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Source size and time dependence of multifragmentation induced by GeV3He beams
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To investigate the source size and time dependence of multifragmentation reactions, small- and large-angle
relative velocity correlations between coincident complex fragments have been measured for the 1.8–4.8 GeV
3He1natAg, 197Au systems. The results support an evolutionary scenario for the fragment emission process in
which lighter IMFs (Z&6) are emitted from a hot, more dense source prior to breakup of an expanded residue.
For the most highly excited residues, for which there is a significant yield of fragments with very soft energy
spectra (E/A<3 MeV), comparisons with anN-body simulation suggest a breakup time oft;50 fm/c for
the expanded residue. Comparison of these data with both the evolutionary expanding emitting source model
and the Copenhagen statistical multifragmentation model shows good agreement for heavier IMF’s formed in
the final breakup stage, but only the evolutionary model is successful in accounting for the lighter IMFs.
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I. INTRODUCTION

In order to deduce the thermodynamic properties of h
finite nuclear matter produced in energetic nucleus-nuc
collisions, it is essential to understand the space-time ev
tion of the excited residues that produce the spectrum
experimental observables. A powerful tool in this regard
provided by measurements of the relative velocities betw
correlated fragments emitted during the breakup proc
@1–4#. This technique exploits the mutual Coulomb repulsi
experienced by pairs of charged fragments as they em
from the hot source to gain insight into both the source s
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and emission time scale. This information serves as a v
constraint on the applicability of models proposed to expl
the multifragmentation of highly excited nuclei, and ult
mately, the possibility of improving our knowledge of th
nuclear equation of state at low density@5–15#, see also@16#.

By selecting pairs of fragments emitted at large ang
with respect to one another, it is possible to probe the sou
size at breakup. Fragment pairs originating from a nucleu
normal density and/or high temperatures should exh
higher relative velocities than pairs from an expanded and
cooler source. A valuable baseline for comparing the se
tivity of large-angle relative-velocity data to the Coulom
field of the multifragmenting source is provided by we
established fission total kinetic energy release~TKE! system-
atics @17#. Several authors have previously used the relat
velocity technique in the study of both light-ion- and heav
ion-induced reactions@1,3,18#.

Relative velocity ~or momentum! correlations between
pairs of complex fragments emitted at small angles with
spect to one another are sensitive to the emission time s

.
,
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@19#. Due to the Coulomb interaction, fragment pairs w
small relative velocities emitted in close temporal relation
one another and along similar trajectories interact stron
This produces a suppression of yield at small relative an
which appears as a ‘‘Coulomb hole’’ in the correlation fun
tion. This suppression disappears as the relative velo
and/or emission time difference increases. Thus, when c
pared with time-dependent simulations of the breakup p
cess, the magnitude of the Coulomb suppression serves
chronometer for the breakup time scale. Small-angle co
lations have been employed by several authors to ded
time scales of ordert;100 fm/c for the disintegration of
hot nuclei formed in heavy-ion collisions@20–24#, see also
@16#.

In previous studies of multifragmentation induced
GeV 3He ions@25,26#, as well as in peripheral Au1Au col-
lisions @27# it has been shown that excited residues w
deposition energies up toE* ;1.5 GeV are formed. For the
3He beams, events exceeding the multifragmentation thr
old (E*/ A;5 MeV) have a sizable~50–100 mb! cross sec-
tion @25#, and there is a significant yield of sub-Coulom
energy fragments@28–30#. These soft events are consiste
with a multifragmentation mechanism that is driven by th
mal expansion of a highly excited source prior to disasse
bly, a concept that is contained in several theoretical mod
of multifragmentation@5–8#. Implicit in these models is the
assumption of near-simultaneous breakup for the hot r
dues in the final stages of expansion, as opposed to a cha
sequential evaporative emissions from a nucleus at nor
density. Thus, establishing the time scale for the multifr
mentation process in light-ion-induced reactions is vital
the thermal expansion scenario.

Light-ion-induced reactions offer many distinct adva
tages relative to heavy-ion reactions for source-size/tim
scale studies via the relative-velocity-correlation techniq
Most important among these is that the fragments hav
unique origin; i.e., there is only a targetlike source. Furth
the rapidity distributions~invariant cross sections! are nearly
isotropic in the laboratory system@28#, except at very for-
ward angles. Thus, it is possible to examine the full range
emission angles, with minimal kinematic distortion of th
spectra. Further advantages are suggested by intranuc
cascade~INC! and Boltzmann-Uehling-Uhlenbeck~BUU!
calculations of the collision dynamics. These indicate t
energy deposition is rapid (t<30 fm/c) @31–34#, permit-
ting an approximate decoupling of the collision and dec
stages of the reaction. The calculations also predict that
residue exists in a state of depleted density and that ang
momentum plays a small role (l max&40\). Thus in principle,
highly excited heavy residues produced in GeV light-io
induced reactions are one of the most transparent experim
tal cases for the study of multifragmentation driven primar
by thermal forces.

In this paper we describe both small- and large-an
relative-velocity correlation analyses for data from t
1.8–4.8 GeV1 natAg and 197Au reactions. Most of the
analysis is focused on the 4.8 GeV3He1 197Au reaction,
since this system yields the highest IMF multiplicities a
cross sections, plus our detection energy acceptance is
01460
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est for low-energy fragments for this reaction. Estimates
the time evolution and source size characteristic of these
actions are made. These results are also compared with
the expanding emitting source~EES! model @5# and the
Copenhagen statistical multifragmentation~SMM! model
@6#. Abbreviated reports of these analyses have been p
lished previously@35,36#.

