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Multifragmentation of the remnant produced in the reaction of 1A GeV gold with carbon
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2Universitádi Catania and Istituto Nazionale di Fisica Nucleare-Sezione di Catania, I-95129 Catania, Italy
3University of California, Davis, California 95616

4GSI, D-64220 Darmstadt, Germany
5Kent State University, Kent, Ohio 44242

6Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
7Texas A&M University, College Station, Texas 77843

~Received 14 July 1997!

A high-statistics exclusive study of the multifragmentation of 1A 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 withZ>3 appear to be emitted essentially only in the second stage. Two methods for the
separation of theZ<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 multiplicitym. The 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 function ofm. The expansion of the remnant to fragment freeze-out is examined.
The freeze-out temperature is determined from double isotope ratios as a function ofm and 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 transition.@S0556-2813~98!04902-4#

PACS number~s!: 25.75.2q, 21.65.1f, 25.70.Pq
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I. INTRODUCTION

Multifragmentation~MF!, the breakup of a nucleus into
number of fragments having a range of masses, is a cha
teristic response of a highly excited nucleus. Although M
has been known since the early days of cosmic ray phy
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@1#, it has only become a subject of intense investigat
since it was found to occur in high yield in high-energ
proton and intermediate-energy heavy ion reactions@2#. The-
oretical interest in MF followed upon the discovery that t
yields of fragments with massAf produced in proton-xenon
and proton-krypton collisions obeyed a power lawY(Af)
}Af

2t , with t;2.5 @3#, as expected for a system undergoi
a liquid-gas type of phase transition in the vicinity of i
critical point. This result raised the possibility that MF cou
provide information about the equation of state of nucle
matter @4–7#. These inclusive studies also established t
fragment kinetic energy spectra exhibited a strong reduc
in the Coulomb barrier, suggesting fragment emission fr
an expanded system@8–10#. The systematics of the spectr
of over 60 isotopic fragments indicated that fragments
emitted simultaneously from a common remnant, lighter
mass than the target@10#. An analysis of the relative yields o
these fragments based on our thermal liquid drop model g
a freeze-out temperature of.5 MeV @10,11#. Fragment ex-
citation functions for proton-nucleus interactions in the 1–
GeV range implied that MF is a high-energy phenomen
involving excitation energies on the order of the nucle
binding energy@12,13#. The above results are particular
important because they showed that MF can be viewed as
result of a two-step process. The formation of the remn
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57 765MULTIFRAGMENTATION OF THE REMNANT PRODUCED . . .
occurs in a first step involving prompt particle emissi
while the breakup of the remnant involves a slower sec
step.

In recent years, further progress has been made pos
by exclusive studies of MF, in which practically all the fra
ments emitted in a given event are detected. The ALAD
Collaboration studied the MF of~400–1000!A MeV xenon,
gold, and uranium nuclei incident on targets ranging from
to U @14,15#. Fragment yields were found to be independe
of the entrance channel when scaled for projectile size, s
gesting that MF occurred following equilibration. Simila
universal scaling was observed by Beaulieuet al. @16#, again
pointing to the thermal nature of MF. The EOS Collabo
tion studied the MF of 1A GeV gold on carbon and analyze
the distribution of projectile fragments by applying the me
ods used in the study of critical phenomena. Four criti
exponents were obtained from the data@17,18#. The values
of these exponents were found to be consistent with thos
the Ising~liquid-gas! universality class, suggesting that, ov
a certain range of excitation energies, MF can be unders
as arising from a continuous phase transition similar to t
involving ordinary fluids. Along with the earlier inclusiv
studies, these experiments suggested that following its
mation in a prompt preequilibrium step, the remnant und
goes equilibration prior to its breakup.

The above experiments indicate that thermodynamic
statistical interpretations of MF@19,20# should be appropri-
ate. Statistical models are indeed able to account for m
features of the data@21#. However, it is clear that dynamica
effects must also play an important role. The occurrence
the preequilibrium process can be followed by means of v
ous dynamical codes@22,23#. The resulting remnant can b
characterized by a few global variables, such as nuc
charge, mass, excitation energy, and temperature. These
ables may depend on the centrality of the collision@24# as
measured, for example, by the event charged particle m
plicity m. The properties of the remnant are of great imp
tance to an understanding of MF since the nature of
process will vary with its excitation energy per nucleo
E* /A. Within the context of a phase transition picture, M
will first occur at moderate excitation energies from the l
uid state, resulting in the emission of light particles and fra
ments and the formation of a heavy residue. At a hig
E* /A, the system passes through the critical region and fr
ments are emitted with a broad range of masses accordin
the power law. At still higherE* /A the system undergoe
vaporization, disassembling into nucleons and light partic

This paper deals with the dynamics of the MF of 1A GeV
gold ~beam rapidityy51.35) plus carbon and the characte
ization of the remnant that eventually undergoes MF. Sec
II presents the details of the experiment and data analy
Section III deals with the separation of the prompt preeq
librium particles and Sec. IV presents the properties of
remnant. Section V deals with the expansion of the remn
towards fragment freeze-out. Finally, a summary of the
sults is given in Sec. VI. Some of our results have be
published previously@25,26#.

II. EXPERIMENTAL DETAILS

A. EOS detector

A beam of high-energy gold ions from the LBL Bevala
was incident on the target and detector configuration sho
d
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in Fig. 1. The experiment used four major detector syste
to track and detect fragments produced in the nuclear c
sions: the EOS time projection chamber~TPC!, a multiple
sampling ionization chamber~MUSIC II!, a time-of-flight
wall, and a neutron spectrometer~MUFFINS!. Only the first
two of these detectors were used in the present analysis

An evacuated beam line, shown in Fig. 1, led to the TP
It contained several beam defining detectors. Two thin~100
mm! plastic scintillator signal-veto detectors ensured pro
beam alignment and prevented beam interactions occur
outside the target from being recorded. They also provid
beam intensity and arrival time information. To trigger th
downstream detectors to read an event, the beam was

FIG. 1. The EOS detector:~a! main components,~b! plan view
of upstream beam line detectors.S1 and V1 are upstream of the
quadrupole magnet and are not shown.



te
he
fo
r
t

ta
a

os
ul
d
ta
th
ur
or
fo

i

T
he
o

ts

re
e
a
th
te

th
n
rif

as
o
m
C

tio
t

th
al
es
ka
i-
m

an
a
id

ho
a

s
in
lib

o
fted
nd
eir
ea-

he
ge.
rge,
ag-

onal
ount
na-
in

en-
ter
for
o
as

us-
fit.
ter
us-
ext
as

ters
the
the
nti-

with
ro-
ed
he
m-
by
ted

ted
d-
ch

ell

eys
on
the
pa-
r

766 57J. A. HAUGERet al.
quired to pass through both veto~V1,V2! scintillator holes,
3.2 cm in diameter, and hit the signal~S1,S2! detectors.

Between the signal-veto detectors were the PLUTO de
tors located 2 m apart in air gaps along the beam line. T
PLUTO detectors determined the incident beam direction
each event. Scintillator and optical fibers arranged in a g
at 1 cm intervals and four photomultiplier tubes attached
the edges of the scintillator provided vertical and horizon
beam position. An incident beam vector for each event w
constructed by combining these vertical and horizontal p
tions at the planes of the two PLUTO detectors. The ang
resolution of these detectors was 1.2 mrad and 0.5 mra
the horizontal and vertical planes, respectively. Since the
get is located in the field of the dipole magnet housing
TPC, some bending of the beam in the fringe field occ
prior to the interaction with the target. A small average c
rection to the PLUTO beam vector was made to account
this effect.

The beam line was followed by a 490 mg/cm2 carbon
target located in air just upstream of the TPC and 3 cm
front of the trigger scintillator~ST!. Events in which large
energy losses occurred in this detector were vetoed.
minimum bias trigger formed in this manner eliminated t
bulk of the noninteracting beam as well as some of the m
peripheral interactions.

The TPC@27# detected, identified, and tracked fragmen
with charges in the range 1<Z<8, providing a nearly 4p
solid angle coverage in the center-of-mass system. Th
dimensional tracking and charged particle identification p
mitted momentum and energy reconstruction of these fr
ments. The entire TPC volume was situated between
poles of the Heavy Ion Superconducting Spectrome
~HISS! dipole magnet and was rotated 7° with respect to
beam line to optimize coverage of charged fragments be
ing in the 1.3 T magnetic field. The TPC has an active d
volume 154 cm in the beam (z) direction, 96 cm wide in the
bending (x) direction, and 75 cm high in the drift (y) direc-
tion. Electrons drifted at about 5 cm/ms in the parallel elec-
tric and magnetic fields to the floor of the TPC, which w
tiled with 15 360 pads. The pad array provided a tw
dimensional horizontal location of the track and the 256 sa
plings of the drift time gave the vertical location. The TP
thus provided over 23106 pixels for tracking. ThedE/dx
was measured with an analog system. A laser calibra
system was used to monitor the electron drift velocity and
map the distortions in the electron drift path.

