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The spatial and temporal extent of a system decaying by multifragment emission is deduced. Two-
particle intermediate mass fragment correlation functions measured for central **Ar+ '"’Au collisions at
E /A =50-110 MeV indicate a rapid decay, <75 fm/c, of the highly excited system. Furthermore, the
behavior of the correlation function at large relative velocities suggests that considerable charge loss

occurs prior to fragment emission.

PACS number(s): 25.70.Pq

Nuclear systems at high excitation can decay by multi-
ple emission of intermediate mass fragments (IMF:
3<Z=<20) [1-10]. Key to understanding this
phenomenon is knowledge of the source size and lifetime.
Both dynamical and statistical theories predict breakup
of the system on a relatively short time scale, 7~ 100
fm/c [3-5,11]. Both theories, however, require a reduc-
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tion in the nuclear density to correctly predict fragment
emission probabilities since fragment formation and emis-
sion is substantially enhanced at low density [1,12—14].
Such a reduction in the density of the system might result
either from a rapid dynamical compression-
decompression cycle induced in central intermediate en-
ergy heavy-ion collisions [1-5] or from the thermal pres-
sure of the system [15-18]. At present, however, little
experimental information exists about the evolution of
the emission time scale and density with increasing exci-
tation [19-21].

To characterize the evolution of the IMF emission
time scale with increasing incident energy for central col-
lisions, an excitation function has been measured for the
system °Ar+'7Au at E/ A =50, 80, and 110 MeV. The
experiment was performed at the National Superconduct-
ing Cyclotron Laboratory at Michigan State University
(MSU-NSCL). Beams of 3Ar, with an intensity of ap-
proximately 1X 10® particles per second, impinged on a
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197Au target of areal density 1 mg/cm? Particles emitted

in the angular range 9°=<0,,, <160° were detected with
the MSU Miniball array [22]. Each element of the Mini-
ball consists of a 4 mg/cm? plastic scintillator foil backed
by a 2-cm-thick CsI(TI) crystal. Particles that punched
through the plastic scintillator foils were identified by
charge up to Z =18. In addition, isotopes of hydrogen
and helium were identified. The approximate energy
thresholds were E; /A~2 MeV for Z=3, E;/A=3
MeV for Z =10, and E,;, / A =4 MeV for Z =18. Parti-
cles that stopped in the scintillator foil were recorded,
but could not be identified by atomic number. Energy
calibrations for the forward detectors were obtained by
elastic scattering of “He, °Li, '°B, '2C, '°0, ?°Ne, and 3Cl
beams from a '*’Au target. The incident energies ranged
from E/ A =4.5 to 20 MeV. For detectors in rings 1-4,
9° < 6,, = 40°, these calibrations are estimated to be accu-
rate to within 5%. During the experiment, the trigger
condition required that at least two detectors of the Mini-
ball were triggered in order to record an event.

As shown in Fig. 1(a), intermediate energy, heavy-ion
reactions exhibit broad multiplicity distributions. With
increasing incident energy the multiplicity distribution
extends to larger values of the charged particle multipli-
city, N,, reaching as many as 40 charged particles at
E/A =110 MeV. A simple geometrical model can be
used to relate the charged particle multiplicity N, to the
impact parameter b [23] allowing selection of the same
impact parameter range at different bombarding energies.
The gates on N, used to select central collisions are de-
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FIG. 1. (a) Charged particle multiplicity, N,, from

3Ar+'7Au reactions at E/ A =50, 80, and 110 MeV. The ar-
rows indicate gates on N, used to select central events,
b /b =0.2, at each energy based on a simple geometrical
model that relates N, to the impact parameter b. (b) Energy
spectra for boron fragments emitted from central events at
E/A =110 MeV, and 0,,,=19.5° (circles), 27° (squares), and
35.5° (triangles).
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picted in Fig. 1(a). The gates correspond to b/b_,, <0.2
where the quantity b,, corresponds to the maximum im-
pact parameter which will result in events with two
charged particles being detected.

The energy spectra of boron fragments from central
36Ar+17Au collisions at E/ A =110 MeV emitted in the
angular range 6,,=16°-40° are shown in Fig. 1(b).
These energy spectra appear to be reasonably described
by a single Maxwellian consistent with emission from a
single source. The energy spectra of IMFs associated
with peripheral collisions, in contrast, are more complex
and exhibit a significant nonequilibrium component
[24,25]). Thus, restricting the analysis to central collisions
might allow comparison of the experimental data to mod-
els which stress the equilibrium features of the system
formed in central collisions.

