 12.70.11
46-50 0.013 18.60.15 47.70.22 116+0.46 12.3-0.13 13.70.13
51-55 0.004 20.10.26 44.8-0.41 108-0.89 14.0-0.30 14.70.22
56—60 0.001 20.20.66 38.8-0.93 92+2.10 15.8£0.62 15.6:0.47
Freeze-out Remnant Freeze-out Remnant Freeze-out Radial
temperature densityX pg) density (X pg) entropy entropy flow energy
Thent (MeV) per nucleon per nucleon (MeV/nucleon
3.6£1.03 0.99-0.0002 0.770.336 0.74-0.002 1.090.003 0.0:0.14
3.8£0.08 0.95-0.0003 0.6x0.021 0.84-0.001 1.090.002 0.1-0.01
4.0=0.02 0.92-0.0005 0.52-0.005 0.97-0.001 1.13-0.002 0.2:0.02
4.2+0.05 0.87-0.0007 0.430.008 1.16:0.002 1.26:0.003 0.4-0.01
4.7+0.11 0.82-0.0010 0.46:0.014 1.24-0.003 1.27-0.004 0.6-0.06
5.1+0.12 0.77:-0.0013 0.36:0.013 1.380.004 1.34:0.005 1.6:0.07
5.5+0.11 0.73:0.0018 0.320.010 1.54-0.005 1.430.006 1.5-0.09
5.9+0.14 0.68-0.0026 0.240.010 1.72:0.007 1.51+0.008 25011
6.2+0.11 0.64-0.0032 0.24:0.008 1.92-0.010 1.6%0.012 3.4-0.14
6.3+0.15 0.5%-0.0040 0.190.008 2.0%0.011 1.76:0.017 5.1-0.19
6.6+0.28 0.54-0.0069 0.1%0.012 2.25-0.019 1.92-0.035 5.8-0.26
5.7£0.73 0.48-0.0117 0.1¥0.022 2.490.034 2.38:0.097 7.7-0.56

for several events were summed using the removal energigsr 1A GeV Au+C were performed. The simulatioBABEL

from the actual remnant. The values obtained were typicallyeportS an excitation energy and remnant mass and charge
0/4—20, i i . . . . .
1%-2% higher than the approximate value. while the SMM distributes this energy to fragments as ki-

¢ We mlést tmake a? esnmage of tr?e average k|(;1et|cMenerg etic energy and removal energy. Good agreement with the
of second step neutrons and So have assumed a MaXWel,pe) £/ values was found when the SMM results were

Boltzmann thermal distribution, consistent with volume analyzed by means of E¢Q).

emission[38]. In Eq. (9) we substitute The resulting values of the mean excitation energy per
leon at a givem, (E*/A), are shown in Fig. 19. Excel-
T=VE*/a, 109 e eim, A=A,
(10 lent agreement is obtained between the values based on the
wherea represents the level density parameter of the dege

{wo methods of preequilibrium removal, indicating that sys-
erate Fermi gas. A value af=A/13 is assumed in agree- tematic errors due to this source are small. A possible sys-

ment with empirical studie§39]. A quadratic equation in (€matic error in the source velocity; 1% at most, changes
JE*TA is obtained and solved fd&*/A. Only one physical the(E*/A) by a comparable amount. 5% shift along the
solution exists. The number of second stage neutronsas rigidity axis in the _|nd|V|_duaI |sqtop|c bands in Fig. 2 mt_ro_—
obtained as the difference between the mass of the remnafitiCes & systematic shift that is smaller than the statistical
and the sum of the masses of the Second Stage particles aHacertainty. The corrections for TPC efﬁciency discussed in
fragments. We estimate thatincreases from-15 for lowm  Sec. Il C increase th¢E*/A) values by~3%.
to ~ 20 for intermediaten and then decreases 010 for the The largest systematic error is associated with the esti-
highestm. mate of the mean energy of the second stage neutrons. We
The above prescription for the calculation of the remnanhave estimated the magnitude of this error by assuming a
excitation energy was tested on simulated events from a firghean neutron energy ofT2 corresponding to surface emis-
stage cascade modedABEL) [23] plus a statistical multifrag- sion[38]. We have also examined the effect of changing the
mentation mode(SMM) [19]. Twenty thousand iterations level density parameter over a reasonable range, #éh3
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FIG. 19. Properties of the remnant as a functiomof(a) rem-
nant charge(b) mass, andc) excitation energy per nucleoR;/A.

