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Time scale for multifragmentation in intermediate energy heavy-ion reactions
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Fragment-fragment correlations are used to probe the spatial-temporal extent of the emitting
source in central 3®Ar+°"Au reactions at E/A=35, 50, 80, and 110 MeV. The experimental two
particle correlations are compared both with the Koonin-Pratt two-body formalism as well as a
three-body Coulomb trajectory calculation. The spatial-temporal extent of the emitting system
decreases with increasing incident energy. Within the context of a three-body Coulomb trajectory
model the mean fragment emission time rises sharply as a function of the assumed density of the
system until p/po ~ 0.3. If one assumes a fixed density, the extracted mean emission time decreases
with increasing assumed charge of the emitting system. Assuming p/po =~ 0.3 the mean emission
time 7 according to calculations using a three-body Coulomb trajectory model, is ~ 115-135 fm/c
at E/A=50 MeV and =~ 75-100 fm/c at E/A=110 MeV. Comparisons with a generalized N-body
Coulomb trajectory model demonstrate that the effect of interactions with other emitted particles
is negligible. The prediction of a microcanonical model which includes pre-emission correlations

between the fragments is compared to the measured correlation function at E/A=110 MeV.

PACS number(s): 25.70.Pq

I. INTRODUCTION

Highly excited nuclear matter can decay by the emis-
sion of multiple intermediate mass fragments (IMF’s:
3 < Z < 20) [1-5]. The experimental observation of mul-
tiple fragment emission in intermediate energy heavy-ion
collisions has stimulated considerable speculation as to
the mechanism underlying this phenomenon. Two radi-
cally different scenarios have been proposed. A multifrag-
ment final state might result from a nearly simultaneous
disintegration of the highly excited system [6-10], or from
a series of sequential binary decays [11-15]. In both sce-
narios, the formation and emission of multiple fragments
is substantially enhanced by a reduction in the density of
the nuclear system [6-9,15-18]. Such a density reduction
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might arise due to either a rapid dynamical compression-
decompression cycle [6-10] or an increase in the thermal
pressure of the system [19-22]. The origin of fragments
from a nuclear system at low density might be due to
density fluctuations [6,16-18].

Determination of the time scale for fragment emission
is useful in distinguishing between dynamical and sequen-
tial decay models. Sequential decay models typically re-
quire longer mean emission times than dynamical multi-
fragmentation models. While dynamical breakup of an
excited nuclear system is predicted to occur on a rela-
tively short time scale, 7 < 100 fm/c [8-10], the time
scale associated with a sequential decay scenario can be
considerably longer, 7 =~ 300 fm/c for a heavy nucleus
with 700 MeV excitation energy [15]. Increasing the ex-
citation energy can lead to a shorter mean emission time,
T = 80 fm/c for T=13 MeV [23]. Hence, measurement of
the IMF emission time scale is important in characteriz-
ing the multifragment decay.

Recently, IMF-IMF correlations have been used to de-
duce information about the spatial and temporal ex-
tent of excited nuclear systems [24-34]. In initial mea-
surements of the IMF emission time scale, mean emis-
sion times of 300-700 fm/c were deduced for the reac-
tions 180+"2tAg, 197Au at E/A=84 MeV [24,35] and
22Ne+Au at E/A=60 MeV [25]. These mean emis-
sion times are compatible with sequential emission of
the IMF’s from a decaying source [15]. These experi-
ments, however, did not provide impact parameter selec-
tivity and might have been biased by incomplete phase
space coverage. In contrast, more recent exclusive exper-
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iments indicated a mean IMF emission time of ~ 100-125
fm/c, for centrally gated 36Ar+197Au at E/A=35 MeV
[26-28] and Kr+Nb at E/A=55-75 MeV [30]. These lat-
ter mean IMF emission times are consistent with simul-
taneous emission of the IMF’s [8-10].

To characterize the evolution of the spatial-temporal
extent of the decaying system with increasing incident
energy, we have measured an excitation function for the
system 36Ar+197Au at E/A=50, 80, and 110 MeV. Pre-
viously reported values for the mean emission time were
based on an assumed value of the source radius [29]. In
the present paper we will explore the dependence of IMF-
IMF correlation functions on the spatial-temporal extent
of the decaying system by comparing the measured cor-
relation functions to model predictions covering a wide
range of mean emission times and source size. We will
also probe the effect on the correlation functions of ad-
ditional charged particle emission and pre-emission cor-
relations between the fragments. In this paper, we focus
on central collisions where angular momentum effects are
significantly reduced [36], and hence distortion of the cor-
relation function due to rotational motion and other col-
lective effects [33,34] should be minimal.

The remainder of this paper is organized as follows.
The experimental setup is described in Sec. II. In
Sec. III general properties of 26 Ar+!%7 Au interactions at
E/A=50, 80, and 110 MeV are discussed. The spatial-
temporal extent of the emitting source is examined in
Sec. IV using both the Koonin-Pratt model and a 3-body
Coulomb trajectory model. In Sec. V we consider the
effects on the correlation functions from the emission of
additional charged particles and from pre-emission corre-
lations between the fragments. The results of the present
work are summarized in Sec. VI.