II. EXPERIMENTAL PROCEDURES

Measurements were performed at the Laboratoire
tional Saturne, using the Indiana Silicon Sphere~ISiS! 4p
detector array@28–30#. Beams of 1.8, 3.6, and 4.8 GeV3He
ions bombarded high purity targets ofnatAg (1.1 mg/cm2)
and 197Au (1.5 mg/cm2). Full details of the experimenta
apparatus are described in@30,37#.

The ISiS array is a spherical structure consisting of 1
triple detector telescopes, 90 in the forward hemisphere
72 in the backward hemisphere. It covers the polar-an
ranges from 14° to 86.5° and 93.5° to 166° and each t
scope covers 20° in azimuthal angle. Each telescope con
of a gas-ionization chamber operated at;17 Torr of C3F8,
a fully depleted 500mm ion-implanted passivated silico
detector and a 28-mm thick CsI~Tl! scintillator with photo-
diode readout. The telescope dynamic range permitted m
surement of light-charged particles (LCP5H and He) and
intermediate-mass fragments~IMF: 3<Z&20) with discrete
charge resolution of up toZ'20 and energy acceptanc
0.7<E/A<92 MeV. Of particular relevance to this analys
is the very low energy thresholds for IMFs, which permit f
the first time careful examination of the sub-Coulomb co
ponent of the multifragmentation yield. The angular reso
tion is relatively coarse, and hence the correlations are m
sensitive for IMFs, which experience greater Coulomb d
flection angles as they separate. In these experiments a
tiplicity of two in the silicon detector logic was set as th
minimum-bias hardware trigger.

In the analysis of the large-angle data, IMF pairs we
sampled for polar angles greater than 30° and separa
angles in the intervalC rel(1,2)5180°640°, where

C rel~1,2!5arc cos@vW 1•vW 2 /uv1iv2u# ~1!

and

v rel5vW 11vW 2 .

For the purposes of this analysis, IMF energy accepta
was chosen to be 0.7<E/A,10 MeV/nucleon, correspond
ing to velocities in the range 2.3<v rel,8.8 cm/ns. The an-
gular acceptance and IMF upper energy limit were chose
minimize the contribution of nonequilibrium IMFs in thi
analysis@30#. This is particularly important for Li, Be, and B
fragments; inclusion of the full spectrum for these eleme
would increase the average value of the relative velocit
^v rel&, especially Li.
3-2
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Since only the energy and charge of each IMF were m
sured in these experiments, it was necessary to assum
average fragment mass in the calculation of the relative
locity. The average fragment masses used for this purp
are listed in Table I and are based on two sets of experim
tal data for similar systems. Each mass represents an ave
of those reported in Refs.@38# and @39# and the error bars
indicate the upper and lower extremes of those data. We
here that the frequently used assumptionA52Z, which is
not consistent with experimental data, leads to higher va
of v rel .

In the small-angle IMF-IMF correlation analysis, gatin
was performed on selected IMF kinetic energy windows a
the angular range for event acceptance was again for p
angles greater than 30°. The event acceptance was restr
to the most violent events, defined by observed therm
charged-particle multiplicities,Nth>11 @30#. This corre-
sponded to about 7% of the measured triggers, or abou
mb for the natAg target and 100 mb for197Au. Reconstruc-
tion of these events@25# indicates a range of residue excit
tion energies fromE* '800–1500 MeV for197Au andE*
'500–900 MeV for natAg. Two levels of cuts were im-
posed on the IMF kinetic energy spectra. For a global an
sis, all IMFs with (E/A) IMF<10 MeV were accepted. In
addition, we have examined the behavior of the unexplo
sub-Coulomb region of the spectra below (E/A) IMF
<3 MeV, which accounts for a major fraction of the spe
tral yield for high deposition-energy events. Because of
low velocities for these fragments, they are particularly s
sitive to the Coulomb interaction between the separa
fragments.

The correlation functions are calculated for a reduced
locity of the fragments,

v red5u~pW 2 /m1!2~pW 2 /m2!u/AZ11Z2, ~2!

wherepi , mi , andZi are the laboratory momentum, avera
mass, and charge of the fragments, respectively. In orde
obtain maximum statistics and to normalize Coulomb
fects, the factorAZ11Z2 is introduced to permit compariso
of similar IMF Z values@21#.

The correlation function@21# is defined as the ratio of th
coincidence yieldYi j for fragments with momentump in a
given event to the product of the uncorrelated yield for fra
ments in two separate events,Ymix , as follows:

TABLE I. Average mass values used in calculation of relat
velocities. Based on Refs.@38,39#.

Z ^A& Z ^A&

3 6.5 9 19.49
4 8.74 10 21.58
5 10.93 11 23.72
6 12.65 12 25.70
7 14.96 13 27.96
8 17.00 14 30.81
01460
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i , j

Yi j ~pi ,pj !/ (
(k,l )

Ymix~pk ,pl !. ~3!

For both the experimental data and model calculations~Sec.
IV !, all correlated yields (Yi j ) were divided by the same
number of uncorrelated fragment pairs (Ymix) in order to
determine the normalization constantC. This provides a
natural normalization that yieldŝR&50 at large relative
angles or momenta; i.e., the correlation function is unity
this case.