Symbols are defined in Fig. 17.

IV C, and the freeze-out temperature, discussed in Sec. V A.
On the basis of these calculations we estimate a systematic
error of £10% in (E*/A) due to our assumptions about
second stage neutron emission. The uncertainty in the num-
ber of neutrons is small compared to the uncertainty in their
average energy. We have focused on systematic errors in the
excitation energy of the remnant because the other properties
of the remnant are less affected by errors of this type.

The fluctuations ifE*/A) are shown in Fig. 20. The rms
width of the (E*/A) distribution at a giverm is approxi-
mately 27%, independent ah for m>10. This width re-
flects the combined effect of the fluctuationsEd and in
those of A, discussed above. In addition to dynamical
effects, the assumptions about the number and energy of the
first stage neutrons presumably also contribute to the width.

Figure 19 shows thaE*/A) varies approximately as?.

This trend is the combined result of the variation Bf,
which is approximately linear im, and that ofA, which
varies inversely wittm. The actuaE* ranges up to-1500
MeV and has an average value-e850 MeV over the mul-
tiplicity range for which MF occurs to a significant extent,
m~ 10-60.

The value ofE* per nucleon knocked out of the gold
nucleus, designated, decreases with increasing multiplicity
from ~35 MeV/nucleon to~25 MeV/nucleon. The cascade
code ISABEL yields a value ofa~30 MeV/nucleon|[23].
Boltzmann-Uehling-UhlenbeckBUU) calculations reported
for Au on Cu[40] indicate thatx is ~12 MeV/nucleon for
central and midcentral collisions and increases to over 40

to A/10. A larger value ol will yield a lower temperature  \a\/nycleon for the most peripheral collisions. Since these

and, as a result, less energetic neutrons. Finally, we havgjisions correspond to low, the qualitative trend is simi-

u_:sed a temperature representing an average over the EXP3LF to the present trend. A recent estimate based on the sta-
sion and cooling of the remnant. This temperature was obf

. : ; istical abrasion mode[41] gives a~27 MeV, again in
tained as the mean of the remnant temperature, given in Se&ualitative agreement with the above values

AE 15 o o S ' ' ] C. Temperature
<C\H i o] The temperature of the remnant was obtained from
g C ] (E*/A) according to the ideal Fermi gas model. We have
ﬁ“ 10 + - assumed that the prompt knockout step does not affect the
N C o ] volume of the gold nucleus but instead reduces its density.
NS i o ® ] The chemical potentiale and initial temperaturd’;, aver-
5 - o ® - aged for neutrons and protons, were determined implicitly
r . ® o * i from the densityp=A/V,, and(E*/A) by
L@ i
Il Il Il | Il Il Il | Il Il g
0 o T T T T T T T T T T ] p:(F)f?)/Z(Z)’ (11)
—_ I ] whereg=4 is the product of the spin and isospin weight
< 401 ° 7] factors for nucleonsy =h/(27mT)?is the nucleon thermal
0 - . wavelengthz=exp/T) is the fugacity,
=< i oo ® 000, . i
= - ._ n—1
< 20 B — o X
~ = . fo(2)= dx, 12
o | ] n(2) I'(n)Jo z7le*+1 12
4 i ]
§ 0 I I I | I I I | I I and
0 20 40 60
lici E* 3_f 3
Multiplicity B3l 2 (13
A 2 fgyg 5

FIG. 20. rms width of the distribution ik, (top) and E*/A

(bottom) at the given multiplicities expressed as percent.

with Fermi energyer = (h?/8m?) (6 72p/g)?".
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Figure 21 shows thdf; is an approximately linear func-
tion of multiplicity over the range for which MF occurs. We
have previously determined the critical multiplicity, i.e., the
to the second moment of the fragment charge distribution

and reported the valum,=26+1 [17]. More recently, we  gies, E*/A<2 MeV/nucleon, which correspond to these
have redetermineth, by a different procedure in which the mutiplicities. Multifragmentation is not important in this re-
fragment charge distribution was fit directfgt2]. It was  gime.