MUSIC II @28# detected and tracked fragments wi
charges 8<Z<Zbeam. The detector consisted of a cylindric
vessel filled with P10 gas slightly above atmospheric pr
sure. The ends of the vessel were enclosed by low-mass
ton windows to minimize multiple scattering. The inner d
ameter of the vessel was 124 cm with a length of 250 c
Three field cages with active areas of 102.4 cm by 60 cm
a depth of 51.2 cm each were aligned in the vessel. E
anode plane was composed of 16 anode strips 3 cm w
The two field cages at the ends of the vessel generated
zontal drift fields while the central field cage produced
vertical drift field.

The MUSIC II chamber operated without gas gain and
was capable of detecting the heavier, more highly ioniz
charged fragments without electronic saturation. A track
c-
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erated about 70Z2 ion pairs per cm, which were used t
determine the charge of each fragment. The electrons dri
at roughly constant velocity through the active volume a
arrived at the anode with a time delay proportional to th
initial distance from the anode plane. The anode strips m
sured the drift times, which provided information about t
position and slope of the fragment’s path through the ca
Track segments in the three cages with matched cha
slope, and position were combined to reconstruct the fr
ment tracks with;95% efficiency.

B. Data reduction

1. TPC

The TPC data analysis translates the three-dimensi
electronic signals into space points and calculates the am
of ionization associated with each hit. Pad signals were a
lyzed for drift time measured in 100 ns time pixels. Peaks
the analog-to-digital converter~ADC! spectrum were found
by searching for three or more adjacent pixels with the c
tral pixel being the highest. The peak height is found af
fitting these ADC readings with a Gaussian. A correction
electron diffusion in the vertical direction during the drift t
the pad plane was applied. A deconvolution procedure w
applied for overlapping peaks.

The pattern recognition routine@29# first examined the
pad rows most downstream from the target. If three hit cl
ters contained colinear hits, an initial track segment was
A straight line projection was used to search for a hit clus
on the next pad row upstream. If at least two more hit cl
ters were found, a helix was fit and extrapolated to the n
pad row. The helix was updated if another hit cluster w
found and the procedure repeated until no further hit clus
were found. The radius of the helix fit to each track and
magnetic field map were used to calculate the rigidity of
fragment. The momentum was obtained after charge ide
fication. Track segments were then merged and a vertex
a resolution of 0.4 cm was reconstructed. The vertex p
vided a starting point to reevaluate track fits and allow
elimination of tracks coming from interactions outside t
target. Tracks fit using the vertex information showed i
proved rigidity and momentum precision over tracks fit
simply merging segments. Typically, a track was construc
from ;100 hits.

The energy loss of the fragment,dE/dx, was obtained
from the sum of the amplitudes of all time pixels associa
with the track. Landau fluctuations were smoothed by inclu
ing only the lowest 80% of samples of energy loss for ea
track. Figure 2 shows the 80% truncated mean ofdE/dx
versus rigidity for charged particles detected in the 1A GeV
Au1C collisions. Note that charge bands are generally w
separated. Isotope separation was possible up toZ54 and
was made by graphically scribing boundaries along vall
in the contour plot of the distribution. While good separati
was achieved at rigidities corresponding to the rapidity of
projectile remnant, where the particle yields peak, the se
ration is not as good for particles having low rigidity. Fo
example, the yield of4He is cut off at a rigidity of 1.6 GeV/
c and some of the3He yield at lower rigidities may actually
represent4He. The separation in rigidity between1H, 2H,
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57 767MULTIFRAGMENTATION OF THE REMNANT PRODUCED . . .
and 3H is better than that between He isotopes and isoto
misassignment is not a problem forZ51 particles.

2. MUSIC II

Pulse shapes from gold beam particles were used to
tract the amplitude and position of hits from each ano
strip. Overlapping hits were deconvoluted and track s
ments constructed in each field cage from the calculated
of amplitudes and positions of the 14 interior anode strips
each cage. The angle or slope of each track segment rel
to the anode plane was also computed. Combining vert
and horizontal cages produced a position in space at the
tector midpoint and an associated three-dimensional tr
vector. Track segment vectors from all cages were projec
onto a single plane perpendicular to the main axis of
detector. Tracks were then reconstructed by requir
matches in charge between track segments in the three c
and matches in slopes and projected positions between
segments in the horizontal drift cages.

Peaks in the charge distribution were visually identifi
and corrected to coincide with an integer charge. The m
mum charge peak was set to be that of the gold beam,
Although greatly (.99%) suppressed by the trigger, enou
beam particles were detected to give a clearly identifia
peak. An example of the charge resolution (;0.2Z) of the
reconstructed tracks in MUSIC II is shown in Fig. 3. Th
peaks corresponding to the various fragments are well
solved and the charges were assigned by stepping down
79.

C. Event reconstruction

The experiment produced a high-statistics (1.23105) set
of minimum bias events. A wide range of total event mu
plicities was detected. The charged particle multiplicity d
tribution of fully reconstructed events is displayed in Fig.
While the distribution peaks for events with low multiplic
ties, m;4, it extends to;60, corresponding to a nearl
complete breakup of the gold nucleus.

FIG. 2. Contour plot ofdE/dx vs rigidity in the TPC for 1A
GeV Au1C. Adjacent contours correspond to a factor-of-2 diffe
ence in the number of particles.
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Figure 5 shows the distribution of the total reconstruc
charge of each event. The data peak near the charge of
but extend to much smaller total charges. The causes of
low-charge tail include losses due to inefficient track reco
struction@30# as well as a reduction in TPC efficiency whe
ever a highly charged fragment is emitted. This effect
discussed in detail below. The shaded region indicates
events with a reconstructed charge of 75–82, selected
further analysis. Approximately 43104 events met this cri-
terion. If all charges from the gold projectile and carb
target were collected in each event, the reconstructed ch
would be 7916585. However, aGEANT simulation shows
that fragments from the carbon target are not likely to en
the TPC volume in the low-multiplicity events@30#, and so
the total reconstructed charge in the data is expected to
about 79 in these events. At high multiplicity, the simulati
also shows that some tracks in the TPC are missed or

FIG. 3. Charge resolution of MUSIC II.

FIG. 4. Charged particle multiplicity (m) distribution for fully
reconstructed events in 1A GeV Au1C interactions. Fission event
have been suppressed.
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due to two-track resolution limitations, and so the data
expected to have a total charge of about 79 in the hi
multiplicity events as well. This expectation is borne out
the data, which show essentially constant reconstruc
charge at allm. See Fig. 6.

In reverse kinematics, most reaction products continue
move at near beam rapidity through the detector system
that most tracks in the TPC are found in a cone cente
about the beam path. The heavy fragments are not dete
by the TPC but leave saturated ionization trails. This clo
of liberated electrons reaches the pad plane in the dete
along with the ionization from the lighter particles, which th
TPC does detect. Light fragments with low transverse m
mentum pt traveling at near beam rapidity and having
mass-to-charge ratio (M /Z) similar to that of the beam will
have only a small separation from the track of a heavy fr
ment when exiting the chamber. If this separation is sma

FIG. 5. Distribution of the total reconstructed charge in ea
event. The shaded region marks the events selected for fu
analysis.

FIG. 6. Dependence of total reconstructed charge on multip
ity. The results apply to the shaded events in Fig. 5.
e
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than the two-track resolution of the detector (;2.5 cm!, it is
likely that the ionization of the light fragment will be merge
with that of the heavy fragment. Because the size of
largest fragment decreases at high multiplicity, the ine
ciency of the detector caused by the large fragment will
less severe in the highest-multiplicity events. On the ot
hand, at high multiplicity we expect more severe losses
to two-track resolution especially for low-pt particles@30#.

The heavy fragments will typically haveM /Z;2.2 ~see
Fig. 11!. Therefore2H and 4He will tend to follow the path
of the large fragment through the detector. However, prot
will have a smaller radius of curvature than the heavy fra
ment. We therefore expect protons with a zero or nega
momentum componentpx , which are farthest from the larg
fragment track, to be virtually unaffected by it. On the oth
hand, protons withpx.0 may have a reduced detection e
ficiency. The inefficiencies should be largest for partic
moving in the plane of the beam, i.e., withpy;0.

The above effects are evident in plots of thepy versuspx

distribution of particles detected in the TPC, displayed
Fig. 7. Focusing first on the protons, we note that the dis
bution is asymmetric, with more protons havingpx,0 than
px.0. If we assume that the distribution of protons wi
px,0 is unaffected by the reduced detector efficiency, th
comparing the yield of protons withpx,0 to the number
with px.0 gives an estimate of the detector efficiency f
protons. These average values of the efficiency can the
used to correct the total reconstructed charge as a functio
m and are listed in Table I for various multiplicity bins.

