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Didributions in velocity space and fragment-fragment corrdaion functions have
been measured as a function of the charged paticle multiplicity for 129Xe t ™**Cu
collisons a E/A=50 MeV, With increesng multiplicity, the velocity didributions
evolve from a two-component pattern to an anisotropic distribution with no discern-
able source. The corresponding corrdation functions indicate fragment emissons
times condstent with a two source mechanism for low multiplicity collisons but the
time scde for fragment emisson in the high multiplicity collisons is too short for a

Separation of sources to occur.



Recent experiments have demonstrated that nuclear systems undergo a multifrag-
ment disassembly following heavy ion reactions at both high [1-5] and intermediate
bomba.rding.energies [6-14]. The breakup mechanism has been associated with vol-
ume instabilities [15, 16], which are related to a liquid-gas phase transition in nuclear
matter {17]; with a series of statistical binary decays [18-21]; or with surface instabil-
ities which can arise if nuclear systems attain exotic shapes [22, 23]. While the theo-
retical description of the multifragmentation process remains a matter of contention,
two experimental methods have been used to characterize the sources of fragment
emission: the analysis of kinematic distributions, and the extraction of emission time
scales via fragment-fragment correlation functions.

The observation of “Coulomb circles” in the fragment velocity distributions has
been used to demonstrate the binary nature of reactions with asymmetric entrace
channels [18], and been interpreted as evidence for an underlying binary character in
reactions with more symmetric entrance channels [12]. However, taken by themselves,
velocity plots give no quantitative information on the time scale of fragment emission
and can lead to contradictory interpretations [24, 25]. Fragment-fragment correlation
functions are able to provide such information [26-29]. In this paper, for the first
time, we obtain a consistent picture of peripheral and central collisions by simultane-
ously measuring the fragment distributions in velocity space and fragment-fragment
correlation functions for two charged particle multiplicity gates. |

The experiment was performed using the K1200 Cyclotron at thé National Super-
conducting Cyclotron Laboratory at Michigan State University. A beam of 2°Xe ions
with intensity ~ 107 particles/s impinged upon ™*Cu targets of thickness 2 mg/cm?,
Intermediate mass fragments and light charged particles were detected at angles of
16°-160° using the MSU Miniball phoswich array [30], which covered approximately

87% of 4r. At more forward angles, 2°-16°, 16 position-sensitive Si-Si(Li)-Plastic
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telescopes were pla,ced_ [31]. The energy calibrations are estimated to be accurate
to 1% for fragments stopped in the Si(Li) detectors and 5-10% for fragments and
particles detected with the Miniball. The position resolution of the Si telescopes is
approximately £:1.5 mm in both the X and Y dimensions. Additional experimental
details are given in Ref. [14].

Figure 1 shows the cross sections in velocity space for Z=2 and Z=6 fragments
with two different gates on the total charged particle multiplicity, No. The limits
of the detector acceptance are indicated by the solid lines in the figure. In order to
obtain continuous distributions, the yields at angles >16° have been randqmized over
the face of the struck Miniball detector. -

Peripheral collisions (left hand panels) show two well separated components. One
component is centered at a parallel velocity slightly less than that of the beam (in-
dicated by the black arrows in the left hand panels) and the other is centered at a
parallel velocity slightly larger than zero. We interpret these components as due to
the decay of projectile-like (PLF) and target-like fragments (TLF). The shape of these
distributions is similar to that expected for emission from two well-defined sources.
However, these sources c;'mnot be completely equilibrated since the emission is pref-
erentially backward in the frame of the PLF, and preferentially forward in the frame
of the TLF.

The right hand panels in Figure 1 show similar distributions in velocity space
for Z=2 and Z=6 fragments gated on high multiplicity collisions. Under these con-
ditions we observe broad, anisotropic distributions centered approximately near the
center-of-mass velocity (black arrows on the right-hand panels), but with no clearly
distinguishable source.

