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Observation of a Saturation in the Time Scale for Multifragment Emission in
Symmetric Heavy-Ion Collisions
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We have measured two-fragment reduced-velocity correlation functions of the intermediate mass
fragments (IMF: 3 & Z & 7) produced in multifragment final states for the Kr + Nb system
(E/A = 35, 45, 55, 65, and 75 MeV). From the measured correlation functions we extract mean
IMF emission lifetimes (r) which are observed to decrease from 7. 400 fm/c at E/A = 35 MeV to
r 125 fm/c at E/A = 55 MeV. For beam energies in excess of E/A = 55 MeV, no further decrease
in w is observed, indicating a possible saturation of the mean emission lifetime for IMP produced in
multifragment exit channels,

PACS numbers: 25.70.Pq

A major objective of current intermediate energy
heavy-ion research is to probe the properties of nuclear
matter at "high" energy density. Nuclear fragmentation
leading to multifragment final states with one or more
intermediate mass fragment (IMF: 3 & Z & 20)—is pre-
dicted to be the major decay mode for nuclear systems
produced at high density and temperature [1,2]. Recog-
nizing the potential utility of multifragment final states
as probes for hot compressed nuclear matter, many re-
searchers have devoted substantial efforts to the study of
the dominant mechanisms responsible for nuclear frag-
rnentation (see for example [3—12]).

Experimental information pertaining to the time scale
for multifragment emission may very well provide impor-
tant clues about the space-time characteristics of frag-
mentation processes, Similarly, such experimental infor-
mation can provide important constraints which allow a
distinction between the diferent models which predict
multifragment final states [13—15]. Currently, there is
great interest in the distinction between simultaneous
multifragment final states and those produced via a bi-
nary disintegration sequence.

Results from many dynamical model calculations pre-
dict short emission lifetimes (r —100 fm/c) for simul-
taneous multifragment final states [15—20]. In contrast,
only a limited set of experiments has focused on the
time scale for multifragment final states involving IMF
[6,21—23]. Emission lifetimes determined from these stud-
ies (for different systems and beam energies) range from
r & 500 fm/c down to r = 100 fm/c.

A study of the evolution of the emission time scale (for
multifragment final states) over a broad range of incident
energies is, without doubt, an important prerequisite for

an understanding of the space-time characteristics of nu-
clear fragmentation processes.

In this Letter we exploit the reduced-velocity corre-
lation technique [24] to characterize the mean emission
lifetime for multifragment final states produced in cen-
tral collisions of Kr + Nb (E/A = 35, 45, 55, 65,
and 75 MeV). We present experimental evidence which
shows that the mean emission lifetime for Z = 3—7 frag-
ments exhibits an initial decrease from r = 400 frn/c
at E/A = 35 MeV to r = 125 fm/c at E/A = 55 MeV.
However, no further decrease in w is observed as the beam
energy is increased from E/A = 55 MeV to E/A = 75
MeV. We interpret this result as evidence for a satura-
tion in the mean emission lifetime for IMF produced in
multifragment exit channels.

The s4Kr beams (E/A = 35 to 75 MeV) used in the
measurements were provided in 10 MeV steps by the
K1200 cyclotron at the National Superconducting Cy-
clotron facility (NSCL). Charged reaction products were
detected with the MSU FourPI Array [25]. The MSU
FourPI Array consists of a main ball of 170 phoswich
counters (arranged in 20 hexagonal and 10 pentagonal
subarrays) covering angles from 23' to 157' and a for-
ward array of 45 phoswich counters covering angles from
7' to 18'. Thirty Bragg curve counters are installed in
front of the hexagonal and pentagonal subarrays; they
were operated in ion chamber mode with a pressure of
100 torr of C2F6. The hexagonal anodes of the five most
forward Bragg curve counters are segmented, giving a to-
tal of 55 separate AE gas counters for the measurements.