The impact of the ionization trail of the heavy fragme
on the light fragment detection efficiency is also evident
plots of py versuspx for the other hydrogen and helium
isotopes. The main effect is that all these particles have
efficiency ‘‘hole’’ in the middle of the distribution. There
fore we could not assume, as in the case of the protons,
one-half of the distribution was unaffected. Instead, we m
an estimate of the number and average kinetic energy of

h
er

-

FIG. 7. Light particle and fragment yields in the TPC as a fun
tion of transverse momentum components, wherey designates the
vertical direction andx the horizontal direction. The size of th
rectangles is proportional to the number of particles.
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TABLE I. Light fragment efficiency estimate for the TPC as a function of multiplicity.

Multiplicity
bin 1H 2H 3H 3He 4He

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
e

lts

-
e

au
nt
e
-
ril
tr

e

e

is
t
w

s
el
t
f
d

ffi
o

nd
he
iss
ag
c
T

ca

im

d is
ia
le I

rate
ted
vi-
we

me
ith
ine
the
ribe

sup-
di-

a
.

e-
erse

ns
nge
astic
lost particles by fitting a two-dimensional function of th
form

f ~pt!5
N

$11exp@~pt
A2B!/C#%

~1!

to thesepx andpy distributions in various multiplicity inter-
vals. Here,A, B, C, andN are fit parameters andpt is the
transverse momentum. Fits were performed for3H and 3He
by combining the two highest-multiplicity bins. The resu
are summarized in Table I.

Figure 7 shows thatZ53 –8 fragments also suffer from
reduced efficiency in the middle of the distribution. How
ever, the total reconstructed charge does not require an
ciency correction due to the loss of these fragments bec
the charge cut shown in Fig. 5 effectively eliminates eve
with undetected fragments in this charge range. The m
transverse kinetic energies ofZ53 –7 fragments are dis
cussed in Sec. V E. The reduced TPC efficiency prima
affects these energies via the width of the momentum dis
bution. The reduced efficiency forpx;0 makes the width of
the px distribution,spx

, too large. However, the width of th

py distribution,spy
, is essentially unaffected. Therefore th

ratio of widths, 2spy

2 /spx

2 1spy

2 , was applied as a

multiplicity-dependent correction factor. The effect of th
correction is to reduce the mean transverse energy of
fragments, thereby correcting for the preferential loss of lo
px fragments. The correction amounted to;30%, on aver-
age, for smallm, but to only;2%, on average, for largem.

Since the pool of events used in the present analysi
known to have a total charge peak at 78, we have lik
selected events which have missing fragments. Therefore
efficiency values listed in Table I are worst case estimates
the efficiencies of all particles produced in the event inclu
ing the prompt component.

The total reconstructed charge was corrected for e
ciency by determining the mean number of light particles
each type in each event as a function ofm. These yields were
then corrected by dividing by the TPC efficiency correspo
ing to the multiplicity bin and particle being considered. T
amount of additional charge associated with these ‘‘m
ing’’ particles was then added as a correction to the aver
reconstructed charge. The mean corrected and uncorre
reconstructed charges per event are compared in Fig. 6.
corrected total reconstructed charge increases monotoni
with event centrality from;78 to ;85 as expected. This
increase occurs even though the efficiencies are slowly
ffi-
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proving because the number of particles being correcte
larger at high multiplicity. Reconstructing a total charge v
simulation also suggests that the efficiencies listed in Tab
describe the fraction of missing particles well.

III. SEPARATION OF REACTION STAGES

In this section we describe the procedure used to sepa
the particles emitted in the first step from those associa
with the decay of the remnant. We begin by presenting e
dence for the occurrence of two reaction stages. Next,
determine the velocity of the remnant in the laboratory fra
and show how this velocity can be used in conjunction w
the transverse momenta of heavy fragments to determ
their average mass for a given charge. We then transform
measured energy spectra to the moving frame and desc
two methods of separating the two stages. Our analysis
ports the results mentioned in the Introduction, which in
cated that a first prompt preequilibrium step is followed by
second step in which the equilibrated remnant breaks up

A. Evidence for two reaction stages

An indication that protons are emitted in two distinct r
action steps can be seen in a contour plot of the transv
momentumpt versus laboratory rapidityy, Fig. 8. We note a
strong component centered nearybeamand at lowpt , with a

FIG. 8. Linear contours of transverse momentum of proto
versus laboratory rapidity. The contours cover a factor-of-10 ra
in proton number. The dashed curve corresponds to quasiel
nucleon-nucleon scattering.
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770 57J. A. HAUGERet al.
second distribution extending to lower rapidity and highpt .
The first component is suggestive of thermal emission fr
the remnant in a second reaction step. In reverse kinema
the excited remnant moves at nearly beam rapidity in
laboratory reference frame. Consequently, the rapidity dis
bution is expected to be centered nearybeamfor protons and
fragments emitted from the projectile remnant. Further, if
remnant is at thermal equilibrium, the emitted protons w
have lowpt .

The second component is indicative of prompt emiss
in a first stage involving elastic and inelastic nucleo
nucleon collisions. The dashed curve, which follows the c
tour ridges, represents quasielastic scattering of a nucleo
the projectile with a nucleon in the target. This curve
broadened by the initial Fermi motion of the nucleons in
projectile and target nuclei@31#. By adding an inelastic com
ponent, many of the features of the data are qualitativ
reproduced. In the elastic scattering case, the distribu
starts atybeam for low transverse momentum. This corr
sponds to a glancing nucleon-nucleon collision. The cu
extends to lower rapidity for higherpt , reflecting higher-
momentum transfer collisions between the interacting nu
ons. Further confirmation of the nature of this first step
given by intranuclear cascade calculations, which repre
the first step of the interaction as a series of quasif
nucleon-nucleon collisions. Thus, the cascade codeISABEL

@23# yields a plot ofpt vs y for 1A GeV Au plus C that
closely resembles the experimental contours observed fo
second component.

The above features can also be seen in Fig. 9, wh
shows the laboratory rapidity distributions of particles a
light fragments detected in the TPC. The proton distribut
shows a Gaussian peak centered nearybeamand a tail extend-
ing to low rapidities. The peak nearybeam includes the first
component in Fig. 8 and therefore represents second s
protons~as well as some first stage protons!. The tail at low
y corresponds to the second component in Fig. 8 and
indicates the emission of prompt protons. The distributio
for 2H, 3H, 3He, and, to a lesser extent,4He exhibit similar

FIG. 9. Laboratory rapidity distributions of light particles an
fragments. The heavy lines correspond toybeam.
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features. In contrast, the distribution for fragments heav
than helium is symmetric aboutybeam, implying that these
fragments are emitted virtually only from the decaying re
nant in the second step of the reaction. Because of the
viously mentioned uncertainties in particle identification
small rigidities we estimate that&10% of the3He yield for
y<1.0 may actually belong to4He. However, the effect on
the 4He spectrum in Fig. 9 would not be noticeable becau
the yield of 4He is an order of magnitude larger than that
3He.

It might appear that a straightforward separation
prompt protons could be performed by reflecting the forwa
half of the rapidity distribution. However, such a procedu
is not valid since, as noted in Fig. 8, there is a strong co
ponent of prompt protons near beam rapidity, but with
large transverse momentum.

B. Remnant source velocity and heavy fragment masses

In order to separate the two reaction stages it is first n
essary to determine the velocity of the moving remnant,bz .
In a simultaneous thermal breakup of the remnant, partic
are emitted isotropically in the moving source frame a
their laboratory velocities may be used to calculatebz . The
moving reference frame is computed from the ma
weighted average of the fragment velocities for each ev
@32#. Therefore,

^bz&5
(mig ibzi

(mig i
, ~2!

wheremi is the fragment mass andbzi
is the velocity of the

fragment in the laboratory frame. Only those fragments w
good mass identification and no prompt component are u
in the source velocity calculation, i.e., Li and Be. A lea
squares fit of the source velocity as a function ofm yields
^bz&50.873 for m50, decreasing tô bz&50.867 for m
560. The fit is shown in Fig. 10. Other combinations
isotopes were tested to check the sensitivity of the calc
tion. The resulting least squares fits differ by less than 0.5
In any particular event only one or two of these fragme

FIG. 10. Remnant source velocity contours as a function ofm.
The dashed line is the resulting averagebz .
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are found and so there are fluctuations in the calcula
source velocity, event to event. However, isotropic emiss
of these fragments ensures that the correct average vel
as a function ofm is determined. The source velocity from
the fit was used to transform particle velocities for a giv
multiplicity.

The fractional mass difference of fragments withZ>6 is
too small to permit a mass determination in the TPC. It
possible, however, to use the above values of^bz& to infer
average heavy fragment masses. In turn, comparison of t
masses with those obtained in other experiments confi
the validity of ^bz&. Our procedure is based on the fact th
heavy fragments are emitted isotropically from the decay
projectile remnant and, on average, will be moving with t
same velocity in the laboratory reference frame as this r
nant. Consequently, an estimate of the mass of these
ments is possible using the TPC momentum information
conjunction with the above values of^bz&. The mass esti-
mate proceeds by approximating, for each fragment, the t
laboratory energyEtot5gM5pz /^bz&. We ignore the trans-
verse momentum sincepz@pt . Average masses ofZ56 –8
fragments obtained in this way are in close agreem
(;1%) with those measured in target fragmentation of
non and krypton by high-energy protons@3,10#.