The experimental correlation function, R (v_4), for
two IMFs is defined in terms of the ratio of the coin-
cidence yield, Y,,, to the product of the single particle
yields Y, and Y,:

S Yiu(p,p)=C[1+R(v,4)] 3 Yi(p)Y,(p;)
PPy Py:Py

where p; and p, are the laboratory momenta of IMFs 1
and 2, the reduced velocity is v .4 =(p,/m,—p,/m;)/
V'Z,+Z,, m; and m, are the IMF masses, assuming
Z /A =1 for each IMF, and C is a normalization con-
stant determined by the requirement that (R (v,4))=0
at large relative momenta where the final-state interac-
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FIG. 2. (a) Two IMF correlation functions for 4<2Z,,Z, <9
emitted at ), =16°-40° for central events from **Ar+'"’Au at
50, 80, and 110 MeV/nucleon. Data from Ref. [25] for 35
MeV/nucleon are included for comparison. The results of cal-
culations for the 110 MeV/nucleon data using the Koonin-Pratt
formalism are shown as lines, for details see the text. (b)
Koonin-Pratt calculations for R, =8 with v, =0.041c and 7= 350,
100, and 200 fm/c.
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tion is small. (The use of vy, instead of the relative
momentum, allows the correlation functions to be
summed over different pairs of IMFs [26].)

The correlation functions for two IMFs emitted in cen-
tral collisions at the three bombarding energies are shown
in Fig. 2(a). The correlation functions are constructed
over all IMF pairs with 4<Z,,Z, <9 emitted into the
angular acceptance 16°=<0,,,<40°. Also shown in Fig.
2(a) are data for the same system at 35 MeV/nucleon
[26]. At all four beam energies the correlation functions
exhibit the same general characteristic of a minimum at
small v 4 arising from the repulsive Coulomb final-state
interaction between the two emitted fragments. With in-
creasing incident energy the width of the minimum at
small v, becomes larger indicating an increase in the
magnitude of the final-state interaction between the emit-
ted IMFs. This increased interaction corresponds to a
decrease in the spatial-temporal size of the emitting
source.

To extract a mean emission time for the IMFs emitted
in central collisions, the experimental correlation func-
tions are compared to theoretical calculations using the
Koonin-Pratt formalism [25-27]. The curves shown in
Fig. 2(a) correspond to calculations with a mean emission
time 7=5-200 fm/c using the energy spectra associated
with central collisions at £/ A4 =110 MeV. Surface emis-
sion from a source of radius R;=12 fm and velocity
v, =0.041c was assumed. This velocity corresponds to
50% linear momentum transfer at £/ 4 =110 MeV. Us-
ing the energy spectra for central events from the other
beam energies results in very similar theoretical correla-
tion functions. Comparison of the experimental correla-
tion functions to the theoretical curves reveals that the
mean emission time, according to the Koonin-Pratt for-
malism, decreases from 7=100 fm/c at E/ A =35 MeV
to 7<50 fm/c at E/ A =110 MeV. These emission times
are comparable to the transit time of an Ar projectile
past a Au nucleus (80 fm/c at 35 MeV, 50 fm/c at 110
MeV).

Strong final-state interactions, as depicted by the wide
Coulomb minima in the data, represent evidence of either
a fast emission time scale or a small source size. Disen-
tangling the spatial and temporal extent of the source re-
quires an assumption of the source radius, R;. The sensi-
tivity of the Koonin-Pratt calculations to the assumption
of R, is shown in Fig. 2(b). If the source radius is as-
sumed to be 8 fm, the data from central interactions at
E/A =110 MeV are consistent with 7<75 fm/c. (For
comparison, the radius of a source consisting of two
touching carbon nuclei is 5.5 fm.)

Calculations to test the sensitivity of the deduced emis-
sion time to the assumption of the source velocity, v,
were performed. The calculations demonstrated that the
deduced mean emission time is fairly insensitive to varia-
tions in v,. In addition, the dependence of the extracted
emission time scale on the choice of normalization re-
gions was also explored. For all the data and calculations
presented, the normalization constant, C was determined
in the region 26 <v_4 =35. A maximum variation in 7 of
~50 fm/c is observed if different regions of v g4,
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25<v,4 <45, are used in determining C.