In Fig. 1 the behavior ofYi j and Ymix are shown as a
function of relative anglec rel in the upper and middle
curves, respectively, for the global data set from the 4.8 G
3He1197Au reaction. The expected peaking of these dis
butions near 90° due to solid angle effects is apparent.
bottom frame of Fig. 1 shows the correlation function f
these data, illustrating the existence of the Coulomb supp
sion at small relative angles. In order to compare with
data, simulations of the correlation function were pass
through the detector filter, which accounted for ISiS geo
etry. The effect of the filter is illustrated in Fig. 2 for
simulation with theN-body Coulomb trajectory calculation
of Glasmacher@40#, discussed in more detail in Sec. IV.

III. LARGE-ANGLE CORRELATION RESULTS

The relative velocity distributions for the 4.8 GeV3He
reactions withnatAg and 197Au are plotted in Figs. 3 and 4
respectively. The data are plotted for IMF pairs with iden
cal, or nearly identical charges. The uppermost curves
Figs. 3 and 4 account for event pairs for all possible cha
combinations (Z1 ,Z2). Due to substantially lower cross se
tions for multiple IMF events in the 1.8 GeV bombardmen
@28#, the statistics were too poor to perform the analysis
this energy.

FIG. 1. Top: Number of counts of correlated IMF-IMF pairs
the 4.8 GeV3He1197Au reaction as a function of relative angl
between them. Middle: Number of counts of uncorrelated IMF-IM
pairs, as above. Bottom: The ratio of correlated-to-uncorrela
pairs for this reaction.
3-3
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G. WANG et al. PHYSICAL REVIEW C 60 014603
In Fig. 5 the centroids and widths of the relative veloc
distributions, as defined in Eq.~1!, are plotted for pairs of
similar IMFs (Z15Z2, or for heavier fragmentsZ25Z1
61) as a function of the average IMF charge. These val

FIG. 2. Effect of detector filter on simulated events. Calculat
is for the 4.8 GeV3He1197Au reaction with theN-body code of
Ref. @40#, assuming a source lifetime of 50 fm/c, heaviest residue
charge ofZ512, and fragments with energies less than 3 Me
nucleon. Upper curve is forZ53,4 IMFs and lower curve is for
Z>5 IMFs.

FIG. 3. Relative-velocity distributions for IMF pairs for variou
IMF charges, as indicated in the figure. Data are for 4.8 GeV3He
1natAg reaction.
01460
s

are listed in Tables II and III for thenatAg and 197Au targets,
respectively. The relative velocities decrease systematic
as a function of IMF charge and the197Au data lie signifi-
cantly above those fornatAg, consistent with simple
Coulomb-repulsion-energy expectations. The standard de
tions of thev rel distributions are nearly constant for IMFs u
to carbon and then decrease systematically with increasinZ
value. Little difference in the widths is noticed in comparin
the two targets, although thenatAg data may be reduced in
part due to the fact that low-energy threshold of our detec
cuts off a fraction of the IMF yield.

The centroids of the IMFv rel distributions in this work are
significantly higher than previously reported by Lipset al.

/

FIG. 4. Relative-velocity distributions for IMF pairs for variou
IMF charges, as indicated in the figure. Data are for 4.8 GeV3He
1197Au reaction.

FIG. 5. Relative-velocity centroids~upper! and standard devia
tions ~lower! as a function of the charge of the IMF pair for the 4
GeV 3He1natAg and 197Au reactions. Higher IMF charges ar
binned according to Figs. 3 and 4.
3-4



d

de
h
on
ri

ab
e

he

I

a

to
u
e

dis-
uc-

tiv-
g
d on

teps

cu-
c-

10
ac-
his
eter
at

r-
e
ure
ns,
the
Fs,
ta.
a

en
for
-

irs

sion
tion

e

e

SOURCE SIZE AND TIME DEPENDENCE OF . . . PHYSICAL REVIEW C60 014603
@41# for GeV 4He-induced reactions on197Au, especially for
lighter IMFs. The results of Ref.@41# have been interprete
as evidence for a breakup density ofr/r0;1/7 @18#. As will
be shown below, our data require less extreme breakup
sities for multifragmentation. The difference between t
two experiments may be explained by the active depleti
layer thickness of the silicon detectors in the two expe
ments, 150mm in @41# and 500 mm in ISiS. In the former
case this corresponds to maximum fragment energies
E/A&4 MeV/nucleon andv rel<6 cm/ns compared with
E/A&10 MeV/nucleon andv rel<8.8 cm/ns with the cuts
imposed on the ISiS data. As can be seen in Fig. 4, a siz
fraction of thev rel distributions would be affected by th
detector cutoff in the Lips4He work.

In order to examine the effect of collision violence on t
relative velocities, thev rel centroids from the 4.8 GeV3He
1197Au reaction are shown in Fig. 6 and given in Tables
and III for three different observed multiplicity (NIMF) con-
ditions, as indicated in the inset. For light IMFs, there is
slight decrease inv rel with increasingNIMF ; for the heaviest
IMFs, the centroids for all three multiplicity bins appear
converge. The standard deviations of the light IMF distrib
tions in Tables II and III also appear to increase for high
NIMF values, whereas they are nearly independent ofNIMF

TABLE II. Measured IMF average relative velocities^v rel& @cm/
ns# and standard deviations at large relative angle for 4.8 G
3He1Ag for different gates on IMF observed multiplicity,NIMF ,
and for total distribution.