II. EXPERIMENTAL SETUP

The experiment was performed using the K1200 cy-
clotron at the National Superconducting Cyclotron Lab-
oratory at Michigan State University (MSU). 36 Ar beams
at E/A=50, 80, and 110 MeV, with an intensity of ap-
proximately 1 x 10® particles per second impinged on a
197 Au target with an areal density of 1 mg/cm?. Charged
particles emitted into the angular range 9° < 6, < 160°
were detected using the MSU Miniball array [37]. The
trigger condition required that at least two detectors in
the Miniball were triggered in order to record an event.
Each Miniball element consists of a 4 mg/cm? plastic
scintillator foil backed by a 2 cm thick CsI(Tl) crystal.
Particles which punched through the plastic scintillator
foils were identified by atomic number up to Z=18 and by
mass number for Z=1 and 2. Particles which stopped in
the scintillator foil were recorded, but could not be identi-
fied by atomic number. The approximate energy thresh-
olds for particle identification were Ey,/A ~ 2 MeV for
Z=3, Eyn/A = 3 MeV for Z=10, and E,y, /A ~ 4 MeV for
Z=18. Energy calibrations for the forward detectors were
obtained by elastic scattering of “He, ®Li, 1°B, 12C, 160,
20Ne, and 3°Cl beams with E/A=4.5 to 20 MeV from a
197 Au target. For detectors in rings 1-4, 9° < 6y, < 40°,
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these calibrations are estimated to be accurate to within

5%.

III. GENERAL PROPERTIES

Intermediate energy heavy-ion collisions can lead to
the emission of a large number of charged particles, N¢.
At the incident energies studied, the N¢ distribution is
roughly characterized by a plateau followed by a steeply
falling tail. For 36 Ar+197 Au collisions in the energy range
E/A=50-110 MeV the end of the plateau increases from
N¢ =20 for E/A = 50 MeV to N¢ =32 for E/A = 110
MeV [29,38]. The IMF multiplicity Nimr increases with
both increasing Nc and beam energy [3,39]. For the
most central collisions, characterized by high N¢, (Nimr)
reaches 2, 3, and 4 for E/A=50, 80, and 110 MeV, respec-
tively. The measured charged particle multiplicity may
be used as a measure of the centrality of the collision
[40]. Small impact parameters b correspond to compos-
ite systems with high excitation and consequently large
charged particle multiplicity. The approximate degree of
centrality of each collision can be determined using a sim-
ple geometrical model [41] and the total charged particle
multiplicity measured in the Miniball. In this prescrip-
tion, for each value of No the impact parameter b is
found in terms of the maximum impact parameter bpax
for which at least two charged particles are detected in
the Miniball. In this paper we will concentrate on central
collisions, defined by b/bpax < 0.2, which corresponds to
N¢ >21, 27, and 32 for E/A =50, 80, and 110 MeV,
respectively.

The energy spectra of boron fragments emitted from
36 Ar+197 Au collisions at E/A=50, 80, and 110 MeV are
presented in Fig. 1. The high energy bump at forward
angles in the energy spectra is clear evidence of fragment
emission from a projectilelike source. With increasing
beam energy the projectilelike component becomes more
distinct. At more backward angles the energy spectra
fall off roughly exponentially. As seen in Fig. 2, select-
ing central interactions, b/bmax < 0.20, essentially elimi-
nates the cross section of boron fragments emitted from
the projectilelike source. Elimination of the projectilelike
component in the kinetic energy spectra suggests the se-
lection of a more equilibrated single system.

An additional test of the degree to which our mul-
tiplicity criterion selects a single source is provided by
examination of the angular distribution of IMF’s. The
angular distributions for selected IMF’s from peripheral,
0.70 < b/bmax < 0.85, and central interactions are shown
in Fig. 3. For the peripheral interactions, the upper pan-
els, two very clear components of the angular distribu-
tions are observed. This two component nature is best
observed in the angular distribution of Li fragments at
110 MeV. First, at small angles the angular distributions
fall in a steep exponential. This part of the angular distri-
bution is due to emission from a fast projectilelike source.
The second component for peripheral interactions is sub-
stantially less forward focused. This component may be
associated with emission from both an intermediate ra-
pidity source where significant velocity damping has oc-
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curred and a slower moving targetlike source. Selecting
on central collisions suppresses the forward peaked com-
ponent in the angular distribution for all fragments at
each of the incident energies. The angular distributions
are relatively flat at forward angles, with a sharp drop-
off at backward angles particularly for heavy fragments.
The sharp drop-off at backward angles may be associated
with higher effective thresholds at backward angles due
to the momentum of the source in the laboratory frame.