Mass estimates for the heavy fragments detected in
MUSIC II detector were made in the same way as descri
above. The measured charge of the heavy fragments is
ted versus the estimated mass in Fig. 11. The results a
well with the EPAX parametrization of the most probab
charges of products of high-energy reactions@33#.

C. Separation by constant velocity cut

In order to separate the two reaction steps the kinetic
ergy of each fragment was first transformed to the refere
frame of the moving projectile remnant. In Fig. 12 the prot
kinetic energy~KE! in the moving system is plotted versu
the laboratory rapidity. The higher-energy protons are fou
preferentially at lower rapidity than the remnant source. W

FIG. 11. Average masses of heavy fragments with charges
termined with MUSIC II. The solid line is the EPAX parametriz
tion @33#.
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note that above KE;30 MeV, the distribution become
asymmetric due to the increased prompt component at
rapidity. At lower kinetic energies, the distribution appea
roughly symmetric aboutybeam. Similar plots for the other
Z51 andZ52 particles also show that the distributions b
come asymmetric when the kinetic energy per nucleon
creases above;30 MeV/nucleon. This value of kinetic en
ergy per nucleon is common to all of the light fragmen
having a strong prompt component. Furthermore, the kin
energy spectra show a distinct kink at this energy
nucleon ~see Fig. 13!. Therefore, cuts made at 30 MeV
nucleon are used to approximately separate the two com
nents. Adjustments of65 MeV/nucleon in the location of
this cut have only a small effect on our subsequent resu

Since the kinetic energy of each particle is computed
transforming to the moving remnant reference frame,
checked the sensitivity of the spectra to the value of

e-
FIG. 12. Logarithmic contour plot of proton kinetic energy

moving system vs laboratory rapidity. Adjacent contours cor
spond to a factor of 2.4 difference in proton number. The horizon
line at 30 MeV divides the two reaction stages.

FIG. 13. Two-stage fit to the proton kinetic energy spectrum
indicated multiplicity intervals. Dashed curve, first stage; so
curve, second stage; dotted curve, sum of two stages.
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772 57J. A. HAUGERet al.
moving frame’s laboratory velocity. After varying the pro
jectile remnant reference frame by 1%, the spectra di
only slightly in the lowest-energy bins, implying that th
systematic error in the kinetic energy spectra due to the m
ing reference frame is insignificant.

D. Separation by deconvolution of spectra

The procedure for the separation of the two react
stages outlined in the preceding section is an oversimplifi
tion because it ignores the continuous nature of particle s
tra. In this section we separate the first and second s
protons by assuming that the second stage source is in
mal equilibrium. The proton KE spectrum can then be ch
acterized by a Maxwell-Boltzmann~MB! distribution for low
KE ~second stage! and a simple empirical parametrization
the high-KE tail ~first stage!. For the composite light par
ticles, a coalescence analysis provides the first stage co
bution to the spectra. Subtraction from the experimen
spectra, which were corrected for the reduced TPC efficie
by means of Eq.~1!, then yields the second stage spectra

1. Protons

For all but the highest-multiplicity events, the proton k
netic energy spectra in the remnant frame show a dist
kink at about 30 MeV. The spectral shapes both above
below 30 MeV appear similar to negative exponentials,
with distinctly different slopes. Protons emitted from a the
malized equilibrium source would follow the MB distribu
tion, which is approximately a negative exponential for lar
kinetic energy. This suggests fitting the proton kinetic ene
spectra with two MB-like functions, one for each of the r
action stages. With this procedure, the proton spectra ca

FIG. 14. Multiplicity dependence of the parameters in the tw
stage fit to the proton spectra.
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deconvoluted into first and second stages in a continu
way, and thermal parameters such as the second stage
perature and Coulomb barrier can be extracted.

The MB function of kinetic energyE with Coulomb bar-
rier B is

f MB~E,B,T!5~E2B!1/2exp@2~E2B!/T# for E>B

50 for E,B. ~3!

The Coulomb barrierB should be averaged~or smeared! for
at least three reasons:~1! The remnant nucleus loses char
and expands~both of which decrease the barrierB5Ze2/r ),
~2! the source velocity is only an average, and the sourc
individual events is really moving with respect to KE50,
allowing KE,B in the average frame, and~3! there may be
a radial position dependence according to fragment cha
The MB functions were modified with a smeared Coulom
barrier, by averagingf MB(E,B,T) over a range of barriers
from B1 to B2 as follows:

gMB~E,B1 ,B2 ,T!5
1

B22B1
E

B1

B2
dB~E2B!1/2

3exp@2~E2B!/T#

5
1

B22B1
T3/2H PF3

2
,
~E2B1!

T G
2PF3

2
,
~E2B2!

T G J , ~4!

whereP(a,x) is the incomplete gamma function.
For the first stage, the Coulomb barrier of Au1C (Z

585) is over 17 MeV. Because the second stage remn
charge decreases to;ZAu/2 in high-multiplicity events~see
Sec. IV A!, the first stage Coulomb barrier was averag
from B158.5 to B2517 MeV. For the second stage, th
barrier was averaged fromB150 to B25B, whereB is a fit
parameter.

In all of the following analyses, the data were divided in
six event multiplicity intervals. Only protons withpx<0
were used, to avoid the TPC two-track resolution ine
ciency for protons with positivepx ~Sec. II C!. The spectra
were fitted from 0 to 100 MeV in KE with the sum of tw
gMB functions:

N1gMB~E,8.5 MeV,17 MeV,T1!1N2gMB~E,0,B,T2!.
~5!

There are five parameters in this fit:N1 andN2 are the first
and second stage normalizations,T1 is the stage one slop
parameter,T2 is the second stage temperature, andB is the
maximum second stage effective Coulomb barrier. A good
to the proton KE spectra is obtained for all six multiplici
intervals, as seen in Fig. 13. Plots ofT1, T2, andB vs mul-
tiplicity are shown in Fig. 14. The values ofT1 are compa-
rable to the first stage slope parameters obtained in o
high-energy experiments@34#. T2 increases withm to a com-
parable extent as the second stage initial and final temp
tures that were estimated by other techniques, as describ
Secs. IV C and V A. Since all these techniques assu

-
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equilibration and give consistent and reasonable temp
tures, the results support the validity of this assumption. T
decrease ofB with increasingm reflects the correspondin
decrease in the density of the remnant~Sec. V D!. The above
procedure effectively decomposes the protons into a pro
first stage and an equilibrium second stage with no arbitr
KE cut.

2. Composite particles

The emission of prompt composite particles is genera
believed to involve coalescence of scattered protons and
trons in the first stage of the reaction@35#. Gutbrodet al. @36#
have given an expression for the three-dimensional ph
space density of a light cluster of massA relative to that of
protons. Because of our limited statistics, it is convenien
integrate over angles, which gives the one-dimensional ph
space density ratio

@dNproton/pdKE#A

@A2dNA/pdKE#
5const3S E f proton

A ~E,V!dV D 21

,

~6!

where f proton(E,V)5Nproton(E,V)/Nproton(E). Note that the
integral on the right side of Eq.~6! is equal to unity forA
51 by construction. However, this integral will differ from
unity for A.1 if f proton(E,V) varies withV, i.e., if the pro-
ton angular distribution varies with energy.

Figure 15 shows the coalescence ratios of Eq.~6! for Z
51 and 2 particles. The ratios show a large peak at
energies followed by slowly varying tails above;30 MeV/
nucleon. We attribute the low energy peak to second st
emission and the tails to coalescence. The abrupt chang
the coalescence ratios at;30 MeV/nucleon is consisten
with the cut made at this energy per nucleon between the
reaction stages.~See Sec. III C.! The relatively small energy
dependence of the tails is due to slow changes in the pr
angular distribution with energy, i.e., to the energy dep
dence of the integral in Eq.~6!.

In order to obtain the first stage spectra of composite p
ticles coalescence ratios of the type shown in Fig. 15 w
determined for all multiplicity intervals. The tails were fitte

FIG. 15. Coalescence ratio of light particles as a function
kinetic energy per nucleon.
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with exponential functions of the form exp(a1bKE/n) over
the range 30<KE/n<100 MeV. These exponentials wer
then extrapolated down to KE50, which cut significantly
under the peaks of the coalescence ratios. The stage
A2dN/pdE spectra for the light nuclear fragments were o
tained by solving the equation~e.g., for deuterons!

proton2

deuteron
5exp~a1bKE/n! ~7!

for first stage deuterons, i.e.,

deuteron15
proton1

2

exp~a1bKE/n!
, ~8!

where proton1 is the first stage proton component an
deuteron1 is the derived first stage deuteron spectrum. St
one spectra for the other composite particles were obta
the same way. The derived first stage KE/n spectra
AdN/dKE were obtained from theA2dN/pdE distributions
over the range 0<KE/n<100 MeV by multiplying them by
p/A. The stage one coalescence distributions were norm
ized to all the data without anypx cut by making the sums o
the spectra agree for KE/n>60 MeV, well outside the range
of stage two particles. The slopes of the entire KE spec
and the stage one component derived from coalesce
agreed very well for KE/n>40 MeV ~which is independent
of the normalization!.