In order to obtain quantitative information about the time scales of fragment

emission we have constructed two-fragment, velocity correlation functions defined as:



2 Yia(v1,v2) = C[l + R(vyea)] 3 Ya(v1)Ya(va),

where v1 and vy are the laboratory velocities of the fragments, v,.q is the reduced
relative velocity, vreq = (V1 — v2)/(Z; + Z3), and C is a normalization constant
determined by requiring R(v,es) & 0 at large rglative velocities where the final state
interaction is small. The singles yields, Y, and Y, are taken from the same events
as the coincidence yields, Yi,. The reduced relative velocity, vreq, is introduced to
eliminate the charge dependence of the relative fragment velocity in mixed fragment
correlation functions [28, 32]. We have verified with Z; = Z; correlation functions
that there is little dependence 6f Veed ON Z for v,.¢ >0.01c.

In Figure 2 we show mixed fragment correlation functions (5<Z;,Z, <12) for frag-
ments stopped in the Si(Li) detectors. Although limited to fragment pairs with
2° < 01,6; <16°, the acceptance in the center-of-mass (CM) system is quite rea-
sonable due to the reverse kinematics employed in this experiment. In the top panel
correlation functions gated on high multiplicity are presented for three gates on the
CM velocity of the two fragments. In the bottom panel are the correspondingly
gated correlation functions for low multiplicity collisions. While there are quantita-
tive differences in the high multiplicity correlation functions for different values of CM
velocity, the shapes of the curves are similar. This felative independence on the CM
velocity can be contrasted with the correlation functions gated on low multiplicity,
where there is a dramatic difference in shape.

Let us consider the peripheral reactions first. In order to quantify the fragment
emission time scale, we have performed 3-body trajectory simulations [27, 28, 32]'. Be-
cause a combination of sources can give rise to correlation functions which cannot be
easily interpreted [33], we have chosen to select fragment pairs from low-multiplicity

collisions with a CM velocity >0.3c. This cut suppresses contributions from the



target-like source (see Fig. 1). Simulated events were generated using the exper-
imental charge, energy, and angular distributions; subsequently filtered through a
software replica of the experimental apparatus; and analyzed in the same manner as
" the experimental ‘da.ta. .‘

The calculated correlation functions are sensitive to the space-time extent of the
emitting source. In the simulations we have fixed the source radius, Rg, at 10 fm and
the total charge, mass, and velocity of the system at 54, 129, and 0.33c, respectively,
equal to the projectile charge, mass and velocity. In the bottom panel of Fig. 3, the
simulated correlation function with mean emission times, 7, of 100, 200, and 500 fm/c
are compared with the experimental data; a mean emission time of 200 fm/c gives
the best agreement with the data [34]. We have performed other calculations with
identical emission times and Rs=8 and 12 fm [35]. To quantify the agreement between
the simulations and the experimental data, the reduced x? values for the simulations
are presented in Téble 1 [36]. For any reasonable choice of radius pa,ra.metef, the time
scale for emission of high velocity fragments in peripheral reactions is on the order of
200 - 500 fm/c. |

Now let us consider the central reactions. We have placed no gate on CM velocity
due to a lack of distinct sources and the similarity of the velocity gated correlation
functions shown in the upper panel of figure 2. For these simulations we have chosen a
source charge, mass, and velocity of 83, 193, and 0.22, respectively, corresponding to
complete fusion of projectile and target. In the top panel of Fig. 3 the experimental
data for high multiplicity collisions are compared with 3-body trajectory calculations
with Rs=12 fm and 7=0, 50, 100, and 200 fm/c. The data show best agreement
with the simulation for =100 fm/c. In Table 2, the reduced x? values for these
simulations, along with others with identical mean emission times and Rs=10 and

14 fm [35] are shown [36). For any reasonable choice of radius parameter, the time



scale for fragment emission in central collisions is <100 fm/c. These time scales are
consistent with those extracted for central collisions in ¥Ar + 7Au reactions at E/A
= 35 - 110 MeV [27-29].