NIMF52,3 NIMF54,5 NIMF.5 All NIMF

^Zfrag& v rel s(v rel) v rel s(v rel) v rel s(v rel) v rel s(v rel)

2.0 5.4 0.90 5.3 0.98 5.3 1.05 5.3 0.97
3.0 5.2 0.91 5.1 0.96 5.1 1.00 5.1 0.90
4.0 4.8 0.91 4.8 0.96 4.8 0.93 4.8 0.93
5.0 4.5 0.88 4.3 0.88 4.3 0.92 4.3 0.88
6.5 4.1 0.80 4.1 0.80 4.0 0.80 4.0 0.80
8.5 3.6 0.75 3.6 0.60 3.6 0.59 3.6 0.59
11.5 3.4 0.51 3.4 0.47 3.4 0.46 3.4 0.48
14.0 3.2 0.50 3.0 0.30 3.2 – 3.2 0.32

TABLE III. Measured IMF average relative velocitieŝv rel&
@cm/ns# and standard deviations at large relative angle for 4.8 G
3He1Au for different gates on IMF observed multiplicity,NIMF ,
and for total distribution.

NIMF52,3 NIMF54,5 NIMF.5 All NIMF

^Zfrag& v rel s(v rel) v rel s(v rel) v rel s(v rel) v rel s(v rel)

2.0 6.1 0.77 6.0 0.82 5.8 0.93 6.1 0.88
3.0 5.9 0.79 5.8 0.81 5.7 0.89 5.9 0.87
4.0 5.0 0.81 5.4 0.83 5.2 0.94 5.3 0.90
5.0 5.3 0.84 5.2 0.84 5.1 0.89 5.2 0.88
6.5 4.9 0.80 4.8 0.82 4.7 0.87 4.8 0.87
8.5 4.5 0.74 4.4 0.77 4.3 0.77 4.3 0.78
11.5 3.9 0.61 3.9 0.59 3.9 0.61 3.9 0.60
14.0 3.5 0.60 3.6 0.49 3.5 4.9 3.7 0.50
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for Z*8 fragments. This result suggests that a broader
tribution of source conditions may be responsible for prod
ing the lighter IMFs.

In order to provide a baseline for comparing the sensi
ity of the v rel data to the Coulomb field of the emittin
source, the centroids are also compared with values base
fission kinetic- energy-release~TKE! systematics@17# in Fig.
6. The fission estimates assume two successive fission s
from the postcascade targetlike residue. TheZ andA of the
fissioning source are estimated from well-tested INC cal
lations@42#, which are in agreement with source reconstru
tion calculations for these experimental data@25#. These pre-
dict a range of residue nuclides for the 4.8 GeV3He
1197Au system betweenZ572, A5179, and Z565, A
5165 for deposition of excitation energies between 5 to
MeV per residue nucleon, respectively. This range is
counted for by the shaded region in Fig. 6. For nuclei in t
mass range, fission TKE systematics yield a radius param
r 0>1.8 fm for the effective charge-separation distance
scission, d5r 0(A1

1/31A2
1/3). Compared to a value ofr 0

51.2–1.4 fm for nuclei at normal density, this would co
respond to a density ofr/r0'0.3–0.5 if the separation wer
radial instead of axial. The effect of the source temperat
on v rel has also been included in the fission calculatio
assuming a temperature of 5 MeV. As shown in Fig. 7,
largest effect of source temperature is on the lightest IM
which improves the agreement with the slope of the da
However, the Li-B fragments are still underpredicted by
large amount. These same results are obtained for thenatAg
target.

The most prominent feature of Figs. 6 and 7 is that ev
for the most violent events, the experimental centroids
the lighter IMFs lie well above the simple Coulomb

FIG. 6. Average relative-velocity centroids for fragment pa
corresponding to Fig. 3 and separation angleC rel5180°640°, for
the 4.8 GeV 3He1197Au reaction, gated on IMF multiplicity.
Shaded area gives expected average velocity centroids for fis
TKE systematics, as described in text. Insert indicates distribu
of IMF multiplicities with the gates highlighted.

V

V
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repulsion predictions of fission systematics. This pictu
does not change appreciably if additional centrality cuts
imposed on the data, or if the calculatedv rel values are
supplemented by a thermal source withT55 MeV. This
suggests that on average, light IMFs have their origin
more dense and/or hotter sources of higher charge
heavier IMFs. This perhaps reflects an expansion boos
coalescence-like processes associated with secondary sc
ings during the latter stages of the cascade but prior to m
mum expansion/dilution of the source.

In contrast, for the heaviest IMFs (Z*8), there is good
overall agreement with the fission systematics. The co
sponding radius parameter is consistent with emission f
an expanded/dilute source withr,r0/2. Thus, these result
are consistent with a time-dependent picture of multifra
mentation in which light IMFs are emitted from a hot, e
panding source, followed by breakup of a dilute residue
which IMFs of all charges are emitted.

