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Charge Correlations and Dynamical Instabilities in the Multifragment Emission Process
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A new, sensitive method allows one to search for the enhancement of events with nearly equal-
sized fragments as predicted by theoretical calculations based on volume or surface instabilities.
Simulations have been performed to investigate the sensitivity of the procedure. Experimentally, charge
correlations of intermediate mass fragments emitted from heavy ion reactions at intermediate energies
have been studied. No evidence for a preferred breakup into equal-sized fragments has been found.
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In recent years, multifragmentation of nuclear syste
has been extensively studied, and many efforts have b
made to clarify the underlying physics [1]. It has be
suggested that fragment production can be related to
occurrence of instabilities in the intermediate system p
duced by heavy ion collisions [2–13]. In particular, tw
kinds of instabilities are extensively discussed in the
erature: volume instabilities of a spinodal type (see, e
Ref. [12]) and surface instabilities [3]. Spinodal ins
bilities are associated with the transit of a homogene
fluid across a domain of negative pressure, where the
mogeneous fluid becomes unstable and breaks up
droplets of denser liquid. Surface instabilities can be s
divided into Rayleigh or cylinder instabilities which a
responsible for the decay of shapes like long necks
toroids [2], and sheet instabilities which cause the
cay of bubbles or disklike structures [3]. Many mode
predict the formation of these exotic geometries wh
may develop after the initial compression of nuclei
the early stage of the collision for both symmetric a
asymmetric systems [3,4,6,7,10–13]. Although the s
narios and the models vary, breakup into severalnearly
equal-sizedfragments has been discussed for both ki
of instabilities [14]. In this Letter, we examine mod
independent signatures that would indicate decay in
number of nearly equal-sized fragments by investig
ing charge correlations from both experimental data
simulations.

We have experimentally studied the reactions Xe1 Cu
at EyA ­ 50 MeV. The measurements were perform
at the National Superconducting Cyclotron Laboratory
Michigan State University using the Miniball [15] and
Si-Si(Li)-plastic forward array [16]. Detailed informatio
on the experiment can be found in Ref. [17].

For comparison, and to determine the sensitivity of
analysis, Monte Carlo calculations have been perform
34 0031-9007y96y77(13)y2634(4)$10.00
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The created events obey two conditions: The s
charge of all fragments is conserved within an adjusta
accuracy, and a fragment is produced according to
probability resulting from the experimental finding, th
the charge distributions forn intermediate mass fragmen
(IMF: Z ­ 3 20) are nearly exponential functions [18]:

PnsZd ~ exps2anZd . (1)

Experimentally, a variation of the parameteran between
0.2 and 0.4 has been reported for extreme cuts on
transverse energyEt (defined as

P
i Ei sin2 ui) [17,19].

In our simulations, we have chosenan ­ 0.3 (different
values between 0.2 and 0.4 do not change our findin
The size of the decaying source (Zsource ­ 83) was
chosen to be equal to the sum charge of Xe and
Events withNIMF equal sized fragments of chargeZart
were randomly added with probabilityP to simulate
a dynamical breakup of the system into nearly equ
sized pieces. Furthermore, the charge distributions
the individual fragments of such an event were smea
out according to a Gaussian distribution. This smear
of the charge distribution accounts not only for t
width of the distribution due to the formation proce
per se, but also for the probable sequential decay
the primary fragments (i.e., the evaporation of lig
charged particles). In the following, the full width
half maximum of this distribution is denoted byv. We
have demanded that at least 75% of the total availa
charge is emitted according to Eq. (1); i.e., the produc
of particles was stopped in the simulation once t
percentage had been reached. We note that in this si
approach the transverse energyEt has not been simulated
Furthermore, we restrict our analysis to IMFs only.

First, we investigate two particle correlations. Both t
experimental and the simulated events have been ana
according to the following method. The two partic
© 1996 The American Physical Society
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charge correlations are defined by the expression

YsZ1, Z2d
Y 0sZ1, Z2d

É
Et ,NIMF

­ Cf1 1 RsZ1, Z2dg jEt ,NIMF . (2)

Here, YsZ1, Z2d is the coincidence yield of two particles
of atomic numberZ1 and Z2 in an event withNIMF
intermediate mass fragments and a transverse energyEt.
The background yieldY 0sZ1, Z2d is constructed by mixing
particle yields from different coincidence events select
by the same cuts onNIMF and Et. The normalization
constantC ensures equal integrated yields ofY andCY 0.