We obtained the second stage components from the
perimental spectra for the various particles by subtracting
first stage components. Figure 16 shows typical example
the KE/n spectra of the compositeZ51 andZ52 particles
with the decomposition into first and second stages.

E. Results

The results of the above analyses are presented in Fig
which shows the fraction of light particles remaining aft
first stage removal as a function of multiplicity. While ove

f FIG. 16. Decomposition of the KE/n spectra of compositeZ
51 andZ52 particles into two reaction stages for the 21<m<30
multiplicity interval. Dotted histogram, first stage; dashed his
gram, second stage.
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774 57J. A. HAUGERet al.
90% of thea particles as well as;70% of the tritons are
emitted in the second stage, most of the other light partic
are associated with the prompt stage. Thus only;20% of
the protons are emitted from the remnant. Recalling fr
Sec. III A that fragments withZ>3 are emitted virtually
only in the second stage, our results indicate that the e
librium fraction increases markedly withZ betweenZ51
andZ53. This increase can be understood from the decre
with increasing mass in the coalescence yield of first st
particles. Figure 17 also shows that the second stage yie
a slowly decreasing function ofm for all particles. It is worth
noting that both methods used to separate the two st
yield essentially identical results, suggesting that system
errors in the procedure are small.

Figure 18 shows the average second stage multiplicitym2
as a function ofm. We see thatm2 is a linear function ofm
and accounts for approximately one-third of the total num
of charged particles and fragments. It is evident that the
moval of prompt particles is essential in any consideration

FIG. 17. Fractional particle yields associated with second st
as a function of multiplicity. Solid points, constant velocity cu
open points, deconvolution of spectra.

FIG. 18. Variation of second stage multiplicitym2 with total
charged particle multiplicitym. Symbols are defined in Fig. 17.
s

i-

se
e
is

es
tic

r
e-
f

equilibrium processes. However, the linearity of the relat
betweenm2 and m indicates that either multiplicity can b
used as a measure of temperature~see Sec. IV C! @17,37#.

IV. PROPERTIES OF THE REMNANT

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

A. Charge and mass

The charge and mass of the projectile remnant can
determined by subtracting the total charge and mass of
preequilibrium particles fromZ579 and A5197, respec-
tively. In order to obtain the mass, we have estimated
number of first stage neutrons from the corresponding nu
ber of protons. We have assumed a value of 1.70 for
promptn/p ratio, as predicted by theISABEL cascade simu-
lation @23#. The total number of first stage neutrons includ
those which have coalesced into heavier preequilibrium p
ticles.

The average charge and mass of the remnant are plo
as a function ofm in Fig. 19. ~The mass was incorrectly
plotted in Ref.@25#.! Both quantities decrease by about
factor of 2 over the event multiplicity range. Figure 20 sho
the rms width of the distribution in remnant masses a
given multiplicity expressed as a percentage of the aver
mass. The rms width increases withm, ranging from ap-
proximately 1% to 13%. Comparable fluctuations are see
the average charge of the remnant. These fluctuations m
in large measure reflect the stochastic features of the dyn
ics.

B. Excitation energy

The excitation energy per nucleon,E* /A, of the frag-
menting projectile remnant is based on an energy bala
between the initial stage of the excited remnant and the fi
stage of noninteracting fragments. The prescription@32# for
calculating the excitation energy per nucleon for each ev
is then

E*

A
5S 1

Aremnant
D F( ~KEi1Qi !13nT/2G , ~9!

wheren is the multiplicity of neutrons in the second stage
the reaction, KEi is the kinetic energy of thei th fragment in
the reference frame of the remnant, andQi is the removal
energy. Since the binding energy per nucleon saturates
even moderately sized nuclei, two approximations were u
to calculate the removal energies. First, the initial bindi
energy per nucleon is assumed to be that of gold since
heavy remnant will have similar binding energy per nucleo
Second, removal energies are negligible for all but the lig
est fragments, and were only included for isotopes throu
carbon. To check these approximations, the removal ener

e
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TABLE II. Dependence of experimental and derived quantities on event charged particle multiplicity.

Multiplicity Multiplicity Second stage Remnant Remnant Remnant excitation Remnan
interval probability multiplicitym2 chargeZrem massArem energy per nucleon, temperature

E* /A ~MeV/nucleon! Ti ~MeV!

1–5 0.146 2.460.01 76.060.04 19460.03 1.960.02 5.160.02
6–10 0.253 3.960.01 75.060.03 18860.04 2.460.01 5.860.01
11–15 0.198 5.760.02 72.060.04 18060.07 3.260.01 6.660.01
16–20 0.137 7.660.03 68.360.05 17260.09 4.060.02 7.560.02
21–25 0.090 9.360.04 64.660.07 16260.13 5.060.03 8.360.03
26–30 0.059 11.060.06 61.160.09 15360.17 5.960.04 9.160.03
31–35 0.044 13.860.07 57.560.11 14460.21 7.360.05 10.160.05
36–40 0.032 14.960.09 54.260.14 13560.28 9.060.10 11.460.08
41–45 0.022 17.060.11 51.460.16 12660.33 10.760.11 12.760.11
46–50 0.013 18.660.15 47.760.22 11660.46 12.360.13 13.760.13
51–55 0.004 20.160.26 44.860.41 10860.89 14.060.30 14.760.22
56–60 0.001 20.260.66 38.860.93 9262.10 15.860.62 15.660.47

Freeze-out Remnant Freeze-out Remnant Freeze-out Radia
temperature density (3r0) density (3r0) entropy entropy flow energy

THeDT ~MeV! per nucleon per nucleon ~MeV/nucleon!

3.661.03 0.9960.0002 0.7760.336 0.7460.002 1.0960.003 0.060.14
3.860.08 0.9560.0003 0.6360.021 0.8460.001 1.0960.002 0.160.01
4.060.02 0.9260.0005 0.5260.005 0.9760.001 1.1360.002 0.260.02
4.260.05 0.8760.0007 0.4360.008 1.1060.002 1.2060.003 0.460.01
4.760.11 0.8260.0010 0.4060.014 1.2460.003 1.2760.004 0.660.06
5.160.12 0.7760.0013 0.3660.013 1.3860.004 1.3460.005 1.060.07
5.560.11 0.7360.0018 0.3260.010 1.5460.005 1.4360.006 1.560.09
5.960.14 0.6860.0026 0.2760.010 1.7260.007 1.5160.008 2.560.11
6.260.11 0.6460.0032 0.2460.008 1.9260.010 1.6160.012 3.460.14
6.360.15 0.5960.0040 0.1960.008 2.0960.011 1.7660.017 5.160.19
6.660.28 0.5460.0069 0.1760.012 2.2560.019 1.9260.035 5.860.26
5.760.73 0.4860.0117 0.1160.022 2.4960.034 2.3860.097 7.760.56
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for several events were summed using the removal ener
from the actual remnant. The values obtained were typic
1%–2% higher than the approximate value.

We must make an estimate of the average kinetic ene
of second step neutrons and so have assumed a Max
Boltzmann thermal distribution, consistent with volum
emission@38#. In Eq. ~9! we substitute

T5AE* /a, ~10!

wherea represents the level density parameter of the deg
erate Fermi gas. A value ofa5A/13 is assumed in agree
ment with empirical studies@39#. A quadratic equation in
AE* /A is obtained and solved forE* /A. Only one physical
solution exists. The number of second stage neutrons,n, was
obtained as the difference between the mass of the rem
and the sum of the masses of the second stage particles
fragments. We estimate thatn increases from;15 for low m
to ;20 for intermediatem and then decreases to;10 for the
highestm.

The above prescription for the calculation of the remn
excitation energy was tested on simulated events from a
stage cascade model~ISABEL! @23# plus a statistical multifrag-
mentation model~SMM! @19#. Twenty thousand iteration
ies
ly

y
ll-

n-

nt
nd

t
st

for 1A GeV Au1C were performed. The simulationISABEL

reports an excitation energy and remnant mass and ch
while the SMM distributes this energy to fragments as
netic energy and removal energy. Good agreement with
ISABEL E* /A values was found when the SMM results we
analyzed by means of Eq.~9!.

The resulting values of the mean excitation energy
nucleon at a givenm, ^E* /A&, are shown in Fig. 19. Excel
lent agreement is obtained between the values based on
two methods of preequilibrium removal, indicating that sy
tematic errors due to this source are small. A possible s
tematic error in the source velocity,;1% at most, changes
the^E* /A& by a comparable amount. A65% shift along the
rigidity axis in the individual isotopic bands in Fig. 2 intro
duces a systematic shift that is smaller than the statist
uncertainty. The corrections for TPC efficiency discussed
Sec. II C increase thêE* /A& values by;3%.