In Fig. 8, the average relative velocity centroids for
NIMF bins ~Fig. 5! are compared with predictions of tw
hybrid models. For both model calculations, identical IN
calculations@42# provided the distribution of residue mas
charge, and excitation energy produced in the fast casc

FIG. 7. Comparison of data in Fig. 5 for fission source atT
50 ~solid curve! andT55 MeV ~dashed curve!.

FIG. 8. Comparison of relative-velocity centroids for thenatAg
and 197Au targets with predictions of two hybrid calculations, INC
EES and INC/SMM, as described in the text.
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phase of the reaction. This distribution then served as in
for the time-dependent expanding evaporating source~EES!
@5# and simultaneous~multifragmentation SMM! @6# models.
The default conditions of both models, which have been s
cessful in fitting heavy-ion multifragmentation data@16#,
have been employed. For comparison with the data, ene
thresholds were imposed on both calculations to conform
the ISiS detector acceptance and software cuts (2.3<v rel
<8.8 cm/ns).

The EES and SMM models provide quite different pe
spectives on the time evolution of the disassembly proc
The EES model invokes a time-dependent scenario for I
emission, assuming isentropic monopole oscillations of a
source that emits primarily light fragments~surface emis-
sion! as it expands and cools@5#. For sufficiently high tem-
peratures, the amplitude of the initial oscillation exceeds
cohesive nuclear forces, leading to breakup on a time s
of order 100 fm/c. At this stage volume emission is as
sumed and heavy fragment production becomes strongly
vored.

In the INC/EES calculation, the effective compressibili
parameter isK5144 MeV, for whichr;r0/3 at breakup
@43#. This value ofK is comparable to that estimated for
finite-charged nucleus relative to standard nuclear ma
@44#. The model of Ref.@43# has been previously shown t
account for the IMF multiplicities and energy spectra in t
4.8 GeV 3He1197Au, natAg reactions@28,29#.

The SMM model@6# assumes instantaneous statistical d
cay of a hot expanded residue into many fragments. In
version of the model employed in these comparisons
freeze-out volume is assumed in which the fragments at
full statistical equilibrium~maximum entropy!. The default
value of the critical radius corresponding tor0/3 is employed
here. No preequilibrium stage is included between the
cascade and breakup steps in either of these calculation

A similar comparison can be made using the codeSIMON

@45,46# for which we have put the same angular and ene
conditions as on the data. Two options were examined:~1!
evaporation, or sequential IMF emission, and~2! explosion,
or simultaneous disassembly. The Coulomb trajectories
calculated, the thermal motion is taken into account, and
formed fragments are allowed to decay. For the first opti
a full calculation has been done using INC code@47# outputs
to feed into the evaporation code, which then computes
decay of a residue at normal density. Comparisons are sh
by the triangles in Fig. 9, where the data are plotted a
function of the sum of the IMF charges. The results are si
lar to the empirical fission calculations. The calculat
widths are found to decrease only slightly with increasi
charge sum (s from 1.0 to 0.8 cm/ns, similar to the results
Fig. 5!. Another calculation, which assumes an avera
source with a givenE* /A of 5 MeV and a laboratory veloc
ity of 0.01c, consistent with the rapidity analysis@28# and
average mass and charge taken from INC, shows similar
sults. This last source has also been used for the explo
option where three fragments are assumed randomly dis
uted in space inside a sphere of maximum compactness
with a constraint of a minimal distance of 2 fm between t
fragment surfaces.
3-6
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The comparison is shown in Fig. 9 for the 4.8 GeV3He
1197Au reaction. The results parallel those of the INC/SM
calculation and fission systematics. The INC plus evapo
tion option fails to reproduce both the relative velocities a
their slope as a function of charge. The explosion option w
E* /A55 MeV accounts for the higherZ fragments, but
again fails to describe the slope. Similar trends are obse
for silver.

In comparing with the data, the most sensitive test of
models is their ability to account for both the absolute valu
and the slope/curvature of thev rel vs Z dependence. The
absolute magnitude of the results can be altered by adjus
the radius parameterr 0, but this has minimal effect on th
curvature. In Fig. 8, the INC/EES simulation is found to
in general agreement with thev rel data for 197Au, both in
absolute magnitude and the curvature of theZ dependence
For the natAg target the agreement is somewhat poorer. T
agreement is less satisfactory for the INC/SMM and Dura
cases, although for the heaviest fragments (Z*8), the con-
cordance with the data is reasonable.

In Fig. 10, the model dependence on source densit
examined. In the lower frame, the schematic INC/EES mo
is compared with the 197Au data for two cases,K
5144 MeV ~expansion! andK5` ~no expansion!. The lat-
ter case corresponds to emission from a static source at
mal nuclear matter density. The similarity in light IMFv rel
values for both assumed values ofK reflects the similar prob-
ability for fragments to be emitted early in the deexcitati
process from a higher-Z source closer to normal density. I
addition, the Li fragments from theK5144 MeV calcula-
tion may exhibit some velocity enhancement due to the
pansion boost. As the fragment charge increases, the c

FIG. 9. Comparison of relative-velocity centroids (d) for the
197Au target with predictions of the model of Durand@44#, assum-
ing a source temperature ofE* /A55 MeV and two breakup sce
narios: INC and evaporation (n) and explosion (s). Dashed and
solid curves show mean trends of the calculations.
01460
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lation clearly shows a significant increase in the relat
velocity centroids from the stiffer, more compact source.