The Bragg curve counters served as LE detectors for
charged particles that stopped in the fast plastic scin-
tillator of the main ball. Consequently, the array was
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capable of detecting charged fragments from Z = 1 to
Z = 12. Low energy thresholds for the main ball were
17 MeV/nucleon, 3 MeV/nucleon, and 5 MeV/nucleon
for fragments of Z = 1, 3, and 12, respectively. The
low energy threshold for the forward array was = 17
MeV/nucleon. The beam intensity was approximately
100 electrical pA of Ar, and the thickness of the natural
Nb target was 1.0 mg/cm~. Data were taken with a min-

imum bias trigger (charged particle multiplicity m & 2)
and a more central trigger (m & 5).

In our analysis, two-fragment reduced-velocity correla-
tion functions [V„~ = V„I/(Zi+Z2) ] were constructed
from fragments (3 ( Z & 7) detected at polar angles
ranging from 7' to 35'. V„~ is the relative velocity be-
tween two detected fragments whose charges are Zj and

Z2, respectively.
Following the approach commonly exploited in in-

terferometry studies [26,27], the two-fragment reduced-
velocity correlation function t (V„&) is defined as the ra-
tio of two distributions [24]:
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where N„,(V,«) is the observed reduced-velocity dis-
tribution for fragment pairs selected from the same
event (coincidence distribution) and N„„, ,(V„eg) is the
reduced-velocity distribution for fragment pairs selected
from mixed events (background distribution). For the
results presented here, mixed events were obtained by
randomly selecting each member of a fragment pair from
different events with the same impact parameter range.

Impact parameters were determined by way of cuts on
the total transverse momentum [28,29]. Central col-
lisions corresponding to an average impact parameter
& 0.30b „were used for each beam energy in our anal-
ysis. 5 e„ is the maximum estimated impact parameter.

Experimental two-fragment reduced-velocity correla-
tion functions for IMF emitted in central collisions of
Kr + Nb are shown in Fig. 1. Figures 1(a)—1(e) show
results for beam energies of E/A = 35, 45, 55, 65,
and 75 MeV, respectively. All of the correlation func-
tions (open squares) shown in Fig. 1 exhibit pronounced
deficits or anticorrelations for V„g values less than 30
units (10 sc). These deficits are a manifestation of the
repulsive final-state Coulomb interaction between the
emitted fragments. A careful examination of Fig. 1 also
reveals that the anticorrelations at small V„d increase
as the bombarding energy is increased from E/A = 35
MeV to E/A = 55 MeV. A reduction in the space-time
extent of an emitting source leads to larger final-state
Coulomb interactions and hence, larger anticorrelations
at small V„g [24,27]. Consequently, we interpret the ob-
served trend of the anticorrelations as supporting evi-
dence for the notion that the space-time extent (of the
emitter) decreases as the bombarding energy is increased
from E/A = 35 MeV to E/A = 55 MeV/A.
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The curves shown in Fig. 1 represent calculated two-
fragment reduced-velocity correlation functions derived
from a modified version of the trajectory code MENEKA

[30]. This code evaluates the classical three-body
Coulomb trajectories of fragments sequentially emitted
from the surface of an equilibrated source. The time
delays (t) between the emitted fragments is character-
ized by an exponential probability distribution P(t) oc

exp t/r, where r —is the emission lifetime. The code
takes explicit account of recoil effects and the Coulomb
influence of the daughter nucleus. In addition, it uti-
lizes the measured fragment energy, angular, and charge
distributions, and takes into account the acceptance of
the FourPI Array. Two free parameters were utilized
in the calculations; v and the linear momentum transfer
(LMT). It is important to recognize, however, that the
LMT variable fixes the mass and charge of the emitter.
To illustrate this point we note that 65% LMT gives rise
to an emitting system whose respective mass and charge
is 35% less than that of the combined mass and charge of
the target and projectile. For the Kr + Nb system, this
leads to an emitter of mass A = 115 (65% of the com-
posite mass) and charge Z = 50 (65% of the composite
charge). We should point out here that the calculated
correlation functions show much stronger sensitivity to

Reduced Velocity Vred (10 c)

I IG. 1. Correlation functions for Z = 3—7 fragments for
E/A = 35 MeV (a), E/A = 45 MeV (b), R/A = 55 MeV (c),
E/A = 65 MeV (d), E/A = 75 MeV (e), Z/A = 75 MeV (f).
The solid, dashed, and dot-dashed curves represent calculated
correlation functions for the w and LMT values shown in the
Ggure.