found thatm,=22+1. At this multiplicity T;=8.3+0.6 At intermediate multiplicities there is a broad distribution
MeV, where most of the uncertainty is due to the systematicf yields. This is the regime where the yields of IMF’s obey
errors. The fluctuations itE*/A) atm lead to a spread of 3 power law and where the continuous phase transition for-
*=1.1 MeV in the value off; at this multiplicity. malism has been appligd 7,18. In this picture, the rather
flat portion of the yield distribution abovEé~20 is due to
finite size effects. In a small system the bulk liquid gives
way to a single largest fragment, the yield of which accounts

In this section we examine some aspects of the remnantor the distribution at large.
evolution to the final multifragment state. We focus on the At the highest multiplicities, the yields of light particles
freeze-out temperature, the caloric curve, the expansion and fragments once again decrease sharply with increasing
viewed in the temperature-density plane, the change in erZ. This is the regime where breakup of the nucleus into
tropy, and the radial flow generated in the expansion. Wendividual nucleons and light particles, a process akin to va-
begin by presenting some of our results on fragment yieldsporization, becomes important.

The multiplicity distribution of IMF’s has been studied by
the ALADIN Collaboration[14,15 who described their re-
sults as “the rise and fall of multifragment emission.” Fig-

As mentioned in the Introduction, the evolution of the ure 23 shows the multiplicity distribution of IMF’s obtained
fragment yield distribution with excitation energy or multi- in the present work. As already noted, IMF production be-
plicity can help define the regime where MF is of impor- comes significant atn=10 and reaches its maximum of
tance. Figure 22 shows the fragment charge yield distribution-4.5 IMF per interaction alm=42-52, in agreement with
for several multiplicity intervals. Similar results have beenthe ALADIN results[15]. Note that the number of IMF's at
reported by Kreutzet al. [40]. At low multiplicities the the critical multiplicity is only~1.2, on average.
yields of light particles and fragments drop off steeply with  The present distribution is essentially a mirror image of
increasing Z. The yield of intermediate-mass fragmentsthe ALADIN distribution becausen is inversely related to
(IMF's) with Z=3-30 is suppressed by several orders ofZ,,,,q, the abscissa variable used in that work. The poor
magnitude relative to that of the lightest particles. This is thestatistics of events wittm>60 prevents us from extending
regime where light particles are emitted in the first stage athe decreasing part of the IMF distribution any further. The
well as by evaporation. The emission of these light particlesALADIN data [15] show that for a target as light as carbon,
leads to the formation of heavy spallation products, whosehe maximum excitation energy deposited in the projectile
yield peaks aZ~70. The peak aZ~40 is due to fission. remnant is too low to reach the region of complete vaporiza-
This process is of importance at the modest excitation enetion.

V. FROM REMNANT TO FRAGMENTS

A. Fragment yields
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T T T to that of *He. For example, a 10% shift in the two particle
identification bands leading to an increased yield of biith
| ¢ ¢ i and “He would result in a 50% increase in the ratio of the
. %) yields in Eq.(15).
4L | It can be shown that the fractional error in the temperature
++ due to systematic errors in yields is approximately

L ¢ _
ATHeLi AYR
~0.075% TheLi—o—» 16
| # | THel_i HelLi YR ( )