As shown in the upper frame of Fig. 10 an increase in
freeze-out density in the SMM calculation tor5r0/2 would
bring the simulation in line with the data for the heavi
IMFs. However, this adjustment would not affect the slop
curvature and thus would still significantly underpredict t
v rel centroids for the lighter IMFs.

The larger predicted average relative velocities for
low-Z fragments for the INC/EES calculation relative
those for INC/SMM is consistent with the emission of IMF
early in the expansion phase of the highly excited residu
During this period, the source density is higher, as are b
the source charge and temperature, thus producing more
ergetic fragments. In addition, the early~light! fragments
may receive an expansion boost@5#. This pre-breakup IMF
emission stage, in which ejectiles withZ<6 are preferen-
tially emitted, bridges the interval between the fast casc
and multifragment breakup. It is an aspect of the disassem
mechanism that is present in the EES but not in the SM
and SIMON codes used here. While a preequilibrium opti
can be implemented preceding the SMM stage in the cod
@6#, it allows only for H and He emission and hence wou
affect the present results only by cooling the source and
ducing the charge of the residue. This argues for the inc
sion of some form of IMF precursor stage in comparing t
statistical model calculations with data. Nonetheless, co

FIG. 10. Upper: Average relative velocity for fragment pairs f
4.8 GeV 3He1197Au reaction. Predictions of the INC/EES calcula
tion are given by solid line and INC/SMM predictions by do
dashed lines (r5r0/3) and dashed line (r5r0/2). Lower: Average
reduced velocity for centroid fragment pairs. Comparison is w
INC/EES model for two conditions:K5144 MeV ~solid line, cor-
responding to expansion! andK5` ~dashed line, corresponding t
emission from a system at normal nuclear matter density!.
3-7
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parisons of the data with all three calculations are consis
with a time-dependent model in which the final breakup
curs from a system at low density.

IV. SMALL-ANGLE CORRELATIONS

While the large-angle-correlation analysis in Sec. III
consistent with a time-dependent scenario in which IM
emission occurs from an expanding source, the time-scale
the final breakup is critical in differentiating between a s
quential or instantaneous mechanism. Information relevan
this issue can be deduced from comparison of meas
small-angle reduced-velocity correlations with tim
dependent model simulations@19#. This approach has bee
followed in numerous heavy-ion studies, yielding a range
relative emission times betweent;1000 fm/c for evapora-
tionlike phenomena@1# to t;100 fm/c for high multiplicity
events in intermediate energy heavy-ion reactions@21–24#.
In this section we present the results of similar investigati
for GeV light-ion induced reactions. Of particular interest
this analysis is the time scale for that portion of the IM
kinetic energy spectrum that is characterized by s
Coulomb fragment energies. These fragments provided
earliest suggestion of expansion@48,49# in GeV proton-
induced reactions and have subsequently been shown t
associated with the most violent collisions in light-ion i
duced reactons@28,29,50#. Because of their very low ener
gies, these events may constitute one of the best experim
tal cases for studying multifragmentation driven primarily
thermal forces.

In Fig. 11 the reduced-velocity correlation function@Eq.
~3!# is plotted for all multiplicitiesN( IMF>2) for the five
systems studied in this work. The supression of correla
events at low reduced velocity is seen to grow as a func

FIG. 11. Bombarding energy dependence of the reduc
velocity correlation functions. Top: the3He1197Au reaction, and
bottom: the3He1natAg reaction. All IMF multiplicities withNIMF

>2 and fragment kinetic energies between 0.7<EIMF /A
<10 MeV are indicated in the data set.
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of bombarding energy in each case, suggesting somew
shorter time scales for reactions induced by the more e
getic projectile. Figure 12 shows the same results, compa
instead the target mass. At each energy, thenatAg target
yields the largest supression, consistent with the sma
breakup volume and lower IMF velocities for this system

Of more direct concern is the dependence of thev rel cor-
relation function on collision violence. Here we have chos
the number of thermal charged particles, which is direc
proportional to the deposition energy@30#, as our gauge of
deposition energy. It is observed in Fig. 13 that as the nu
ber of thermal charged particles increases, the supressio

d- FIG. 12. Target dependence of the reduced-velocity correla
functions shown in Fig. 10.

FIG. 13. Dependence of reduced-velocity correlation funct
on the multiplicity of thermal charged particles for the 4.8 Ge
3He1197Au ~upper! and natAg ~lower! reactions. Acceptance o
IMF pairs is the same as in Fig. 11. Multiplicity gates are indica
on figure.
3-8
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low v red grows substantially, suggesting a shorter time sc
To investigate this effect further, we have examined

reduced-velocity correlation function for those low-ener
IMFs associated with the most violent events (EIMF /A
<3 MeV/nucleon and thermal multiplicityM th.11). The
experimental correlation functions are plotted in Fig. 14
two IMF conditions: light fragments (Z53 –4) and heavy
fragments (Z55 –9). This separation was imposed to isola
nonequilibrium contributions to the spectra, as discusse
the previous section. The significant Coulomb suppressio
low relative velocity is apparent in the data.