The largest systematic error is associated with the e
mate of the mean energy of the second stage neutrons
have estimated the magnitude of this error by assumin
mean neutron energy of 2T, corresponding to surface emis
sion @38#. We have also examined the effect of changing
level density parameter over a reasonable range, fromA/13
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776 57J. A. HAUGERet al.
to A/10. A larger value ofa will yield a lower temperature
and, as a result, less energetic neutrons. Finally, we h
used a temperature representing an average over the e
sion and cooling of the remnant. This temperature was
tained as the mean of the remnant temperature, given in

FIG. 19. Properties of the remnant as a function ofm: ~a! rem-
nant charge,~b! mass, and~c! excitation energy per nucleon,E* /A.
Symbols are defined in Fig. 17.

FIG. 20. rms width of the distribution inArem ~top! and E* /A
~bottom! at the given multiplicities expressed as percent.
ve
an-
b-
ec.

IV C, and the freeze-out temperature, discussed in Sec. V
On the basis of these calculations we estimate a system
error of 610% in ^E* /A& due to our assumptions abou
second stage neutron emission. The uncertainty in the n
ber of neutrons is small compared to the uncertainty in th
average energy. We have focused on systematic errors in
excitation energy of the remnant because the other prope
of the remnant are less affected by errors of this type.

The fluctuations in̂E* /A& are shown in Fig. 20. The rm
width of the ^E* /A& distribution at a givenm is approxi-
mately 27%, independent ofm for m.10. This width re-
flects the combined effect of the fluctuations inE* and in
those of Arem, discussed above. In addition to dynamic
effects, the assumptions about the number and energy o
first stage neutrons presumably also contribute to the wi

Figure 19 shows that̂E* /A& varies approximately asm2.
This trend is the combined result of the variation ofE* ,
which is approximately linear inm, and that ofA, which
varies inversely withm. The actualE* ranges up to;1500
MeV and has an average value of;850 MeV over the mul-
tiplicity range for which MF occurs to a significant exten
m;10–60.

The value ofE* per nucleon knocked out of the gol
nucleus, designateda, decreases with increasing multiplicit
from ;35 MeV/nucleon to;25 MeV/nucleon. The cascad
code ISABEL yields a value ofa;30 MeV/nucleon@23#.
Boltzmann-Uehling-Uhlenbeck~BUU! calculations reported
for Au on Cu @40# indicate thata is ;12 MeV/nucleon for
central and midcentral collisions and increases to over
MeV/nucleon for the most peripheral collisions. Since the
collisions correspond to lowm, the qualitative trend is simi-
lar to the present trend. A recent estimate based on the
tistical abrasion model@41# gives a;27 MeV, again in
qualitative agreement with the above values.

C. Temperature

The temperature of the remnant was obtained fr
^E* /A& according to the ideal Fermi gas model. We ha
assumed that the prompt knockout step does not affect
volume of the gold nucleus but instead reduces its dens
The chemical potentialm and initial temperatureTi , aver-
aged for neutrons and protons, were determined implic
from the densityr5A/VAu and ^E* /A& by

r5S g

l3D f 3/2~z!, ~11!

where g54 is the product of the spin and isospin weig
factors for nucleons,l5h/(2pmT)1/2 is the nucleon therma
wavelength,z5exp(m/T) is the fugacity,

f n~z!5
1

G~n!
E

0

` xn21

z21ex11
dx, ~12!

and

E*

A
5

3

2
T

f 5/2

f 3/2
2

3

5
eF , ~13!

with Fermi energyeF5(h2/8mp2)(6p2r/g)2/3.
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Figure 21 shows thatTi is an approximately linear func
tion of multiplicity over the range for which MF occurs. W
have previously determined the critical multiplicity, i.e., th
multiplicity at the critical point, by means of power law fit
to the second moment of the fragment charge distribu
and reported the valuemc52661 @17#. More recently, we
have redeterminedmc by a different procedure in which th
fragment charge distribution was fit directly@42#. It was
found that mc52261. At this multiplicity Ti58.360.6
MeV, where most of the uncertainty is due to the system
errors. The fluctuations in̂E* /A& at mc lead to a spread o
61.1 MeV in the value ofTi at this multiplicity.

V. FROM REMNANT TO FRAGMENTS

In this section we examine some aspects of the remna
evolution to the final multifragment state. We focus on t
freeze-out temperature, the caloric curve, the expansio
viewed in the temperature-density plane, the change in
tropy, and the radial flow generated in the expansion.
begin by presenting some of our results on fragment yie

A. Fragment yields

As mentioned in the Introduction, the evolution of th
fragment yield distribution with excitation energy or mult
plicity can help define the regime where MF is of impo
tance. Figure 22 shows the fragment charge yield distribu
for several multiplicity intervals. Similar results have be
reported by Kreutzet al. @40#. At low multiplicities the
yields of light particles and fragments drop off steeply w
increasing Z. The yield of intermediate-mass fragmen
~IMF’s! with Z53 –30 is suppressed by several orders
magnitude relative to that of the lightest particles. This is
regime where light particles are emitted in the first stage
well as by evaporation. The emission of these light partic
leads to the formation of heavy spallation products, wh
yield peaks atZ;70. The peak atZ;40 is due to fission.
This process is of importance at the modest excitation e

FIG. 21. Variation of initial and freeze-out temperatures w
multiplicity. Symbols are defined in Fig. 17. The double-head
arrow marks the critical multiplicity@42#.
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gies, E* /A<2 MeV/nucleon, which correspond to thes
multiplicities. Multifragmentation is not important in this re
gime.

At intermediate multiplicities there is a broad distributio
of yields. This is the regime where the yields of IMF’s obe
a power law and where the continuous phase transition
malism has been applied@17,18#. In this picture, the rather
flat portion of the yield distribution aboveZ;20 is due to
finite size effects. In a small system the bulk liquid giv
way to a single largest fragment, the yield of which accou
for the distribution at largeZ.

At the highest multiplicities, the yields of light particle
and fragments once again decrease sharply with increa
Z. This is the regime where breakup of the nucleus in
individual nucleons and light particles, a process akin to
porization, becomes important.

The multiplicity distribution of IMF’s has been studied b
the ALADIN Collaboration@14,15# who described their re-
sults as ‘‘the rise and fall of multifragment emission.’’ Fig
ure 23 shows the multiplicity distribution of IMF’s obtaine
in the present work. As already noted, IMF production b
comes significant atm>10 and reaches its maximum o
;4.5 IMF per interaction atm542–52, in agreement with
the ALADIN results@15#. Note that the number of IMF’s a
the critical multiplicity is only;1.2, on average.

The present distribution is essentially a mirror image
the ALADIN distribution becausem is inversely related to
Zbound, the abscissa variable used in that work. The p
statistics of events withm.60 prevents us from extendin
the decreasing part of the IMF distribution any further. T
ALADIN data @15# show that for a target as light as carbo
the maximum excitation energy deposited in the projec
remnant is too low to reach the region of complete vapori
tion.

d

FIG. 22. Charge yield distribution at the given multiplicities.
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778 57J. A. HAUGERet al.
B. Freeze-out temperature

Considerable evidence has been obtained indicating
the remnant expands and cools prior to breakup, with free
out occurring at a temperatureTf @8–10,43#. If we assume
that thermal and chemical equilibrium is reached after
spectator remnant expands and cools, then the freeze
temperature can be computed using the double ratio of
tope yields of the form@44#

Y~A,Z!/Y~A11,Z!

Y~A8,Z21!/Y~A811,Z21!
. ~14!

These ratios have been used in a recent study@24# to calcu-
late nuclear temperatures based on helium and lithium
topes. On the assumption that these nuclides are formed
in their ground states, the temperature is given by

THeLi5
13.3 MeV

lnF2.193
Y~6,3!/Y~7,3!

Y~3,2!/Y~4,2!G
. ~15!

TheTHeLi obtained in this fashion are plotted as a function
m in Fig. 21. Various systematic errors affect these tempe
tures. The3He/4He ratio is affected by the preequilibrium
removal cut for 3He, which is much more important tha
that for 4He. A 5 MeV/nucleon shift in the location of thi
cut affects this ratio by;20%. Both 3He/4He and 6Li/ 7Li
ratios are affected by systematic shifts in the boundarie
thedE/dx vs rigidity plots, Fig. 2, such that the yield of on
isotope increases while that of the neighboring isotope
creases. The worst case scenario would involve an incr
~decrease! in the 6Li yield with respect to the7Li yield and
a simultaneous decrease~increase! in the 3He yield relative

FIG. 23. IMF (Z53 –30! multiplicity distribution as a function
of event charged particle multiplicity.
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to that of 4He. For example, a 10% shift in the two partic
identification bands leading to an increased yield of both6Li
and 4He would result in a 50% increase in the ratio of t
yields in Eq.~15!.

It can be shown that the fractional error in the temperat
due to systematic errors in yields is approximately

DTHeLi

THeLi
;0.0753THeLi

DYR

YR
, ~16!

where

YR5
Y~6,3!/Y~7,3!

Y~3,2!/Y~4,2!
.