IMF
&

where

. Y(B31Y(7.3)
2 . RUY(32/Y(42

i . ] This result shows that the fractional error T increases
° with T;. The combined effect of the two illustrations given
i ] above would lead to a 20% error in a temperature of 5 MeV.
As noted above, the values @iy ; plotted in Fig. 21
r . 1 have been obtained on the assumption that the population of
cae® b excited states is negligibléLi has known excited states at
0o 1 2.185 MeV and 3.562 MeV whiléLi has an excited state at
20 .. flO 60 0.478 MeV[45]. These states decay at least partially to the
Multlphclty corresponding ground states hyray emission. The inclu-
sion of these states in EGL5) has been examined by Campi
FIG. 23. IMF (Z=3-30 multiplicity distribution as a function et al. [46]. They find that, forE*/A corresponding to the
of event charged particle multiplicity. critical multiplicity, Tye i iS ~10% lower when the excited
states of the Li isotopes are included.
We have also used @.pr thermometer, based on the
Considerable evidence has been obtained indicating th&@tio of deuteron and triton yields as well as on that of the He
the remnant expands and cools prior to breakup, with freezdsotopes. These nuclides do not have any low-lying excited
out occurring at a temperatufg [8—10,43. If we assume states and consequently the following expression, analogous
that thermal and chemical equilibrium is reached after thdo Eq.(15), can be used without correction ferdecay from
spectator remnant expands and cools, then the freeze-ogxcited state§44]:
temperature can be computed using the double ratio of iso-

B. Freeze-out temperature

tope yields of the fornj44] Tonor 14-3; '\ga/V — 17
Y(4,2/Y(3,2|"
Y(A,Z)IY(A+1Z In|1.60X =
(A,Z2)IY( ) (14 Y(3,1/Y(2,2)

YA, Z-1)/IY(A'+1Z-1)°
In addition, the uncertainty in the separation betweendhe

These ratios have been used in a recent sf@dyto calcu-  andt bands in Fig. 2 is much smaller than that between the
late nuclear temperatures based on helium and lithium iS08 i and 7Li bands and the statistical error is also reduced

topes. On the assumption that these nuclides are formed only,pstantially. To be sure, the first stage cut is larger for this

in their ground states, the temperature is given by thermometer but, as noted above, the effect of this correction
on the temperature is relatively small. We therefore believe

Theli= 13.3 MeV _ (15) that theTep are more robust than thB,g;.
. inl 2.10x Y(6,3/Y(7,3 Figure 21 shows the results fdipr. While these tem-
= Y(3,2/Y(4,2 peratures are uniformly higher than the correspondipg;

the differences are small. Both sets of freeze-out tempera-
TheTye; Obtained in this fashion are plotted as a function oftures are a linear function af, although the variation with
m in Fig. 21. Various systematic errors affect these temperam is much smaller than that of the remnant temperature. The
tures. The®He/*He ratio is affected by the preequilibrium values ofT; are always lower than the corresponding values
removal cut for *He, which is much more important than of T;, the difference increasing from 1 or 2 MeV for smill
that for “He. A 5 MeV/nucleon shift in the location of this to ~8 MeV for large m. The value ofT; at the critical
cut affects this ratio by~20%. Both *He/*He and®Li/ Li  multiplicity is T;=4.7+0.4 MeV. The critical temperature
ratios are affected by systematic shifts in the boundaries obf the nucleus must lie somewhere between the initial and
thedE/dx vs rigidity plots, Fig. 2, such that the yield of one freeze-out temperatures at this multiplicity, i.e., between 4.7
isotope increases while that of the neighboring isotope de+0.4 MeV and 8.3 0.6 MeV. The linearity withm of both
creases. The worst case scenario would involve an increadg and T; suggests that the temperature at which the frag-
(decreasgin the ®Li yield with respect to the'Li yield and  ments are first formed, which is bracketed by these two tem-
a simultaneous decreaéiacreasg in the 3He yield relative  peratures, is also a linear function wi This linearity indi-
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E*/A. Symbols are defined in Fig. 17. [24]. The temperature has been multiplied by 1.2 to make it com-

parable to the ALADIN data.

cates that multiplicity is a valid measure of temperature, o
confirming one of the assumptions in the determination othe determination of theE*/A) values more accurate than
the critical exponent§17]. the estimate made by Pochodzadiaal. [24], although this

The validity of freeze-out temperatures obtained by theddvantage is mitigated to some extent by their neutron data.
method of double isotope yield ratios has become a subjedtinally, it should be noted that the difference in dynamics in
of recent scrutiny. Various groups have investigated the efthe two reactions may introduce a significant difference at
fects of side feeding, radial flow, final state interactions, andligher values of E*/A). Thus, the mass of the remnant at
quantum statisticB47—52. It appears that these factors have high (E*/A) is nearly twice as large in the present work as
a relatively small 10%) effect on the temperatures pro- in Ref.[24].
vided that their values do not exceed? MeV.