In order to estimate the breakup time scale,
correlation-function results are compared with theN-body
Coulomb trajectory calculation of Glasmacheret al. @40#,
which has been run through the ISiS software accepta
filter. In this code, the relative time interval between fra
ments is sampled assuming the relatione2t/t0, wheret0 is
the source lifetime. Fragments are randomly selected acc
ing to the experimental multiplicity and charge distribution
The latter are shown in the upper frame of Fig. 15. It
observed that the charge distribution for soft events is
nificantly flatter than that for higher energies; the former c
responding to a power-law exponenttz'1.7 and the latter to
a value oftz>3.1. Both distributions are described bett
with an exponential function of the form

s~Z!a e2aZ,

FIG. 14. Reduced-velocity correlations as a function of redu
velocity for the 4.8 GeV3He1197Au reaction~points!. Data were
selected for pairs of events in whichNth<11 and (E/A) IMF

50.7–3.0 MeV and are shown forZ53,4 fragments~upper frame!
and Z55 –9 fragments~lower frame!. Lines are results of an
N-body simulation withr/r050.25 and maximum residue size
Zres512. Time scales are indicated in the figure.
01460
e.
e

r

in
at

e

ce
-

rd-
.

-
-

wherea50.25 in the former case anda50.60 in the latter.
With the exponential function,x2 values were about a facto
of three lower.

In the analysis, we employ source velocity and Coulom
barrier parameters derived from moving-source fits to
experimental energy spectra@30,51#, corresponding to the
event energy and multiplicity gates. In this procedure,
Coulomb-barrier function in the spectral parametrization
effectively subtracted from the moving-source fits in the
put step. This raw thermal spectrum in the source frame
then boosted back in when performing theN-body Coulomb-
trajectory calculation. The output of the simulation is r
quired to match the experimental kinetic energy spectra
these thermal-like events, examples of which are shown
the bottom frame of Fig. 15 for a breakup time of 50 fm/c.
The spectral shape of the simulation is quite sensitive to
input parameters; thus, the small deviations for nitrogen fr
ments belowE/AIMF&1 MeV represent good fits.

Three features of the simulation were important in obta
ing a simultaneous fit to both the spectra and the rela
velocity correlations. First, it was necessary to employ
breakup density significantly lower than normal; in these c
culations we user/r050.25, consistent with earlier result
@43# and those presented in Sec. III, as well as theoret
models@5,6,8#. Second, the location of the heaviest resid
in the N-body ensemble had to be randomly placed with
the breakup volume~rather than a fixed central position!.
Finally, the fragment with the largest charge in theN-body
ensemble needed to be small to reproduce the shape.
calculations shown in Fig. 14 used a value ofZres512 for the
charge of the largest residue, although the range ofZres

d

FIG. 15. Upper frame: Relative charge distributions for eve
with (E/A) IMF.3.0 MeV ~open squares! and (E/A) IMF

,3.0 MeV ~closed squares! for 4.8 GeV1 197Au reaction. Lines
are to guide the eye. Lower frame: Energy spectra of Li andN
fragments~open and closed points, respectively!. Solid lines are
output fromN-body simulation.
3-9
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'10– 20 is within the error limits. This compares with th
average charge ofZres;25 determined independently from
reconstructed events with a similar centrality cut@25#. The
requirement of both a short time scale and small size of
largest residue in order to fit both the correlation functio
and the energy spectra imposes a significant constraint on
ambiguities in these parameters.

The residue size effect is important only for the soft co
ponent of the IMF spectra, as illustrated in Fig. 16. Here
experimental correlation function forZ55 –9 fragments is
compared with theN-body calculation for maximum residu
sizes Zres512 and 35; in each case the breakup time
50 fm/c. For the (E/A) IMF.3.0 MeV fragments~bottom
frame!, there is little sensitivity to the maximum remna
size. Time scales oft0;50–100 fm/c describe this compo
nent well, comparable to an earlier4He study@52# and to
heavy-ion results@21,22,24# for this fragment energy do
main.

TheN-body Coulomb trajectory simulations are compar
with the 197Au data in Fig. 14 for breakup times oft0520,
50, 100, and 200 fm/c. For theZ55 –9 fragments, a value
of t0.50 fm/c describes the data well. In this regard
should be noted that these time scales are based on the
simulations that yield breakup time scales oft
&50–100 fm/c in heavy-ion reactions@40#. This analysis
supports a picture in which the low-energy debris formed
the reaction originates in high deposition-energy processe
which clusterization of the system occurs from an expand

FIG. 16. Comparison of experimental reduced-velocity corre
tions for 5<Z1 ,Z2<9 for 4.8 GeV 3He1197Au reaction with
N-body simulation for maximum residue sizeZ512 and 35, as
indicated in the figure. Time is 50 fm/c in each case. Upper fram
is for (E/A)IMF<3.0 MeV fragments and lower frame fo
(E/A) IMF.3.0 MeV.
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dilute source on a near-instantaneous time scale. The
tracted time scales are consistent with instantaneous mo
of multifragmentation@6–8#. They are also in accord with
the time-dependent model of Ref.@5#, for which 80% of the
fragments with kinetic energiesE/A,7 MeV are predicted
to be emitted within 70 fm/c.

The short mean lifetimes implied by the analysis here
comparable to the reaction relaxation time for these co
sions predicted by Boltzmann-Uehling-Uhlenbeck calcu
tions @31#, tR;30–40 fm/c. This value is also near the
characteristic time for thermodynamic fluctuations for
source at temperatureT54 –6 MeV @26,27#; i.e., tfluc
'\/T530–50 fm/c @53,54#. This suggests that dynamica
fluctuations — perhaps surviving from the fast collisio
stage — may play an important role in the disassembly p
cess.