To demonstrate the sensitivity of our method to break
configurations producing equal-sized fragments, we sh
in Fig. 1 the results of simulations for the caseNIMF ­ 6.
Here, a “contamination” of 1% of the events consisting
fragments which all have the sizeZart ­ 6 has been added
to the data set. The peak produced by these fragmen
clearly visible, even if we decrease the yield of equa
sized fragments to only 0.1%. A different choice o
Zart does not change our results; higher values wo
produce an even larger signal since the denominator va
is smaller.

The magnitude of the peak shown in Fig. 1 depen
not only on the yield, but also on the width of th
charge distribution of the nearly equal-sized fragmen
In Fig. 2, we show the correlation functions (solid circle
for different widthsv and forZ1 ­ 6. For comparison,
we have plotted the results of a calculation (open circl
where no additional events with equal-sized fragme
have been added: As expected, a dependence of the
of the peak on the smearing can be observed which lim
the sensitivity of the two particle correlation functions
an enhancement of events where the charge distribu
is relatively narrow. Thus, for possible secondary dec
resulting in large values ofv, our analysis might not
be adequate. However, the narrow widths predicted
Ref. [7], should be visible in the experimental data. T
same analysis used for the simulation has been app
to experimental data. In Fig. 3, we show the resu
for central collisions (top 5% of events sorted byEt)

FIG. 1. Two particle charge correlations of IMFs from simu
lations investigating events withNIMF ­ 6 and a source size of
83. Randomly, 1% (left panel) and 0.1% (right panel) of th
events were chosen to have equal sized fragments (Zart ­ 6).
d

p
w

f

is
-

d
ue

s

s.
)

)
ts
ize
ts

on
y

in
e
ed
s

of Xe 1 Cu at EyA ­ 50 MeV for different NIMF cuts.
With higher fragment multiplicity the distribution peake
along the lineZ1 1 Z2 ø 30 changes into a distribution
peaked at values where one fragment is heavy and
partner is light. However, an enhanced signal for brea
into nearly equal-sized fragments (a signal appear
along the diagonal) was not observed inany of the NIMF
bins. As an example, we show in Fig. 2 the experimen
two particle correlation function vsZ2 for NIMF ­ 6 and
Z1 ­ 6 (triangles).

Furthermore, we have investigated the correlat
functions obtained by our simulations without enhanc
breakup for several IMF multiplicities. The evolutio
of the shape of the distribution with increasing values
NIMF is very similar to that observed in the experimen
data of Fig. 3. Simulations with different system siz
show that the charge correlations decrease asZsource
increases; this can be attributed to the definition of
IMF (3 # ZIMF # 20) relative to Zsource. We have
also performed calculations using a percolation code
have observed a dependence similar to that presente
Fig. 3. To further study the evolution of the distribution
shape with multiplicity, we have investigated the break
of an integer numberZ0 (chain) into n pieces. The
calculated two particle correlation functions for differe
multiplicities n have an evolution withn similar to that
shown in Fig. 3. These findings suggest that the obser
experimental evolution of the shape of the two parti
charge correlation distribution with fragment multiplicit
may be due to the limited number of possibilities

FIG. 2. Two particle charge correlations resulting from sim
lations forZ1 ­ 6 as a function of the fragment chargeZ2 for
different values of the width of the charge distributionv. Ran-
domly, 1% of the events were chosen to have nearly equal s
fragments (full circles). For comparison, we have also plot
a calculation where no additional events with equal-sized fr
ments have been added (open circles). Experimental result
the caseNIMF ­ 6 are shown in the right lower panel (fu
triangles). For clarity, these values are vertically shifted b
value of20.15. The error bars are smaller than the size of
symbols.
2635
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FIG. 3. Experimental two particle charge correlations for t
reaction Xe1 Cu at EyA ­ 50 MeV. The different figures
correspond toNIMF cuts between 4 and 7.

create fragments if charge is conserved and the numbe
fragments is fixed. A signal of enhanced emission w
sit on top of such a background.

Historically, charge correlations have often been inv
tigated by using Dalitz plots [20,21]. However, this tec
nique does not provide a sensitive tool to search fo
weakly enhancedbreakup into several nearly equal-size
fragments, since the “background” is ignored. The Dal
analysis is equivalent to studyingonly the numerator of
the charge correlation function and reflects mainly cha
conservation instead of correlation enhancements of
namical origin. Thus the strong signal shown in Fig.
does not show up in a Dalitz plot. Furthermore, the Dal
plots and the charge distributions of the three largest fr
ments from Ref. [21], which are claimed to be a si
nature for an enhanced breakup into nearly equal-si
fragments, can be reproduced astonishingly well by
simple simulation. Thus these “signals” are almost co
pletely dominated by the background produced by cha
conservation.