D. Trajectories in the T-p plane

C. Correlation betweenT; and (E*/A) The evolution of highly excited nuclear systems in the
Pochodzallaet al. [24] have recently presented a plot of f[emperatur.e-densnyT(-p ) planc_a Is of long-standing interest
. in connection with the equation of state of nuclear matter
TheL; Versus(E*/A) of the remnant for 608 MeV Au+Au ; :
) / » o . [4,56,57. On the assumption that the remnant expands isen-
and interpreted this curve as a “caloric” curve. Their curve . : .
o o ! tropically to the MF freeze-out state, an assumption that is
is indeed similar to the caloric curve of water and has been ...~ °. . ; S
) . , ustified in the next section, trajectories in tihep plane can
interpreted by the authors as evidence for a first-order phage . .
" ) ; . . e constructed in the following manner.
transition. Although the interpretation of this correlation has In an isentropic expansion the final volurie is related
been questioned on various groufd6,53,54, it is nonethe- o the initial voISmeV-pb ¥
less worthwhile to examine the present results from this i by
point of view. Figure 24 shows our values of.pt as a
function of (E*/A). The temperature shows a smooth, szvi[
monotonic increase with excitation energy per nucleon. De
et al. [65] have recently obtained a caloric curve for finite
nuclei on the basis of a Thomas-Fermi model. The shape ofhis relation is valid for a nondissipative Fermi gas. The
their curve for 1°%Sm closely resembles that in Fig. 24, al- initial volume is assumed to be the unexpanded gold volume.
though their temperatures are somewhat higher than ours fdihe initial and final densities; andp; can be obtained using
the sameE*/A. the previously determined remnant masses. The results are
Our results are compared with the ALADIN curp24] in displayed in Fig. 26. Botlp; andp; decrease with increasing
Fig. 25. To make the comparison as close as possible, we. The decrease ip; reflects the increasing number of holes
show our less robust values ®f,, ;. They have been mul- in the Fermi sea of the remnant while thatgp is due, in
tiplied by 1.2 to duplicate the procedure followed in Ref. addition, to the expansion. At the critical multiplicitym¢
[24] to correct for side feeding. Although the two data sets=22+1) the freeze-out density is approximately one-third
are consistent over much of the energy range, there is a defihat of normal nuclear matter.
nite difference in shape. The ALADIN curve is essentially Isentropic trajectories for the expanding remnant based on
flat between 2 and 10 MeV/nucleon and increases sharply &q. (18) are sketched in Fig. 27. The initial hot remnant is
higher excitation energies. In contrast, our curve shows driven toward lowerp and T by the expansion. The trajec-
monotonic increase that becomes less pronounced at theries for multiplicities previously identified as the critical
highest(E*/A). We believe that the separation of the first region[17] are shown as bold lines. These trajectories reach
and second stage particles is more straightforward for théhe vicinity of p.~(0.3—0.4p, and T,~5-8 MeV, in rea-
Au+C reaction than for the At Au reaction. Furthermore, sonable agreement with theoretical predictions for the critical
the experimental determination of the number and energy afegion of finite, charged nucl¢b6,58. Assuming the initial
the second stagé=1 particles in the present work makes volume is not the gold volume but a normal nuclear density

T 3/2
'} . (18

Tr
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FIG. 26. Initial and final densities as a fraction of normal  FIG. 28. Initial and final entropy/nucleon versms The dashed
nuclear density versus. curve corresponds to the average entropy/nucleon.