3706



VOLUME 70, NUMBER 24 PHYSICAL REVIEW LETTERS 14 JUNE 1993

LMT at large V„d than at small V„g. This being the
case, the choice of LMT values does not have a signifi-
cant effect on the determined ~ values.

The comparisons between measured and calculated
correlation functions shown in Fig. 1 indicates that the
experimental correlation functions are consistent with
mean emission lifetimes which range from r —400 fm/c
for E/A = 35 MeV to r —125 fm/c for E/A = 55 MeV.
These results also show that the emission lifetime de-
creases monotonically as the beam energy is raised from
E/A = 35 MeV to E/A = 55 MeV. Even more strik-
ing in this figure is the fact that ~ shows no significant
change (to lower values) for beam energies greater than
E/A = 55 MeV. It is tempting to speculate that the lat-
ter observation might be related to a saturation of the
mean emission lifetime for multifragment exit channels.
Such a saturation could result from the onset of simul-
taneous multifragmentation at E/A = 55 MeV. If simul-
taneous multifragment emission becomes the dominant
decay mechanism for energies & 55 MeV/nucleon then
no significant change in 7. is expected as the beam energy
is increased. It is noteworthy that the observed ~ values
for E/A & 55 MeV are consistent with those (r —100
fm/c) predicted for multifragment decays which originate
from bulk instabilities of nuclear matter at low density
[1,2,15,16,18,19j.

Figure 1(f) illustrates the sensitivity of the calculations
to r for a fixed LMT. In this figure we compare the exper-
imental correlation function previously shown in Fig. 1(e)
(for E/A = 75 MeV) to results from calculations employ-
ing two different ~ values. The open squares in the fig-
ure represent the experimental correlation function; the
dashed and dot-dashed curves represent calculations for
r values of 50 fm/c and 200 fm/c, respectively. The cal-
culated curve for r = 200 fm/c overpredicts the data
while that for r = 50 fm/c underpredicts the data. The
calculated result for r = 125 fm/c [Fig. 1(e)] is clearly
in better agreement with the data.

The effect of LMT on the calculated correlation func-
tion is illustrated in Fig. 2(a) for E/A = 75 MeV. In
this figure we compare results for 100% LMT (squares)
and 50% LMT (circles) for a fixed value of r = 100 fm/c.
The comparison shows little or no difference between the
two correlation functions at small V„d (V„g & 20). On
the contrary, there are comparatively larger differences
for V„d values & 20. Specifically, it can be seen that
the correlation function calculated for 50% LMT shows a
distinctly larger slope (for V„~ values & 30) than that for
100% LMT. The experimental correlation functions dis-
played in Fig. 1 also show positive slopes for V„d & 30
which are more pronounced for the higher beam energies.
These slopes are attributable to dynamical correlations
which result from the recoil of the emitter as well as its
Coulomb influence.

The correlation functions shown in Fig. 2(a) assume
constant LMT values. Since LMT fluctuations can po-
tentially distort the correlation function, we have inves-
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FIG. 2. (a) Calculated correlation functions for 50% LMT

(open circles) and 100% LMT (open squares) for E/A = 75
MeV and r = 100 fm/c. (b) Calculated correlation functions
for a fixed LMT value (squares) and a Gaussian distribution of
LMT values (circles). (c) Calculated correlation functions for
three diferent emitter sizes with fixed LMT and w. Emitter
size is characterized by the variable r0. Curves are shown for
ro (circles), 1.25ro (triangles), and 2.0ro (squares).

tigated the effect of these fluctuations. Figure 2(b) com-
pares calculated correlation functions for a fixed LMT
value (squares) and a Gaussian LMT distribution (cir-
cles). The distribution takes into account fluctuations of
both the emitter's mass (M), and charge (Z) (o~ z =
0.2(M, Z)) as well as its velocity (v) (cr„= 0.2(v)). The
comparison shows no appreciable difference between the
two correlation functions. Hence, we conclude that LMT
fluctuations do not lead to significant distortions of the
correlation functions.