To search for weak signals of events with nea
equal-sized fragments, and in the hope of increasing
sensitivity of the method, we have investigated high
order charge correlations [22]. This quantity is defin
by the expression

YsDZ, kZld
Y 0sDZ, kZld

É
Et ,NIMF

­ Cf1 1 RsDZ, kZldjEt ,NIMF . (3)

Here, kZl denotes the average fragment char
of the event kZl ­

PNIMF
i­1 ZiyNIMF and DZ

is the standard deviation, defined byDZ ­q
sNIMF 2 1d21

PNIMF
i­1 sZi 2 kZld2. The normaliza-

tion constantC and the yields are defined accordin
2636
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to Eq. (2). The denominator for the background yie
Y 0sDZ, kZld is obtained by constructing “pseudoeven
where one fragment is selected from each of the prev
NIMF events of the same event class (sameEt range).

In Fig. 4, we show the results of an analysis inve
gating higher order charge correlations. The same si
lation which has already been shown in Fig. 1 was us
Here, only 0.1% of the events were chosen to have f
ments with equal size. We show two cases with a wi
of v ­ 0 andv ­ 2, respectively. The comparison b
tween the two particle and the higher order charge c
relation functions for the same simulations usingv ­ 0
shows an enhancement of,20% for the two particle cor-
relation while the signal in the higher order correlation e
ceeds the “background” by roughly a factor of 100. Sin
the yield in theDZ ­ 0 bin increases dramatically wit
any enhancement of events with equal-sized fragment
should be sufficient to examine this bin only; the corre
tions at higher values ofDZ represent the “background.”

We have analyzed our experimental data and de
mined the higher order charge correlation functions. T
results are shown in Fig. 5 for the reaction Xe1 Cu
at 50 EyA ­ MeV. For comparison, we also show th
results of the simulation already shown in the rig
panel of Fig. 4 forNIMF ­ 6, P ­ 0.1%, and v ­ 2.
As discussed above, we compare the correlation va
for DZ ­ 0 (solid symbols) with the data obtained f
DZ . 0 (open symbols). No signals are observed t
can be attributed to an enhanced production of ne
equal-sized fragments. This results in an upper li
of breakup events with nearly equal-sized fragments
less than 0.05% if we assume a widthv , 3. Simi-
lar results have been obtained for the reactions Ar1 Au
at 50 and 110 MeV and Xe1 Au at 50 MeVynucleon
[17,19] albeit with significantly poorer statistics. Thus t
Xe 1 Cu system has been used to establish an upper
for this system and to explore the utility of this nov
technique.

In conclusion, we have investigated charge corre
tion functions of multifragment decays to search for

FIG. 4. Higher order charge correlations from the simulatio
for NIMF ­ 6. Randomly, 0.1% of the events were chosen
have equal-sized fragments. Widths ofv ­ 0 (left panel) and
v ­ 2 are shown. Note the logarithmic scale of the correlat
axis.
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FIG. 5. Higher order charge correlations for the reacti
Xe 1 Cu atEyA ­ 50 MeV for 4 # NIMF # 6. For compari-
son, we show the results of the simulation forNIMF ­ 6 and
v ­ 2 (lower right panel). The full symbols indicate th
events whereDZ ­ 0, the open symbols show the “back
ground” defined byDZ . 0.

enhanced production of nearly equal-sized fragments p
dicted in several theoretical works. Two particle char
correlation functions are sensitive to those enhancem
from events where a number of equal-sized fragme
might be accompanied by heavy partners, as could be
pected from the breakup of a necklike structure. Wh
the higher order charge correlations are not sensitive
necklike emission, they do provide an even more sen
tive tool for identifying enhancements associated with t
emission of all nearly equal-sized fragments. The ana
sis of experimental data for the reactions Xe1 Cu and
Xe 1 Cu atEyA ­ 50 MeV and Ar 1 Au at EyA ­ 50
and 110 MeV, however, shows no evidence for a p
ferred breakup into nearly equal-sized fragments. R
cently, two groups have reported experimental signatu
of possible formations of noncompact geometries in
reactions86Kr on 93Nb at EyA ­ 65 MeV and Pb1 Au
at EyA ­ 29 MeV, respectively [23,24]. It would be in-
teresting to analyze these data using the method prese
in this Letter.
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