IV. SPATIAL-TEMPORAL EXTENT OF THE
EMITTING SYSTEM

In this section we will extract information about the
spatial-temporal extent of the emitting system by study-
ing the final-state interaction between two IMF’s emitted

from the system. The strength of the final-state interac-
tion can be measured by using the two-IMF correlation
function R(v;eq) which is defined in terms of the ratio of
the coincidence yield, Yi,, to the product of the single
particle yields, Y7 and Y5:

3 Yia(p1,p2) = C[1 + R(vrea)] Y Yi(p1)Ya(p2),

P1,P2 P1,P2

(1)

where p; and p; are the laboratory momenta of IMF’s
1 and 2, vpeq is the reduced velocity given by vieq =
Vrel/VZ1+ Z3; = (p1/m1 — P2/m2)/VZ1 + Z2, and C
is a normalization constant determined by requiring
(R(vrea))=0 at large relative momenta where the final
state interaction is small. The masses of the IMF’s, m,
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and mg, are assumed to be twice their atomic number
times the nucleon rest mass. All correlation functions
presented in this paper have been normalized to unity
in the region 0.026c < v;eq < 0.035¢c. Constructing the
correlation functions using v.eq instead of either the rel-
ative momentum or the relative velocity allows the data
to be summed over all combinations of IMF pairs with
4< 2,2, <9 [27,28].

In previously reported work for 36Ar+!%7Au at
E/A=35 MeV [26-28] IMF correlation functions were
constructed for IMF pairs in rings 2 and 3 of the Mini-
ball, 16° < 61ap < 31°. In order to increase statistics we
have extended the range over which the correlation func-
tion is constructed to include ring 4, 31° < 6),, < 40°.
To examine the effect, if any, of including ring 4 in the
correlation functions we have constructed the IMF cor-
relation functions, for central 38Ar+1®7Au reactions at
E/A=110 MeV, for IMF pairs detected in rings 2 and
3, 16° < 61ap < 31°, and IMF pairs detected in rings
2-4, 16° < 6iap, < 40°. As shown in Fig. 4, the cor-
relation functions constructed from IMF pairs detected
in rings 2 and 3 are very similar to the correlation func-
tion constructed from all IMF pairs detected in rings 24,
16° < 61ap < 40°. In the remainder of the present work,
the correlation functions presented are for IMF’s detected
in rings 2—4, 16° < 6., < 40°.

The energy spectra and angular distributions shown
in Figs. 1 and 3 clearly indicate the presence of mul-
tiple sources of IMF’s in peripheral collisions. In con-
structing the IMF-IMF correlation functions one would
like to include only those IMF pairs which come from
the same source. In order to examine the source of
IMF pairs, we show in Fig. 5 the reduced velocity for
IMF pairs detected in. the first four rings of the Mini-
ball, 9° < 61 < 40°, plotted versus the velocity of the
center of mass of the IMF pair divided by the beam ve-

locity, v12/VUbeam. For peripheral collisions, upper panels,
three groups of IMF pairs can be distinguished. The
three groups are most clearly distinguished at £/A4A=110
MeV, Fig. 5(c), where the kinematical separation of the
projectilelike and targetlike sources is greatest. The first
group is centered at v12/Vbeam = 0.75 and veq = 0.050c.
For these pairs both IMF’s come from the decay of a
projectilelike source. The second group, where both
IMF’s are emitted from a targetlike source, is centered
at v12/Vbeam = 0.25 and vreq =~ 0.030c. The final group
is centered at v12/Vbeam = 0.45 and v;eq =~ 0.085c. This
group is composed of “mixed” IMF pairs where one IMF
is emitted from a projectilelike source, and the second
IMF is emitted from a targetlike source. As the beam en-
ergy is reduced, more IMF’s from the projectilelike source
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FIG. 4. IMF-IMF correlation functions for Z1,2Z, pairs
with 4 < Z,,Z; < 9, emitted from central 3¢Ar+'°"Au in-
teractions at E/A=110 MeV for IMF pairs detected in rings
2—4, filled-in points, or in rings 2 and 3, open points.
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are detected in the Miniball. This leads to a washing out
of the distinction between the three groups of IMF pairs
as the relative importance of the first and third groups
of IMF pairs increases. For central collisions, Figs. 5(d)-
(f), only a single group of IMF pairs is observed. This
group is peaked at low v12/Ubeam and vreq correspond-
ing to emission of both IMF’s from a targetlike and/or
intermediate rapidity source. While there is no evidence
of projectilelike fragment pairs, the observed distribu-
tion does have a tail which extends into the region corre-
sponding to the emission of mixed pairs. The selection of
central collisions significantly reduces the contribution of
mixed pairs to the correlation functions. In principle, by
gating on the distributions shown in Figs. 5(a)-(c) IMF
pairs emitted from the same source in peripheral colli-
sions could be selected. The cleanliness of such gating,
however, clearly decreases with decreasing beam energy.
In the present paper, we will consider only the relatively
clean case of IMF-IMF correlations associated with cen-
tral collisions.

The strength of the IMF-IMF final state interaction
is dependent on the initial spatial-temporal separation

D. FOX et al. 50

of the two fragments. Fragments emitted from a source
with a relatively short mean IMF emission time 7 will,
on average, experience a stronger final state interaction
than fragments emitted from a source with a longer mean
IMF emission time. Similarly, fragments which are emit-
ted from a source with a small radius Rg will have a
stronger final state interaction than fragments emitted
from a source with a larger radius. In order to extract
information about the mean emission time, comparisons
between the experimental correlation functions and the-
oretical calculations are required.