For the lighter (Z53,4) IMFs, the breakup time is mor
poorly defined. Because the population of events with s
Coulomb energies is significantly reduced for these fr
ments relative to heavier IMFs~Fig. 15!, the statistical
sample is much smaller (;20%). This is also reflected by
the relative velocity distributions for Li and B in Fig. 3
Extension of the upper energy acceptance to (E/A) IMF
<4.0 MeV removes most of the fluctuations in theZ53,4
data in Fig. 14, but does not alter the average trend. Take
face value, the correlation-function data suggest that li
fragments are associated with a convolution of emiss
times, ranging fromt0520–200 fm/c. This implies that
significant yields of these light IMFs may originate via mu
tiple mechanisms, extending from the pre-breakup st
prior to or during expansion, to the final multifragment di
assembly. This conclusion is consistent with a tim
dependent disassembly picture deduced from large-a
IMF-IMF correlations discussed in Sec. III.

The reduced-velocity correlation functions, comparable
Fig. 14, for the 4.8 GeV3He1natAg system are shown in
Fig. 17. Because of the lower average energies for fragm
from the natAg target and the fact that a substantial fracti
of events occur below the low-energy detector threshold,
fragment kinetic energy condition has been set on the d
Thus, the fits in this case are much less conclusive, yield
time scales in the ranget'50–200 fm/c. We attribute this
result as possible evidence that the smaller size and hi
average excitation energy@25# lead to enhanced fragmen
emission prior to final breakup of the hot source.

In Fig. 18 the reduced-velocity correlations for th
thermal-like IMFs withM th>11, including all fragment en-
ergies up to 10 MeV, are shown along with predictions of t
INC/SMM model@7#, passed through the detector filter. Th
SMM calculation again assumed the default parameters
discussed in Sec. III. Two excitation-energy assumptions
the SMM calculation are shown:E*/ A55.3 and 7.7 MeV
and results are shown for both light and heavy IMFs. For
Z55 –9 fragments, good agreement is found for theE*/ A
57.7 MeV case. On the other hand, theZ53 –4 fragment
pairs are described poorly at low relative velocities. Incre
ing the SMM breakup density to normal density improv
the fit somewhat, but still leaves a strong disagreement w
the data at low reduced velocities. This effect is due in p

-
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FIG. 17. Reduced-velocity correlation function for the 4.8 Ge
3He1natAg reaction, as in Fig. 12, except that all IMFs wit
EIMF /A<10 MeV are included in the data set andNth>8. Histo-
grams are fort550, 100, and 200 fm/c; solid points are data.

FIG. 18. Comparison of reduced-velocity correlations
(E/A) IMF,10 MeV with predictions of SMM model atE*/ A
55.3 and 7.7 MeV, as indicated on figure, for 4.8 GeV3He
1197Au reaction. Upper frame is forZ53,4 fragments and lowe
frame forZ55 –9 fragments.
01460
to the Fermi breakup mechanism employed in the postac
eration stage of the SMM code to account for deexcitation
the hot primary fragments. This decay mechanism produ
significant yields of secondary Li fragments that can ra
domly correlate with primary Li ions.

V. CONCLUSIONS

The composite picture that emerges from these IMF-IM
correlation studies of GeV light-ion-induced reactions is
follows. The data suggest that for the most highly excit
residues, fragmentation is a time-dependent phenomeno
which light IMFs are emitted preferentially from a hot, e
panding source followed by a near-simultaneous brea
that is primarily responsible for heavier fragments. Compa
sons of the large-angle-correlation data with hybrid-mo
INC/EES and INC/SMM calculations satisfactorily accou
for the heaviest IMFs. However, the time-dependent E
model describes the relative velocities for light fragme
and the overall slope of the data better. This result points
the need to complement IMF formation in instantaneous
tistical models with a pre-breakup mechanism to account
emission during the late stages of the cascade, prio
breakup of the dilute residue.

Breakup times of the order oft&100 fm/c are indicated
by small-angle reduced-velocity correlations between IM
pairs. However, this time scale is dependent on collision v
lence, shorter times being associated with more violent c
lisions, as reflected by IMF and thermal charged-parti
multiplicities. For this reason the soft, sub-Coulomb comp
nent of the spectrum has been investigated for the first ti
Comparisons with anN-body Coulomb-trajectory simulation
indicate rapid breakup of these highly excited, thermal-l
residues, with a mean disassembly time oft0'50 fm/c for
the heavier clusters (Z55 –9). This time is short relative to
the thermodynamic relaxation time and suggests that qua
dynamical fluctuations may play an important role in t
disassembly process. In order to fit the experimental spe
and relative-velocity correlation functions simultaneous
the simulation requires a breakup density ofr/r0;1/4–1/3,
average heavy remnant size ofZres;10–20, and the random
placement of the heaviest remnant in the breakup volu
For lighter IMFs, the time scale is more poorly defined, su
gesting an evolutionary process in which multiple sourc
produce these fragments. Comparison with SMM calcu
tions agrees well with the data for heavier IMFs emitted fro
a source atE*/ A57.7 MeV.

In summary, the implication of these results is that m
tifragmentation studies with GeV light ions may provide o
of our most transparent examples for learning the ther
properties of finite nuclear matter at high excitation energ
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