volume associated with the remnant mass changes the rangg, fina| entropy per nucleon. In this model the entropy of
of the p/p, ratios from 0.1-0.6 t0 0.2—0.6. This assumptiongachy fragment in the final state is obtained as the sum of
would cause the trajectories of the highest-multiplicity binsp | translational, and surface terms. The translational con-
to enter the region identified by theoretical studies at lowetin,tion is calculated by considering all fragments as mak-

tempe_rature_s. . . ing up an ideal gas confined to a free volume. To obtain the
_Trajectories in theT-p plane have previously been ob- fae yolume we subtract the volume of the remnant at normal
tained on the basis of various theoretical mod@8—61.  gensity from the final expanded volumé;, computed in
These models differ in their predictions of the regions of thegec v/ . This calculation then accounts for the fact that the
phase diagram populated by the calculated trajectories. Th?agments occupy a volume which includes that space pro-
present results may provide a useful constraint on these mog,ceq through both the expansion and from the knockout of

els. the prompt nucleons.
The above approach cannot be followed in the evaluation
E. Entropy change of the initial entropy of the remnant because of the lack of an
. . . . . independent determination of the remnant temperature. In-
In this section we examine the assumption of an iSenrOgse5y the remnant temperature was obtained in Sec. IV C

pic expansion made in Sec. V D and show that it is consisgon, the excitation energy by means of the Fermi gas model.
tent with the results given there. We have used the statisticaly pe consistent. we use this same model to evaluate the
formulation of Bondorfet al.[62] to compute event by event entropy of the rer,nnant.

The results of this analysis are displayed in Fig. 28. Both

20 I 1 the initial and final entropy per nucleon increase with multi-

. W T,p ] plicity from ~1 to 2.5 and agree with each other to within

- @ T,p; 1 ~12%, on average. It should be noted that this agreement
15 N E[/A - 158 MeVinuel, /A =25 ] does not prove that the expansion is isentropic. Our analysis

is somewhat circular in that we obtain®g on the assump-

tion of constant entropy and then used this volume to evalu-

ate the translational entropy of the final state. The depen-
dence of the translational entropy ofy is rather weak,

E;/A=58MeVicl, S/A=14 ] however(i.e., it is logarithmig, and the other entropy terms
E'/A=40MeVinudl, SA=12 are independent df;. Thus, the final volume does not im-
'/I 1 pose a major constraint on the entropy. We conclude that the

E;/A = 11.0 MeVfmcl,, S/A =18

Temperature (MeV)
S
[
|

(9.1
L B L

results are consistent with an isentropic expansion.

F. Collective radial flow

D Y v~ In recent years it has become evident that fragment ki-

Density ratio p/p netic energies have a contribution from radial flow. This ef-
0 fect, which may arise from thermal pressure or from com-
FIG. 27. Trajectories in th&-p plane for different multiplici- ~ Pression, is particularly significant at energies 6fL00
ties. The points Corresponding to the remn@quare)sare labeled MeV/nucleon and above in central collisions of nearly sym-
with its excitation energy and entropy per nucleon. Trajectories inmetric nuclei[63—67. For example, the average fractional
the vicinity of the critical region are in boldface. contribution of radial flow to the kinetic energies of deuter-
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given by the difference in the self-energy of the remnant and
the sum of the self-energies of all the second stage particles.
c 1 Thus,

Er=—g2 —~_ L
(66%)| | ¢ 57 |Ry, Ry

E ]

tot

)

T

4 O B -
&mm
E 3

!

(20)

With Eg. (19), Ex can be calculated for the experimental
data. This quantity, displayed in Fig. 29 as a functiommof
. (50%) 5 O Y increases from 0 to nearly 8 MeV/nucleon with increasimg
(33%) o | thus accounting for a substantial fractionXKE, ~30% at
g O E¢ v v midmultiplicities and up to-66% at the largesn. As a test
n v v of the validity of Eq.(19) in accounting for the total kinetic
0 I . g v v ?Y $Eﬂ1 ] energy we have applied it to spectra generated by the two-
C |

vV D : . .
0 20 20 <0 step model described in Sec. IV B, which used the cascade

Multiplicity

W
T

Energy (MeV/nucleon)

4 ONn

codelsaBEL [23] followed by the statistical multifragmenta-
tion model SMM[19], where flow was not included in the
FIG. 29. Energy per remnant nucleon versus multiplicity. SMM. The freeze-out temperature, which is needed to deter-
Squares represent the total kinetic energy of all charged secordine Ey,, was obtaln_ed using the Albergg procedtﬁd@]
stage particles. Percentages refeEfpas a fraction of KE,. and was found to be in good agreement with the experimen-
tal T;. This procedure yield&€y consistent with zero, as
ons anda particles emitted in central collisions ¢0.25— expected. It also shows that a statistical model without flow

1.15A GeV Au plus Au is 45% and 60%, respectivés]. cannot fit the experimental transverse ener{s.