A. Koonin-Pratt model

In this section we consider the simplest theoretical
model, the two particle Koonin-Pratt formalism [42] in
which only the final-state interactions between the two
emitted IMF’s are considered. Effects due to the pres-
ence of other charged bodies are assumed to be negligible
in the Koonin-Pratt formalism. The validity of this as-
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FIG. 5. Reduced velocity vreq versus the velocity of the center of mass of the IMF pair divided by the beam velocity,
v12/Vbeam, for IMF pairs with 9° < 6. < 40° emitted from peripheral (a)—(c) and central *® Ar+'97 Au collisions (e)—(f).
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sumption will be explored in Sec. V.

Previous comparisons between the experimental corre-
lation functions and calculations based on the Koonin-
Pratt formalism have been based on a limited number
of combinations of the source size Rgs defined as the dis-
tance between the center of the emitting source and the
center of the IMF at emission time, and the mean emis-
sion time 7 [26—29]. To probe the spatial-temporal extent
of the emitting system more fully, we have performed a
series of calculations using the Koonin-Pratt formalism.
In these calculations, the source size was varied in 0.5 fm
steps over the range 5.5< Rgs < 14 fmi, and the mean
emission time was varied in 25 fm/c steps over the range
1< 7 <250 fm/c. For each calculation, the x? per degree
of freedom, x?/v, between the Koonin-Pratt calculation
and the experimental correlation function was calculated.
In Fig. 6 we show the x2/v for each combination of Rs
and 7 calculated over the region 0.010¢ < v;eq < 0.030c,
at F/A=35, 50, 80, and 110 MeV. The region below
Vrea = 0.010c has been excluded in calculating the x2/v
because the data in this region are affected by the finite
angular resolution of the Miniball [26]. Three features
are worth noting in Fig. 6. First, at each energy there
is a clear valley in x2/v running from very short values
of 7 and large values of Rg, to larger values of 7 and
smaller values of Rg. Second, the valley moves towards
smaller values of Rg and 7 as the beam energy increases
indicating a reduction in the spatial-temporal extent of
the emitting system with increasing beam energy. Fi-

35 MeV/nucl. T

102
>
”;10
1
14
2, 100 12\ 2, 100
% 10 %
200 £
% 8 $%K %

80 MeV/nucl. T
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nally at E/A= 80 and 110 MeV the bottom of the valley
is sloped, indicating a preference for a smaller physical
size of the source, Rg, and a longer mean emission time
T. At lower energies, E/A =35 and 50 MeV, the bottom
of the valley is much flatter. To examine more quanti-
tatively the degree to which the Koonin-Pratt formalism
describes the experimental final-state interaction, three
points along the valley for each beam energy are shown in
Fig. 7. While at £/A =80 and 110 MeV the calculations
with 7=150 fm/c do a somewhat better job of reproduc-
ing the data, all the calculations shown in Fig. 7 do a
reasonable job of reproducing the data for v.eq > 0.010c.

The values of Rg and 7 which yield the best values of
x?2/v at each beam energy are shown in Table I. The cal-
culations show a clear preference for reducing Rs with
increasing beam energy while leaving 7 unchanged. A
source radius of Rg=>5.5 fm at E/A = 110 MeV seems
small in comparison to both the radius of a single IMF
(2.4-3.1 fm) and the radius of a Au nucleus (=7 fm). It
is hard to imagine a source radius defined by less than
the two touching IMF configurations. In addition, it is
important to remember that both dynamical multifrag-
mentation models and statistical decay models require a
significant reduction in the density of the system in order
to produce multiple IMF’s [6-9,15-18].

Previous efforts to extract the mean emission time have
used a fixed value of Rg [26-29]. To quantify better
the dependence of 7 on Rs we plot, in Fig. 8, 7 as a
function of Rgs at all four beam energies. The value of

50 MeV/nucl. 7>

14

12 2
10 o) FIG. 6. x* per degree of free-
200 8 ch.,\&& dom, x?/v, for the compar-
6 isons of Koonin-Pratt calcula-

tions to the experimental cor-
relation functions as a func-
tion of Rs and T for cen-
tral 3%Ar+'°7"Au collisions at
E/A=35, 50, 80, and 110 MeV.
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FIG. 7. Comparisons of Koonin-Pratt calculations with the best x?/v values for central *® Ar+!°7Au collisions at E/A=35,

50, 80, and 110 MeV to the experimental correlation functions.

7 shown in Fig. 8 is the weighted average of the three
7 values from the three Koonin-Pratt calculations with
the best 2 /v for each value of Rs. From Fig. 8 it can
be seen that if one assumes a given source radius, as
has been done previously [26—29], then T decreases with
increasing beam energy. In order to determine uniquely
the mean emission time, an independent measurement of
the source radius is required. For any reasonable value of
Rs, Rs > Rivr1+Rimr2, 7 < 225 fm/c at E/A=35 MeV
and < 145 fm/c at £/A=110 MeV. Furthermore, if we
assume a reduction in the density of the emitting source,
a condition required by theoretical models to account for
the observed high fragment yield [6-9,15-18], then for
a Au nucleus with p/pp = 0.3, Rs = 10.5 fm, we find
that 7 ~ 110 and 25 fm/c for E/A=35 and 110 MeV,
respectively.