The observed distributions of fragments in velocity space (Fig. 1) indicate emis-
sion time scales for peripheral collisions long enough to allow a separation of the PLF
and the TLF, as predicted by the deep inelastic scattering and incomplete fusion
mechanisms, but shorter than the rotational times of the excited PLF and TLF. As-
suming a relative velocity equ;ﬂ to the beam velocity, the time required for the 12°Xe
projectile to pass the ***Cu target is /70 fm/c. This time can be taken as a lower
limit to the projectile-target separation time; any dissipation of the entrance channel
kinetic energy will give a longer separation time. The time necessary for rotation
of a 1?°Xe nucleus with angular momentum of J=88% [37] is approximately 700 fm/c
(smaller values of J will lead to correspondingly longer rotational times). As expected,
the emission time of 200-500 fm/c extracted for high velocity fragments in peripheral
collsions falls between the PLF-TLF separation time and the PLF rotational time.

The emission time scale of of <100 fm/c extracted for central collisions is similar
to the separation time of the PLF and TLF calculated above. This short time scale
precludes PLF/TLF mechanismssuch as deep inelastic scattering or incomplete fusion
and accounts for the lack of discernable sources in the observed velocity distributions.

We have investigated the uncertainties in the results of the 3-body simulations by
varying the source velocity and source charge. The source velocity was varied between
the nucleon-nucleon CM velocity (0.16c) and the beam velocity (0.33c). The source
charge was varied between 0 and 83 (complete fusion). In the region of v,.q <0.02c the
uncertainties due to source velocity and source charge correspond to an uncertainty
in mean emission time of A:50 fm/c.

In summary, we have simultaneously measured fragment distributions in velocity



space and fragment-fragment velocity correlation functions for 12°Xe + ™Cu reac-
tion at E/A=50 MeV. A consistent picture emerges for both peripheral and central
collisions. Peripheral collisions are characterized by two sources which decay on a
time scale long enough to allow their separation in space, but of insufficient lifetime
to allow complete equilibration. Central collisions are characterized by broad aniso-
topic distribution in velocity space and a fast time scale insufficient to allow even a
-separaration of sources.
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FIGURES

FIG. 1. Linear density plots of dza/dv];dv 1 for Z=2 (top panels) and Z=6 (bottom
panels) fragments. Distributions gated on low (high) charged particle multiplicity, N, are
shown in the left (right) panels. Regions of red, yellow, green, blue and purple correspond
to relative yields of 5, 4, 3, 2 and 1, respectively. The limits of the detector acceptance
are indicated by the black lines. The arrows in the left (fight) panels indicate the beam

(center-of-mass) velocity.

FIG. 2. Experimental correlation functions for 5<%;,Z,<12 fragments as a function
of the reduced relative velocity, V.. The top (bottom) panel corresponds to high (low)
multiplicity events. The solid circles, open circles and open squares correspond to events

gated on the indicated ranges of center-of-mass velocity of the two fragments.

FIG.3. Comparison of experimental correlation functions (solid and open points) with
3-body trajectory calculations (curves). The top panel shows results gated on high multi-
plicity events, the bottom panel results gated on lbw multiplicity events for fragments with
a center-of-mass velocity >0.3c. The curves correspond to calculations with the indicated

source radii, Rg, and mean emission times, .
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TABLES

TABLE 1. Reduced chi-squared values, x?/v, for calculated correlation functions for

fragment pairs with Voas >0.3c in low multiplicity collisions.

Rs (fm)
7 (fm/c) 8 10 12
500 8.3 14.5 194
200 3.8 8.2 4.8
100 76.7 49.5 24.8

TABLE II. Reduced chi-squared values, x2/v, for calculated correlation functions in

high multiplicity collisions.

Rg (fm)
7 (fm/c) 10 12 14
200 54,3 83.7 106.1
100 7.0 3.5 23.1
50 177.4 32.3 3.8
0 , 704.5 147.5 26.6
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