The presence of a large targetlike residue may affect
the IMF correlation functions [19,21,28]. In order to in-
vestigate this effect, three-body Coulomb trajectory cal-
culations [25] have been performed. In Fig. 3(a) the re-
sults of these calculations for central collisions of
36Ar+197Au at E/ A =110 MeV are presented. To pro-
vide consistency with our previous two-body Koonin-
Pratt calculations the initial source was assumed to be a
gold nucleus (Z;=79, A,=197) with R;=12 fm and
v,=0.04c. The calculated correlation function exhibits a
much steeper rise at large v .4 than the data. The rise at
large v,.4 can be understood since selection of large v .4
preferentially selects IMF-IMF pairs with a large opening
angle. In these cases, the Coulomb interaction of the
heavy residue increases the relative momentum of the
IMF pair. In contrast, IMF pairs with small relative mo-
menta preferentially correspond to a small opening angle.
In these latter cases, the Coulomb interaction of the
heavy residue does not affect the relative velocity. Natu-
rally, a reduction of the atomic number of the emitting
source reduces this enhancement of the correlation func-
tion at large v,.4. If the source is assumed to be approxi-
mately half the charge of a gold nucleus (Z, =40 4, =96,
R,=9.4 fm, v,=0.04), then the behavior of the experi-
mental correlation function is reproduced at all values of
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FIG. 3. Results of three-body Coulomb trajectory calcula-
tions for central 3*Ar+!’Au interactions at (a) E/ A4 =110
MeV and (b) E/ A =50 MeV. In each panel the data are shown
as solid points. The dash-dotted curve is the result of three-
body Coulomb trajectory calculations in which the source is a
Au nucleus with R;=12 fm and v,=0.04c. All other curves
represent trajectory calculations for a source with A;=96,
Z,=40, R;=9.4, and v, =0.04c.
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Veq- The choice of the radius for the Z; =40 nucleus as-
sumes that the density is the same as in the case of the
gold nucleus. Comparison of the trajectory calculations
with the data also indicate a fast mean emission time,
7=~75 fm/c. In Fig. 3(b) the trajectory calculations are
compared to the correlation function for central col-
lisions at E/ A =50 MeV. At this incident energy, the
deduced emission time is 7=~100 fm/c. The assumption
of a large source (Z,=79), in this case, also produces too
steep of a rise at large v 4, a result inconsistent with the
experimental data. Comparison of the experimental data
from central collisions at E/ A =80 MeV with trajectory
calculations (not shown) also yield mean IMF emission
times of 7~ 100 fm/c. In all cases, changing R, 4,, or v
only results in a small change in 7, A7<50 fm/c. Thus,
while the behavior of the correlation function at large
values of v, .4 exhibits sensitivity to the charge of the em-
itting system, the shape of the correlation function at
small values of v,4 is dominated by the mean emission
time 7.

In summary, two IMF correlation functions have been
constructed for central collisions of 3°Ar+!'"’Au at
E /A =50, 80, and 110 MeV. Comparison with calcula-
tions based on both the Koonin-Pratt two-body formal-
ism and three-body Coulomb trajectory model indicate a
short emission time scale, 7=~50-100 fm/c, for central
events. Furthermore, with increasing incident energy the
spatial-temporal size of the emitting system decreases.
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The deduced emission times are comparable to the transit
time of the Ar projectile past the Au target. The extract-
ed emission times are of comparable magnitude to the ex-
pansion and equilibration times predicted by microscopic
dynamical theories [1]. Statistical models of sequential
decays of hot nuclear systems (7"=13 MeV) also predict
comparable emission times (7=~80 fm/c) [11]. However,
in such cases the underlying assumption of complete
equilibration between successive emissions may not be
valid. Coulomb trajectory calculations indicate that the
large v 4 behavior of the correlation function is sensitive
to the charge of the emitting source. Based upon these
calculations, it appears that substantial charged particle
emission occurs prior to multifragment disintegration.
Alternatively, the small charge of the emitting system
might also be due to fragment formation and emission
from the interior of the excited nuclear system particular-
ly at the highest incident energy.
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