We examine here whether similar effects may be present in The mlzsmgttﬁrmfln Ethl% IS t?e cg[lic]ctllve e:lzﬁ)ansmn
the highly asymmetric interaction of present interest. energy and we therefore attribuf to radial flow. The con-

We focus on the mean transverse kinetic endigg,) of tribution of this flow energy to the total excitation energy of
t . .

fragments withZ=3, i.e., fragments formed only in the sec- thf remnant increases witi anq accounts fO.FV 50% Of.

ond stage. The values 6KE,) were obtained by averaging E*/A at the largesm. However, if the doubIS isotope ratio

over the KEk distributions. The KE values were, in turn, method were to underestimalg for IargeE /A, as sug-

obtained from the corresponding. In order to reduce the gested by Xt al.[49], then our flow energies at large mul-

statistical error we did not separate the individual is;otopeé'p“c'tIes would be correspondingly overestimated.
corresponding to a particular nuclear charge At the highest multiplicities, which correspond to central

The values of KE,) for all second stage charged particles collisions, the radial flow velocity g, Obtained J,gom the
were summed and converted to total kinetic eneRiE, above analysis is-0.13, wheref;aqia=(2E4/938) = This

where XKE=3/22(KE;). This procedure yields a more ac- value may be compared W?th a value 60.32 obtgined in
curate value oEKE than the summation of the actual kinetic €Mt I]tA ?eZ\/_Alu+'Aciu2C0|l'i!0PS[67]C'1 '.I;he latter 'f‘ based
energies because the latter are subject to the error arisifyj 'co0 olr _I a’?h h p?r Icles f;mh| appefllrs @d‘i&'loo
from the transformation between the laboratory and remna creases siowly wi e fragment charge, at least 1o

frames. The resulting values BKKE/nucleon are plotted ver- eV Au+Au collisions[66]. I\!opethgless, the present value
sus multiplicity in Fig. 29. The variation witlm parallels Of Bradial fOr central Au+C collisions is at least a factor of 2
that of E*/A (Fig. 19, which is not surprising since the smaller than that for comparable Au\u collisions. The dif-

kinetic energy of charged particles is the chief component Ogerence may be attrllbu_table to theh?fECt of the cbolmpresstlon—
the excitation energy. ecompression cycle in AuAu, which presumably is no

In order to determine whether radial flow is present Wepresent in Au-C, and also to the larger thermal energy in

assume that the initial remnant undergoes expansion tgentral AutAu CO."'S'OnS' .
The average time required for the remnant to expand to

freeze-out with no decrease in nucleon number. This a8t eze-out can be estimated. We simplv divide the increase in
sumption is justified by the short time required for the ex- ze-ou ' ) Imply divi ! '

pansion(discussed below Conservation of energy then al- radius, Wh'Ch can be qbtamgd from EQ38), by the mean
lows us to decomposEKE into three sources: flow velocity B,aqiaf2. This estimate yields a short expansion
time of about 70 fn¥, in good agreement with expansion

times obtained from fragment-fragment correlation studies
> KE=Ey+Ec+Ex, (19 [69,70 and theoretical predictionf43]. The time is not