TABLE 1. Values of Rs and 7 which yield the best values
of x? per degree of freedom, x?/v, for Koonin-Pratt calcula-
tions for central ¢ Ar4'°7 Au collisions when compared to the
measured correlation functions.

E/A T Rs x2/v
(MeV) (fm/c) (fm)
35 150 9.0 2
50 150 6.5 0.7
80 150 6.0 0.7
110 150 5.5 1.9

B. 3-body Coulomb trajectory model

The Koonin-Pratt calculations presented in the pre-
vious section involve only the final-state interaction be-
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FIG. 8. Mean emission time 7 as a function of Rs for cen-
tral 3 Ar+'®7 Au collisions at E/A=35, 50, 80, and 110 MeV.



50 TIME SCALE FOR MULTIFRAGMENTATION IN . ..

tween two IMF’s emitted from a decaying system. In
this section we will use a 3-body Coulomb trajectory
model to examine the effect of the emitting system on the
IMF-IMF correlation functions. In the 3-body Coulomb
trajectory calculation the decaying system, with initial
charge Zs, initial mass number Ag, and radius Rgs, emits
the first IMF, with initial separation between source and
IMF given by Rs + Riumr, and then recoils. The tra-
jectories of the emitted IMF and the source residue are
calculated up to time ¢ when the second IMF is emitted.
The emission time ¢ of the second IMF is assumed to be
exponential with a mean time 7. The charge and energy
of the two IMF’s sample the measured Z distributions
and energy spectra. The mass number of each IMF is
taken to be twice its atomic number.

Comparison of the experimental energy spectra and
the energy spectra calculated by the 3-body Coulomb tra-
jectory model is shown in Fig. 9. The calculated energy
spectra are insensitive to the mean emission time. At
both E/A = 50 and 110 MeV, calculations with a small
source, Zs=40, As=96, and Rs=11 do a reasonable job
of reproducing the energy spectrum. In contrast, calcu-
lations using a larger source, Zs=79 and Ag=197, fail to
reproduce the low energy portion of the spectrum. As-
sumption of a somewhat larger radius, Rs=12 instead of
Rs=9, results in only a slight improvement in the agree-
ment at low energy. These results may suggest a source
of considerably reduced charge. The comparison with a
source of Zs=79 is fairly extreme since for central colli-
sions at F/A = 110 MeV, N¢ > 32 and (Niyr) =~ 4. If
one assumes half of the charged particles and half of the
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FIG. 9. Comparison of experimental energy spectra
of boron fragments associated with central collisions,
b/bmax < 0.2, at E/A = 50 MeV/u and 110 MeV/u emit-
ted into the angular range 16° < # < 23° with calculations of
the 3-body Coulomb trajectory model.
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IMF’s are on average emitted before the boron fragment
is emitted, a source of Z =~ 55 would be expected. Other
effects, neglected in the model, such as angular momen-
tum, also enhance the low energy cross section. Since it is
our intent to include all of the fragments in the extraction
of the emission time scale, we do not wish to impose an
energy cut on the data as has been done elsewhere [46].
As a result, the fragment emission time scales extracted
represent an average over the entire interaction. Imposi-
tion of a common energy threshold above the Coulomb
barrier [46] would pose a problem for extraction of the
time scale in an excitation function. A single cut on
the experimental energy spectrum selects different classes
of events with increasing incident energy. Furthermore,
while selecting higher energy fragments produces a signif-
icant change in the shape of the experimental correlation
function [27,46], it produces a negligible change in the
results of the trajectory calculation. This insensitivity
can be understood since the model does not incorporate
phenomena which affect the correlation function such as
the decrease in the excitation of the source as particles
are emitted.

Previously published coniparisons between 3-body tra-
jectory calculations and these data were restricted to only
a few combinations of Rs and 7 [29]. In Fig. 10, x2?/v as
a function of Rg and 7 is shown for comparisons of the 3-
body trajectory calculations to the data at E/A=>50 and
110 MeV. At each beam energy the calculations have
been carried out for two different emitting source sizes,
Zs=40 and Ag=96, and Zs=T79 and As=197. As with
the Koonin-Pratt calculations, a clear minimum is seen
in the x2/v running along the diagonal between the Rg
and 7 axes; and, for a fixed source size, Zs and Ag, the
spatial-temporal extent of the emitting system decreases
with increasing beam energy. The slopes of the x2/v val-
leys in Rs and 7 space are much flatter for the 3-body
trajectory calculation than they are for the Koonin-Pratt
calculations. This difference may be due to the effect of
the heavy residue which is included in the 3-body tra-
jectory calculation, but is ignored in the Koonin-Pratt
model. Direct comparisons of the 3-body trajectory cal-
culations with the best values of x2?/v to the experimental
data are shown in Fig. 11.