On the one hand, the dependence of the correlation
function on LMT leads us to conclude that the positive
slopes displayed by the experimental correlation func-
tions might be due to incomplete momentum transfer.
On the other hand, we conclude that the determined 7.

values are not sensitive to our choice of I MT because w

is constrained primarily by the anticorrelation observed
in the correlation functions for V,,d values & 20. The
fact that the experimental correlation function shows a
much smaller slope (for V„~ & 20) for E/A = 35 MeV
than that for E/A & 55 MeV is consistent with the no-
tion that LMT decreases with increasing beam energy.
The respective values of LMT employed in our calcu-
lations (for each beam energy) are displayed in Fig. 1.
It is perhaps possible to have better agreement between
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the experimental and calculated correlation functions (at
large V„q values) by choosing a different set of LMT val-
ues. However, such a set would not alter our conclusions
pertaining to v. .

The calculated correlation functions shown in Fig. 1
were performed with the assumption that the radius of
the emitting system (R) is given by R = rcA ~ where
rs = 1.44 fm and A is the mass number of the emitter. If
nuclear expansion plays an important role in the produc-
tion of multifragment final states, such an expansion can
lead to emitter sizes which are larger than the ones used
in our calculations. In view of this, calculations were also
performed for different emitter sizes assuming fixed val-
ues for both LMT and r. For illustrative purposes, we
compare the correlation functions obtained for three dif-
ferent rc parameters (E/A = 75 MeV, ~ = 125 fm/c, and
LMT = 65%) in Fig. 2(c). In this figure, the open circles,
triangles, and squares represent the correlation function
obtained for ro, 1.25TO, and 2ro, respectively. In con-
trast to the results for different LMT (discussed above),
the comparison shows that the shape of the correlation
function —for V„d & 20—is sensitive to big changes in
the emitter size; namely, the strength of the anticorrela-
tion at small V„d is reduced as the size of the emitter is
increased. Our calculations show that a relatively small
increase (& 30%) in the emitter size can be compensated
for by a reduction in r. Consequently, if nuclear expan-
sion is important for the production of multifragment fi-

nal states involving IMF, then the observed saturation of
~ would represent a saturation in the space-time extent
of the emitting source.

The mean emission lifetimes obtained from the exper-
imental data are summarized in Fig. 3. Here, we have
plotted r as a function of beam energy; the error bars
shown in the figure reHect the sensitivity of the calcu-
lations to w. The r value (- 400 fm/c) obtained for
E/A = 35 MeV is somewhat larger than a previous value
extracted for an asymmetric system at the same beam
energy [23]. Figure 3 shows that the mean emission life-
time decreases from w —400 fm/c at E/A = 35 MeV
to r = 125 fm/c at E/A = 55 MeV. For beam energies
greater than E/A = 55 MeV, r assumes a constant value
= 125 frn/c, indicating a saturation of the mean lifetime
for IMF emission in multifragment final states.

In summary, we have measured two-fragment reduced-
velocity correlation functions for the symmetric Kr +
Nb system over a broad range of bombarding energies.
These correlation functions indicate mean fragment emis-
sion lifetimes which initially decrease with increasing
beam energy. However, for beam energies greater than
E/A = 55 MeV, ~ is observed to saturate at = 125 fm jc.
This emission lifetime is consistent with those predicted
for multifragment disintegration resulting from bulk in-
stabilities of nuclear matter at low density. The fact that
7. does not show any significant change for beam energies
greater than E/A = 55 MeV leads us to speculate that
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FIG. 3. Mean emitter lifetime as a function of beam energy.
The solid curve is drawn to guide the eye.

the onset of simultaneous multifragmentation in the Kr
+ Nb system may be occurring at a beam energy = 55
Me V/nucleon.
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