This result shows that the fractional error inTf increases
with Tf . The combined effect of the two illustrations give
above would lead to a 20% error in a temperature of 5 Me

As noted above, the values ofTHeLi plotted in Fig. 21
have been obtained on the assumption that the populatio
excited states is negligible.6Li has known excited states a
2.185 MeV and 3.562 MeV while7Li has an excited state a
0.478 MeV @45#. These states decay at least partially to t
corresponding ground states byg-ray emission. The inclu-
sion of these states in Eq.~15! has been examined by Cam
et al. @46#. They find that, forE* /A corresponding to the
critical multiplicity, THeLi is ;10% lower when the excited
states of the Li isotopes are included.

We have also used aTHeDT thermometer, based on th
ratio of deuteron and triton yields as well as on that of the
isotopes. These nuclides do not have any low-lying exci
states and consequently the following expression, analog
to Eq.~15!, can be used without correction forg decay from
excited states@44#:

THeDT5
14.3 MeV

lnF1.603
Y~4,2!/Y~3,2!

Y~3,1!/Y~2,1!G
. ~17!

In addition, the uncertainty in the separation between thd
and t bands in Fig. 2 is much smaller than that between
6Li and 7Li bands and the statistical error is also reduc
substantially. To be sure, the first stage cut is larger for
thermometer but, as noted above, the effect of this correc
on the temperature is relatively small. We therefore belie
that theTHeDT are more robust than theTHeLi .

Figure 21 shows the results forTHeDT. While these tem-
peratures are uniformly higher than the correspondingTHeLi
the differences are small. Both sets of freeze-out temp
tures are a linear function ofm, although the variation with
m is much smaller than that of the remnant temperature.
values ofTf are always lower than the corresponding valu
of Ti , the difference increasing from 1 or 2 MeV for smallm
to ;8 MeV for large m. The value ofTf at the critical
multiplicity is Tf54.760.4 MeV. The critical temperature
of the nucleus must lie somewhere between the initial a
freeze-out temperatures at this multiplicity, i.e., between
60.4 MeV and 8.360.6 MeV. The linearity withm of both
Ti and Tf suggests that the temperature at which the fr
ments are first formed, which is bracketed by these two te
peratures, is also a linear function ofm. This linearity indi-
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57 779MULTIFRAGMENTATION OF THE REMNANT PRODUCED . . .
cates that multiplicity is a valid measure of temperatu
confirming one of the assumptions in the determination
the critical exponents@17#.

The validity of freeze-out temperatures obtained by
method of double isotope yield ratios has become a sub
of recent scrutiny. Various groups have investigated the
fects of side feeding, radial flow, final state interactions, a
quantum statistics@47–52#. It appears that these factors ha
a relatively small (;10%) effect on the temperatures pr
vided that their values do not exceed;7 MeV.

C. Correlation betweenTf and ŠE* /A‹

Pochodzallaet al. @24# have recently presented a plot
THeLi versuŝ E* /A& of the remnant for 600A MeV Au1Au
and interpreted this curve as a ‘‘caloric’’ curve. Their cur
is indeed similar to the caloric curve of water and has b
interpreted by the authors as evidence for a first-order ph
transition. Although the interpretation of this correlation h
been questioned on various grounds@46,53,54#, it is nonethe-
less worthwhile to examine the present results from t
point of view. Figure 24 shows our values ofTHeDT as a
function of ^E* /A&. The temperature shows a smoo
monotonic increase with excitation energy per nucleon.
et al. @55# have recently obtained a caloric curve for fini
nuclei on the basis of a Thomas-Fermi model. The shap
their curve for 150Sm closely resembles that in Fig. 24, a
though their temperatures are somewhat higher than our
the sameE* /A.

Our results are compared with the ALADIN curve@24# in
Fig. 25. To make the comparison as close as possible
show our less robust values ofTHeLi . They have been mul
tiplied by 1.2 to duplicate the procedure followed in Re
@24# to correct for side feeding. Although the two data s
are consistent over much of the energy range, there is a
nite difference in shape. The ALADIN curve is essentia
flat between 2 and 10 MeV/nucleon and increases sharp
higher excitation energies. In contrast, our curve show
monotonic increase that becomes less pronounced at
highest^E* /A&. We believe that the separation of the fir
and second stage particles is more straightforward for
Au1C reaction than for the Au1Au reaction. Furthermore
the experimental determination of the number and energ
the second stageZ51 particles in the present work make

FIG. 24. ‘‘Caloric curve’’ for 1A GeV Au1C: plot of THeDT vs
E* /A. Symbols are defined in Fig. 17.
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the determination of thêE* /A& values more accurate tha
the estimate made by Pochodzallaet al. @24#, although this
advantage is mitigated to some extent by their neutron d
Finally, it should be noted that the difference in dynamics
the two reactions may introduce a significant difference
higher values of̂ E* /A&. Thus, the mass of the remnant
high ^E* /A& is nearly twice as large in the present work
in Ref. @24#.

D. Trajectories in the T-r plane

The evolution of highly excited nuclear systems in t
temperature-density (T-r) plane is of long-standing interes
in connection with the equation of state of nuclear mat
@4,56,57#. On the assumption that the remnant expands is
tropically to the MF freeze-out state, an assumption tha
justified in the next section, trajectories in theT-r plane can
be constructed in the following manner.

In an isentropic expansion the final volumeVf is related
to the initial volumeVi by

Vf5ViF Ti

Tf
G3/2

. ~18!

This relation is valid for a nondissipative Fermi gas. T
initial volume is assumed to be the unexpanded gold volu
The initial and final densitiesr i andr f can be obtained using
the previously determined remnant masses. The results
displayed in Fig. 26. Bothr i andr f decrease with increasin
m. The decrease inr i reflects the increasing number of hole
in the Fermi sea of the remnant while that inr f is due, in
addition, to the expansion. At the critical multiplicity (mc
52261) the freeze-out density is approximately one-th
that of normal nuclear matter.

Isentropic trajectories for the expanding remnant based
Eq. ~18! are sketched in Fig. 27. The initial hot remnant
driven toward lowerr and T by the expansion. The trajec
tories for multiplicities previously identified as the critica
region@17# are shown as bold lines. These trajectories re
the vicinity of rc;(0.3–0.4)r0 and Tc;5 –8 MeV, in rea-
sonable agreement with theoretical predictions for the crit
region of finite, charged nuclei@56,58#. Assuming the initial
volume is not the gold volume but a normal nuclear dens

FIG. 25. Comparison ofTHeLi vs E* /A with the ALADIN curve
@24#. The temperature has been multiplied by 1.2 to make it co
parable to the ALADIN data.
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780 57J. A. HAUGERet al.
volume associated with the remnant mass changes the r
of ther f /r0 ratios from 0.1–0.6 to 0.2–0.6. This assumpti
would cause the trajectories of the highest-multiplicity b
to enter the region identified by theoretical studies at low
temperatures.

Trajectories in theT-r plane have previously been ob
tained on the basis of various theoretical models@59–61#.
These models differ in their predictions of the regions of
phase diagram populated by the calculated trajectories.
present results may provide a useful constraint on these m
els.

E. Entropy change

In this section we examine the assumption of an isen
pic expansion made in Sec. V D and show that it is con
tent with the results given there. We have used the statis
formulation of Bondorfet al. @62# to compute event by even

FIG. 26. Initial and final densities as a fraction of norm
nuclear density versusm.

FIG. 27. Trajectories in theT-r plane for different multiplici-
ties. The points corresponding to the remnant~squares! are labeled
with its excitation energy and entropy per nucleon. Trajectories
the vicinity of the critical region are in boldface.
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the final entropy per nucleon. In this model the entropy
each fragment in the final state is obtained as the sum
bulk, translational, and surface terms. The translational c
tribution is calculated by considering all fragments as m
ing up an ideal gas confined to a free volume. To obtain
free volume we subtract the volume of the remnant at nor
density from the final expanded volume,Vf , computed in
Sec. V D. This calculation then accounts for the fact that
fragments occupy a volume which includes that space p
duced through both the expansion and from the knockou
the prompt nucleons.

The above approach cannot be followed in the evalua
of the initial entropy of the remnant because of the lack of
independent determination of the remnant temperature.
stead, the remnant temperature was obtained in Sec. I
from the excitation energy by means of the Fermi gas mo
To be consistent, we use this same model to evaluate
entropy of the remnant.

The results of this analysis are displayed in Fig. 28. B
the initial and final entropy per nucleon increase with mu
plicity from ;1 to 2.5 and agree with each other to with
;12%, on average. It should be noted that this agreem
does not prove that the expansion is isentropic. Our anal
is somewhat circular in that we obtainedVf on the assump-
tion of constant entropy and then used this volume to eva
ate the translational entropy of the final state. The dep
dence of the translational entropy onVf is rather weak,
however~i.e., it is logarithmic!, and the other entropy term
are independent ofVf . Thus, the final volume does not im
pose a major constraint on the entropy. We conclude that
results are consistent with an isentropic expansion.