The behavior of 7 as a function of Rs for the 3-body
trajectory calculations is shown in Fig. 12(a). The solid
points are for the 3-body trajectory calculations carried
out with Zs=40 and As=96, the open points are for
Zs=T79 and As=197, and the lines show the correspond-
ing results from the Koonin-Pratt formalism. The 3-
body trajectory calculations indicate a decrease in the
spatial-temporal extent of the emitting system with in-
creasing beam energy. This result is in agreement with
the Koonin-Pratt calculations. The 3-body trajectory
calculations indicate longer mean emission times than
those inferred from the Koonin-Pratt calculations for all
cases at E/A=50 MeV and for Rg > 9.0 fm at E/A = 110
MeV. For smaller source radii the Koonin-Pratt calcula-
tions indicate longer mean emission times than the 3-
body trajectory calculations for E/A=110 MeV. The 3-
body trajectory calculations for the larger initial source,
Zs=T9 and As=197, show a slightly weaker dependence
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on Rs than the calculations for the smaller source. Ex-
amining the effect of the two different initial choices of
Zs and As we see that for Rg < 8 fm the larger source
results in the extraction of a shorter mean emission time,
while for Rs >10 fm the larger source indicates a longer
mean emission time. In Fig. 12(b) 7 has been replotted in
terms of the ratio of the density of the decaying system,
p, to normal nuclear density, po. For all four cases shown
in Fig. 12(b) the mean emission time initially rises steeply
with increasing density until p/po = 0.3. For p/pe > 0.3
the mean emission time is almost independent of the den-
sity of the emitting system. Furthermore, for a given den-
sity the calculation for the smaller initial source leads to
a longer extracted mean emission time. It is interesting
to note that many theoretical calculations require freeze
out densities of &~ 0.3pg. For p/po = 0.3, the mean emis-
sion time for E/A=50 MeV is 115-135 fm/c. The mean
emission time decreases with increasing beam energy to
T ~75-100 fm/c at E/A=110 MeV.

V. DISCUSSION

The comparisons to both the Koonin-Pratt and 3-body
Coulomb trajectory models made in the previous section
suggest a decrease in the mean IMF emission time with
increasing beam energy. The mean emission times cal-
culated with the Koonin-Pratt model are comparable to
the transit time of an Ar projectile past a Au nucleus,
T = 45 — 80 fm/c. A comparison of the mean emission
times from the Koonin-Pratt and 3-body Coulomb tra-
jectory models shows that the effect of including a target
residue in the calculation is to increase the mean emission
time by ~50 fm/c if the residue is assumed to be a Au
nucleus and the source has expanded to p/po =~ 0.3. Both
model comparisons demonstrate that in the energy range
E/A =50 — 110 MeV the mean emission times, 7 < 150
fm/c, are consistent with emission times expected from
dynamical models [8-10] and an expanding-evaporating
source model [15,23]. A decrease in the mean IMF emis-
sion time with increasing beam energy has also been ob-
served for Kr+Nb reactions at E/A=35-75 MeV [30]. A

decreasing mean emission time with increasing beam en-
ergy is also consistent with the results of an event shape
analysis [43] of central *°Ar+5'V reactions at E/A=35-
85 MeV [44,45] where it was concluded that a transition
between sequential emission and simultaneous multifrag-
mentation occurred.

The above results presented have been obtained using
models which consider only two or three fragments. No
consideration has yet been given to the presence of other
charged bodies and their effect on the correlation func-
tions. While these effects might be expected to be small
at low energies where most of the charge is contained in
the two observed fragments and a large residue, at higher
energies, £/A=110 MeV, an average of four IMF’s and
at least 28 light charged particles are detected in central
collisions [3,39]. Furthermore, the models used in the pre-
vious section have ignored the possibility of pre-emission
correlations. We will now examine these previously ne-
glected effects.

A. N-body trajectory calculations

In order to study possible effects of the interaction of
all charged fragments on the correlations functions we
have written a generalized N-body Coulomb trajectory
code. In these calculations [46], we start with a heavy
residue of charge Z,s located at the center of a sphere of
radius R. The remainder of the imtial charge, Z;,4=97,
is then distributed as additional particles based on the
measured Z distribution. The particles are assigned ran-
dom, nonoverlapping positions within the sphere and are
emitted simultaneously with an isotropic angular distri-
bution in the center of mass. The masses of all particles
are taken from the minimum in the valley of 3 stability.
The initial energy of each fragment is chosen to sample
a Maxwell-Boltzmann distribution with temperature T'.
The trajectories of all charged bodies are then calculated,
and the correlation function is constructed based upon
the asymptotic momenta of the fragments after filtering
for the detector acceptance.