strongly dependent on multiplicity. Thus, multifragmentation

is a very fast process, which suggests a simultaneous disas-
where Ey, is the sum of the translational thermal contribu- sembly of the remnant. The presence of a significant compo-
tions to the fragment spectr&c is the Coulomb contribu- nent of directed sideward flow could affect this time esti-
tion, andEy is what remains when the other terms are sub-mate. However, it is unlikely that such flow is of importance
tracted from=KE. Within the spirit of the calculation of the in the very asymmetric AttC collisions. Thus, it is known
final state temperature, each final state charged particle origihat directed flow is maximal at intermediate multiplicities
nating in the breakup of the remnant will contrib®; to  [67] whereas the observed value of the flow energy becomes
E:. The total Coulomb energy available for doing work is largest for the highesn.
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Since the excitation energy of the remnant is fixed by theparticle multiplicity is a linear function o and accounts
energy balance, the presence of a radial flow energy musor ~1/3 of all charged particles.
reduce the thermal energy. This reduction has an effect on The emission of prompt particles leads to the formation of
some of the quantities determined in the preceding sectiongn excited remnant. We have determined the nuclear charge
The magnitude of this effect depends on the time at whichand the average mass, excitation energy per nucleon, and
the flow is established. The largest adjustments must bgsmperature of the remnant as well as the fluctuations in
made if the flow is fully developed by the time the equili- these quantities, as a functionrof The mass decreases from
brated remnant is formed. Under these conditions, the ther< 194 tg ~92 asm increases from 1 to 60. The excitation
mal excitation energy would account fer85% of E*/A at  energy per nucleon increases nearly quadratically froth
midmultiplicities and for only~50% at the largesi. The  Mev/nucleon to~16 MeV/nucleon with increasingl. The
caloric curve would become much steeper than shown ifemperature is an approximately linear functiomoand has
Figs. 24 and 25. At the critical multiplicity, the temperature 5 yajye of 8.3:0.6 MeV at the critical multiplicitym,= 22
of the remnant would be reduced from 8.3 to 7.8 MeV while + 1
the density at freeze-out would increase by some 10%. In The expansion of the remnant to the multifragment
addition, the reduction iff; would reduce the initial entropy  freeze-out point has been examined. The freeze-out tempera-
and improve somewhat the overall agreement between thgre was determined from two different double isotope ratios

initial and final entropy of the system. and was found to increase linearly with. The freeze-out
temperature corresponding to the critical multiplicity is 4.7
VI. SUMMARY +0.4 MeV. The two temperatures obtainedwtbracket the

C%ritical temperature of the nucleus. A plot of the freeze-out
temperature versus the excitation energy per nucleon of the
&emnant shows a smooth, monotonic increase.

The densities of the remnant and of the freeze-out con-
ht@guration have been determined as a functiomobn the
assumption of an isentropic expansion. The results permit us
%o construct trajectories in the temperature-density plane.
Trajectories corresponding to the critical region terminate at
?emperatures and densities that are in agreement with theo-
retical estimates for the critical region of finite, charged nu-

We have presented the results of a reverse kinemati
study of the multifragmentation of A GeV gold nuclei in-
teracting with carbon. Since the detector system provide
nearly complete event reconstruction, we have been able
determine for each event the momentum and charge of t
charged particles and fragments resulting from projectil
breakup. The masses of fragments witle 4 have also been
determined for each event while those of heavier fragment
were determined on average.

A contour plot of protorp; versusy as well as the rapid- clei
ity distributions and spectra ocZ=1 and Z=2 particles '

show the presence of two distinct components, ascribable to Using a model-independent analysis based on energy con-

two different reaction stages. The first stage can be described rvat|'on we havg determined that radial flow'|s pregent. The
collective expansion energy accounts for an increasing frac-

as an intranuclear cascade and involves the emission of eﬂ—

L . . on of the kinetic energy of light fragments with increasing
ergetic(in the moving framg prompt particles. The second m, amounting to~30% at midmultiplicities. An estimate

stage involves emission from an equilibrated system. I:ragl:')ased on the mean flow velocity indicates that the expansion

Q;S;S withZ>2 appear to be emitted only in the second is fast, occurring in~70 fm/c. The effect of radial flow on

We have developed two distinct methods to separate thtehe dtemperature and density of the system has been exam-

particles associated with the two reaction stages and have

obtained excellent agreement between them. The importance This work was supported in part by the U.S. Department
of the first stage decreases with increasing particle mass; thef Energy under Contracts or Grants Nos. DE-ACO03-
stage accounts for 80% of the proton yield but only 10% of76SF00098, DE-FG02-89ER40531, DE-FG02-88ER40408,
the a-particle yield. The second stage fractional yields of all DE-FG02-40412, and DE-FG05-88ER40437, and by the
Z=1 and 2 particles decrease weakly with increasing evert).S. National Science Foundation under Grant No. PHY-91-
charged particle multiplicityn. The second stage charged 23301.
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