F. Collective radial flow

In recent years it has become evident that fragment
netic energies have a contribution from radial flow. This
fect, which may arise from thermal pressure or from co
pression, is particularly significant at energies of;100
MeV/nucleon and above in central collisions of nearly sy
metric nuclei@63–67#. For example, the average fraction
contribution of radial flow to the kinetic energies of deute

n

FIG. 28. Initial and final entropy/nucleon versusm. The dashed
curve corresponds to the average entropy/nucleon.
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ons anda particles emitted in central collisions of~0.25–
1.15!A GeV Au plus Au is 45% and 60%, respectively@67#.
We examine here whether similar effects may be presen
the highly asymmetric interaction of present interest.

We focus on the mean transverse kinetic energy^KEt& of
fragments withZ>3, i.e., fragments formed only in the se
ond stage. The values of^KEt& were obtained by averagin
over the KEt distributions. The KEt values were, in turn,
obtained from the correspondingpt . In order to reduce the
statistical error we did not separate the individual isoto
corresponding to a particular nuclear charge.

The values of̂ KEt& for all second stage charged particl
were summed and converted to total kinetic energy(KE,
where(KE53/2(^KEt&. This procedure yields a more ac
curate value of(KE than the summation of the actual kinet
energies because the latter are subject to the error ar
from the transformation between the laboratory and remn
frames. The resulting values of(KE/nucleon are plotted ver
sus multiplicity in Fig. 29. The variation withm parallels
that of E* /A ~Fig. 19!, which is not surprising since th
kinetic energy of charged particles is the chief componen
the excitation energy.

In order to determine whether radial flow is present
assume that the initial remnant undergoes expansion
freeze-out with no decrease in nucleon number. This
sumption is justified by the short time required for the e
pansion~discussed below!. Conservation of energy then a
lows us to decompose(KE into three sources:

( KE5Eth1EC1EX , ~19!

whereEth is the sum of the translational thermal contrib
tions to the fragment spectra,EC is the Coulomb contribu-
tion, andEX is what remains when the other terms are s
tracted from(KE. Within the spirit of the calculation of the
final state temperature, each final state charged particle o
nating in the breakup of the remnant will contribute3

2 Tf to
Eth . The total Coulomb energy available for doing work

FIG. 29. Energy per remnant nucleon versus multiplici
Squares represent the total kinetic energy of all charged se
stage particles. Percentages refer toEX as a fraction of KEtot .
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given by the difference in the self-energy of the remnant a
the sum of the self-energies of all the second stage partic
Thus,

EC5
3

5
e2S ZR

2

RAu
2(

Zf
2

Rf
D . ~20!

With Eq. ~19!, EX can be calculated for the experiment
data. This quantity, displayed in Fig. 29 as a function ofm,
increases from 0 to nearly 8 MeV/nucleon with increasingm,
thus accounting for a substantial fraction of(KE, ;30% at
midmultiplicities and up to;66% at the largestm. As a test
of the validity of Eq.~19! in accounting for the total kinetic
energy we have applied it to spectra generated by the t
step model described in Sec. IV B, which used the casc
codeISABEL @23# followed by the statistical multifragmenta
tion model SMM @19#, where flow was not included in the
SMM. The freeze-out temperature, which is needed to de
mine Eth , was obtained using the Albergo procedure@44#
and was found to be in good agreement with the experim
tal Tf . This procedure yieldsEX consistent with zero, as
expected. It also shows that a statistical model without fl
cannot fit the experimental transverse energies@68#.

The missing term in Eq.~19! is the collective expansion
energy and we therefore attributeEX to radial flow. The con-
tribution of this flow energy to the total excitation energy
the remnant increases withm and accounts for;50% of
E* /A at the largestm. However, if the double isotope rati
method were to underestimateTf for large E* /A, as sug-
gested by Xiet al. @49#, then our flow energies at large mu
tiplicities would be correspondingly overestimated.

At the highest multiplicities, which correspond to centr
collisions, the radial flow velocityb radial, obtained from the
above analysis is;0.13, whereb radial5(2EX/938)1/2. This
value may be compared with a value of;0.32 obtained in
central 1A GeV Au1Au collisions @67#. The latter is based
on results forZ51 and 2 particles and it appears thatb radial
decreases slowly with the fragment charge, at least for 10A
MeV Au1Au collisions@66#. Nonetheless, the present valu
of b radial for central Au1C collisions is at least a factor of 2
smaller than that for comparable Au1Au collisions. The dif-
ference may be attributable to the effect of the compress
decompression cycle in Au1Au, which presumably is not
present in Au1C, and also to the larger thermal energy
central Au1Au collisions.

The average time required for the remnant to expand
freeze-out can be estimated. We simply divide the increas
radius, which can be obtained from Eq.~18!, by the mean
flow velocity b radial/2. This estimate yields a short expansio
time of about 70 fm/c, in good agreement with expansio
times obtained from fragment-fragment correlation stud
@69,70# and theoretical predictions@43#. The time is not
strongly dependent on multiplicity. Thus, multifragmentati
is a very fast process, which suggests a simultaneous d
sembly of the remnant. The presence of a significant com
nent of directed sideward flow could affect this time es
mate. However, it is unlikely that such flow is of importan
in the very asymmetric Au1C collisions. Thus, it is known
that directed flow is maximal at intermediate multiplicitie
@67# whereas the observed value of the flow energy beco
largest for the highestm.

.
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782 57J. A. HAUGERet al.
Since the excitation energy of the remnant is fixed by
energy balance, the presence of a radial flow energy m
reduce the thermal energy. This reduction has an effec
some of the quantities determined in the preceding secti
The magnitude of this effect depends on the time at wh
the flow is established. The largest adjustments must
made if the flow is fully developed by the time the equi
brated remnant is formed. Under these conditions, the t
mal excitation energy would account for;85% of E* /A at
midmultiplicities and for only;50% at the largestm. The
caloric curve would become much steeper than shown
Figs. 24 and 25. At the critical multiplicity, the temperatu
of the remnant would be reduced from 8.3 to 7.8 MeV wh
the density at freeze-out would increase by some 10%
addition, the reduction inTi would reduce the initial entropy
and improve somewhat the overall agreement between
initial and final entropy of the system.

VI. SUMMARY

We have presented the results of a reverse kinema
study of the multifragmentation of 1A GeV gold nuclei in-
teracting with carbon. Since the detector system provi
nearly complete event reconstruction, we have been ab
determine for each event the momentum and charge of
charged particles and fragments resulting from projec
breakup. The masses of fragments withZ<4 have also been
determined for each event while those of heavier fragme
were determined on average.

A contour plot of protonpt versusy as well as the rapid-
ity distributions and spectra ofZ51 and Z52 particles
show the presence of two distinct components, ascribab
two different reaction stages. The first stage can be descr
as an intranuclear cascade and involves the emission o
ergetic~in the moving frame! prompt particles. The secon
stage involves emission from an equilibrated system. Fr
ments withZ.2 appear to be emitted only in the seco
stage.

We have developed two distinct methods to separate
particles associated with the two reaction stages and h
obtained excellent agreement between them. The importa
of the first stage decreases with increasing particle mass;
stage accounts for 80% of the proton yield but only 10%
thea-particle yield. The second stage fractional yields of
Z51 and 2 particles decrease weakly with increasing ev
charged particle multiplicitym. The second stage charge
rt
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particle multiplicity is a linear function ofm and accounts
for ;1/3 of all charged particles.

The emission of prompt particles leads to the formation
an excited remnant. We have determined the nuclear ch
and the average mass, excitation energy per nucleon,
temperature of the remnant as well as the fluctuations
these quantities, as a function ofm. The mass decreases fro
;194 to ;92 asm increases from 1 to 60. The excitatio
energy per nucleon increases nearly quadratically from;2
MeV/nucleon to;16 MeV/nucleon with increasingm. The
temperature is an approximately linear function ofm and has
a value of 8.360.6 MeV at the critical multiplicitymc522
61.

The expansion of the remnant to the multifragme
freeze-out point has been examined. The freeze-out temp
ture was determined from two different double isotope rat
and was found to increase linearly withm. The freeze-out
temperature corresponding to the critical multiplicity is 4
60.4 MeV. The two temperatures obtained atmc bracket the
critical temperature of the nucleus. A plot of the freeze-o
temperature versus the excitation energy per nucleon of
remnant shows a smooth, monotonic increase.

The densities of the remnant and of the freeze-out c
figuration have been determined as a function ofm on the
assumption of an isentropic expansion. The results perm
to construct trajectories in the temperature-density pla
Trajectories corresponding to the critical region terminate
temperatures and densities that are in agreement with t
retical estimates for the critical region of finite, charged n
clei.

Using a model-independent analysis based on energy
servation we have determined that radial flow is present.
collective expansion energy accounts for an increasing f
tion of the kinetic energy of light fragments with increasin
m, amounting to;30% at midmultiplicities. An estimate
based on the mean flow velocity indicates that the expan
is fast, occurring in;70 fm/c. The effect of radial flow on
the temperature and density of the system has been ex
ined.
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