The results of four different N-body calculations with
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T=20 MeV, R=11.26 fm are compared in Fig. 13. The
four calculations are the following: (a) A full N-body cal-
culation in which the residue, Z;es = 30, and the equation
of motion of all charged bodies are integrated, dashed
line. (b) All particles are generated, but the equations of
motion are integrated only for the residue, Z;e; = 30, and
IMF’s with 4 < Z <9, solid line. (c) Only the residue,
Zces = 30, and two IMF’s with 4 < Z < 9 are generated
and the equations of motion of all three particles are inte-
grated, dash-dotted line. (d) Only the residue, Z;.; = 44,
and four IMF’s with 4 < Z < 9 are generated and the
equations of motion of all five particles are integrated,
dotted line.

A value of Z,¢,=30 in the N-body Coulomb calculation
is comparable to Z5=40 for the 3-body Coulomb trajec-
tory calculation because Zg in the 3-body calculation is
the charge of the emitting system prior to emission of the
IMF’s. For all four cases only IMF’s with 4 < Z < 9 are
used to construct the correlation functions.

In Fig. 13 we see very little difference between the four
cases described above. The large number of charged par-
ticles, included in case (a) and neglected in the other
cases has no effect on the correlation function. In ad-
dition only tracking two IMF’s, case (c), instead of all
the IMF’s also has a negligible effect on the correlation
functions. It can, therefore, be concluded that only the
residue and two IMF’s need be considered, all other par-
ticles have a negligible effect on the correlation functions.

It is important to note that differences between the 3-
body and N-body Coulomb trajectory models complicate
direct comparison of their results. In the 3-body model
the IMF’s are emitted from the surface of a sphere with
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| — Zm=30. residue and IMFs ]
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FIG. 13. Results of N-body Coulomb trajectory calcula-
tions with T=20 MeV, R=11.26 fm. The dashed line is for
the full calculation with Z;.;=30 in which all charged par-
ticles are included, case (a). The other line types represent
limited calculations in which only the residue and IMF’s with
4 < Z < 9 are included in the calculation. For the solid
line fragments were formed using the measured Z distribu-
tion for all charges, but only those IMF’s with 4 < Z < 9
were then tracked along with a Z:..=30 residue, case (b).
The dash-dotted line represents a calculation in which only
two IMF’s with 4 < Z < 9 and the residue, with Z;,=30
were considered, case (c). The dotted line is for a calculation
with Z;es=44 and four IMF’s with 4 < Z < 9, case (d).
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an initial momentum away from the residue. In the N-
body calculation all particles are emitted from within the
volume of a sphere with no correlation between the posi-
tion and momentum of the particle. Due to the difference
between volume and surface emission a given radius in
the N-body calculation corresponds to a smaller radius
in the 3-body calculation.

B. Microcanonical model

Recent calculations using the microcanonical model
MCFRAG [47,48] have suggested that pre-emission corre-
lations between all fragments in a decaying system play
an important role in the correlation functions [49]. In
this model, at low excitation energy a bump is produced
in the correlation functions at vreq =~ 0.02c due to the
IMF’s starting close together and with their mutial in-
teraction dominating their relative motion. At higher
excitation energies the relative motion of the IMF’s is
dominated by their interactions with the other emitted
particles and no bump is seen. Both the Koonin-Pratt
and generalized Coulomb trajectory models ignore the
possibility of such pre-emission correlations between the
fragments. To explore the effect of the pre-emission
correlations on the experimentally measured fragment-
fragment correlation functions, we will now compare the
experimental IMF-IMF correlation functions with pre-
dictions from MCFRAG. The model assumes a freeze-out
radius of r, = RfAl/ 3 fm where the initial positions of
the fragments are defined and after which they interact
only through their mutual Coulomb repulsion. The de-
cay of excited IMF’s is not allowed in the calculation. To
account roughly for pre-equilibrium emission, the frag-
menting system was assumed to be a °7Au nucleus. In
Fig. 14(a) the (N¢) and (Nivr) predicted by MCFRAG
are shown as a function of the excitation energy E* for a
freeze out radius of 12.8 fm, Ry=2.2. The multiplicities
have been filtered for the Miniball acceptance. To trans-
form each event from the center of mass to the labora-
tory a center-of-mass velocity, v ., of 0.041c was used.
This value of v. ., corresponds to 50% linear momen-
tum transfer in the E/A = 110 MeV 36Ar+!%7Au re-
action. The relationship between (Nmyr) and N¢ pre-
dicted by MCFRAG is compared to the experimental data
in Fig. 14(b). The raw (Niyr) vs N¢ distribution from
MCFRAG is shown as filled-in points, while the effect of
filtering the calculation for the detector acceptance is de-
picted as the open points assuming vc.m,. of 0.041c. The
sensitivity of the predicted multiplicities to the kinemat-
ical boost are shown as a solid line for v, = 0.0c, and
a dashed line for v, = 0.075¢, 100% linear momentum
transfer. Also shown in Fig. 14(b) is the measured Nymr
vs N¢ distribution for E/A = 110 MeV 36Ar+!%7Au in-
teractions. MCFRAG overpredicts the number of IMF’s
except at very large Nc. The dramatic effect of the de-
tector thresholds on the predicted fragment multiplicities



50 TIME SCALE FOR MULTIFRAGMENTATIONIN . .. 2435
490 ———TF T —— 10
L McFrag Microcanonical Model _
| - Z=79, A=197 i
(@) v, ,=0.041c o SRTY ¢0¢.
L o <NC> I‘O— . m ) 4
o
- E <N L |
<Npvr> 00 ¢¢ .. 8
30 - §
L o9 ® ]
» o® ® 1
I o - . PY -6 A
L R B ® 4
(] /
Z 20 - L) 80 ] =
- ° /8700 5, 1%
I .0. - -4
L % .
10 B Unfiltered .
H - — Filtered: v, =0.0c -2
- F F O Filtered: v =0.041c -
g “ --- Filtered: v =0.075¢ -
- F_ (0 Data: E/A=110 MeV -
1 1 1 1 l 1 1 1 1 I 1 1 1 1 1 1 L 1 1 1
1000 2000 20 40 60
E (MeV) N

FIG. 14. (a) N¢, circles, and NimF, squares, as a function of the excitation energy, E* for the microcanonical model MCFRAG.
The calculations have been filtered for the Miniball acceptance assuming vc.m. = 0.041c. (b) Comparison of the N¢ vs Nimr
distribution from the microcanonical model MCFRAG to the measured data. MCFRAG calculations, unfiltered for the detector
acceptance, are shown as solid circles. The McFrag calculations after filtering for the detector acceptance are shown as a solid
line for vc.m. = 0.0c, open circles for vc.m. = 0.041c, and a dashed line for ve.m. = 0.075c¢.

is due to the peaking of the predicted kinetic energy spec-
tra at low energy. More detailed comparisons of kinetic
energy spectra with the model predictions are presently
underway.

In Fig. 15 the correlation function predicted by
MCFRAG is compared to the experimental, 3-body, and
N-body correlation functions. For the MCFRAG calcula-
tion an excitation energy of E* = 2400 MeV was used
so as to reproduce roughly the measured fragment and
charged particle multiplicities. The correlation function
predicted by MCFRAG is in good agreement with the data.
The MCFRAG calculation and the 3-body calculation for
a similar source radius and simultaneous fragment emis-
sion are in good agreement for all but the very low v;eq
region. At lower excitation energies, 600 < E* < 1000
MeV, MCFRAG predicts a bump in the correlation func-
tion, due to pre-emission correlations, at v.q ~ 0.02c
[49]. The data shown, however, have no sign of a bump
in the correlation function at E/A=35 MeV [26]. Pre-
emission correlations do not, therefore, appear to be im-
portant for this system at the excitation energy involved
in central collisions.
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FIG. 15. Comparison of the IMF-IMF correlation function
from MCFRAG, solid line, to the 3-body calculation, dotted
line, and the measured correlation function at E/A=110 MeV,
open circles. The MCFRAG calculation assumes E*=2400 MeV
and a 7o = 12.8 fm. The 3-body calculation is for a source
with Rs=13 fm, Zs=40, and As=96 with 7 = 1 fm/c.
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VI. SUMMARY

The spatial-temporal extent of the emitting source for
central 3Ar+'°7Au interactions has been shown to de-
crease with increasing beam energy. Calculations with
a 3-body Coulomb trajectory model show that the ex-
tracted mean emission time rises steeply as a function of
the assumed density of the emitting system until p/po =
0.3. For higher densities the extracted mean emission
time is essentially flat as a function of p. While extraction
of a unique mean emission time requires an independent
measure of the source size, or density, we have shown that
for any reasonable value of Rs, Rs > Rivmr1 + Rimrz,
comparing the measured correlation functions to calcu-
lations of the Koonin-Pratt model yields 7 < 225 fm/c at
E/A=35and 7 < 145 fm/c at E/A=110 MeV. Assuming
p/po = 0.3 leads to mean emission times of 115-135 and
75-100 fm/c at E/A=>50 and 110 MeV, respectively, from
comparisons to 3-body Coulomb trajectory calculations
and mean emission times of 75 and 25 fm/c at E/A=
50 and 110 MeV, respectively, from comparisons to the
Koonin-Pratt model. Calculations with an N-body tra-
jectory code indicates that light charged particles and

D. FOX et al. 50

additional IMF’s have a negligible effect on the measured
correlation functions. Assuming E* = 2400 MeV and a
freeze out radius of 12.8 fm, the microcanonical model
MCFRAG is able to reproduce the measured correlation
function for E/A=110 MeV. At lower incident energies,
however, the data show no evidence of a bump in the cor-
relation function at v;eq =~ 0.02¢ due to the pre-emission
correlations predicted by MCFRAG.
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E/A=50 MeV
Z =40, Ag=96 Z=19, Ag=197

FIG. 10. x?/v for the com-
parisons of the 3-body trajec-

16 tory calculations to the exper-

imental correlation functions

(f/?y 150 i 10 6@ for central 38Ar+1%"Au colli-
) 8 Lo sions at E/A=50 MeV for (a)

_ Zs5=40, As=96 and (b) Z5=T9,
E/A=110 MeV . As=197, and at E/A=110
MeV for (c) Zs=40, As=96
and (d) Zs=79, As=197 as a
function of Rs and 7.




