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Emission of intermediate mass fragments from neck zone in the209Bi¿208Pb reaction
at 11.6 MeVÕnucleon

B. Grabez
Institute of Physics, P.O. Box 57, 11001 Belgrade, Yugoslavia

~Received 26 June 2001; published 18 October 2001!

Intermediate mass fragments (3<Z<25) in correlation with projectilelike and targetlike fragments have
been revealed among the ternary events produced in 11.6 MeV/nucleon209Bi1208Pb reaction. Their charac-
teristics ~energy and angular distributions! are in agreement with the emission from the neck zone formed
between projectile and target during partially damped collision. The analysis indicates that they can be pro-
duced by various mechanisms. Till now fragments with similar behavior were observed at incident energies
above 20 MeV/nucleon.
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In recent years the studies of heavy ion collisions at
termediate energies have been mainly dedicated to the e
sion of intermediate mass fragments~IMF’s! (3<Z<25) in
these interactions. It was thought that the production of th
fragments~multifragmentation! can be connected with th
behavior of the highly compressed hot nuclear matter form
during the interaction, and various theoretical models rega
ing this process assumed that the production mechanism
IMF’s mainly has a statistical character. But, recently in e
periments at projectile energies in Fermi energy dom
~20–50 MeV/nucleon! such IMF’s have been observed@1–7#
whose characteristics indicate that they are produced b
mechanism that is more of a dynamical origin than of
statistical origin. It has been found that such IMF’s are p
duced in peripheral and midcentral collisions and that th
angular distribution and energy distribution is consistent w
their emission from the midrapidity~neck! zone formed be-
tween the two interacting ions. It seems that both the sh
~dynamical! instabilities and excitation can play a role in th
formation and emission of these fragments from the mid
pidity zone. It should be noted that the neck emission
IMF’s has been also observed@8,9# in ternary fission of the
excited heavy nuclei produced in interaction of232Th with
low energy light ions.

As already mentioned, till now the IMF emission fro
necklike structures has been experimentally observed in
termediate~Fermi! energy domain. In their theoretical stud
of the dissipation mechanisms in the overlap zone for se
peripheral heavy ion collisions Fabriet al. @10# concluded
that the neck instabilities at beam energies just above
MeV/nucleon would lead to large variances in projectileli
and targetlike observables and that the larger effects~up to
the cluster formation in the neck region! can be expected a
higher energies. Also, Plagnolet al. @7# in their experimental
study of Xe1Sn reaction at energies between 25 and
MeV/nucleon have found that the onset of the midveloc
emission is around 25 MeV/nucleon. In this Brief Report w
report on the observation of the IMF’s (3<Z<25) with the
characteristics consistent with the emission from the neck
zone in the reaction209Bi1208Pb atE511.6 MeV/nucleon.
In our experiment these fragments have been detected
measured in coincidence with projectilelike and targetl
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fragments. The mechanism responsible for their produc
at such low beam energy is still unclear.

Our experimental method enabled a 2p detection geom-
etry in the laboratory system. For fragment detection
used a CR-39 plastic track detector. The layers of 0.5–
mg/ cm2 of 208Pb were evaporated on one surface of t
sheets of CR-39. So prepared samples were irradiated
normally incident 11.6 MeV/nucleon209Bi beam at UNILAC
~GSI, Darmstadt!. After irradiation the target layers were re
moved by dissolving in 20% HNO3. Chemical developmen
of the tracks of the emitted fragments was carried out
6.25N NaOH at 70°C in a mechanically stirred bath. Th
etching time was 1 h and this enabled us to get fully deve
oped~finished! tracks of all fragments withZ>3 produced
in the interaction. Due to the detector characteristics and e
conditions used in our experiment, the protons and ions w
Z52 having an energy per nucleonE/A.1 MeV did not
give observable tracks in CR-39. For other reaction produ
there was a decrease in the detection efficiency in the vici
of the angle of 90° with respect to the beam direction due
thickness of the Pb target. The influence of the target on
efficiency of the detection is the strongest for low-ener
ions ~such as targetlike fragments after peripheral collision!.
Taking into account the thicknesses of the targets used
the angular and energy distribution of the products inve
gated in our experiment it can be shown that the influence
the target thickness on the measured values is about a
percent and can be neglected.

Scanning and measurement have been done by one op
microscope. As an identification method we used the m
surement of the parameters of the finished tracks@11#.
Namely, from the measured parameters of the finished tra
the rangeR, the mean etch rate ratio (V̄T /VB), and emission
angle with respect to the beam directionu were determined
for each fragment. The azimuthal anglew was measured di-
rectly. The atomic numberZ and energy per nucleonE/A
were determined from the values ofR and V̄T /VB as de-
scribed in @11#. According to the calibration results th
charge resolution in our experiment wasDZ<1 for Z<30,
DZ<2 for heavier fragments with energyE/A>0.5 MeV
and DZ<4 for heavy fragments with energyE/A
,0.5 MeV. The energy resolution for observed fragme
©2001 The American Physical Society01-1
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was D(E/A)<0.05 MeV. It should be noticed that a de
crease in charge resolution for heavy slow fragments d
not lead to an increase of the uncertainty in determining
their energy per nucleon. For these products the depend
of the range on the atomic number is small and, at the s
time, R versusE/A plots are very steep. The angular reso
tion wasDu,Dw<5°.

From the detected events we separated and analyzed
nary events, i.e., the events that were characterized by
presence of three fragment tracks in correlation. Since in
experiment 2p geometry was available, such events can r
resent true ternary events, i.e., the events in which only th
fragments were present in the exit channel and events
higher multiplicity of fragments in the exit channel b
where one or more fragments are emitted backward and w
not detected. We have found that about 10% of events w
three tracks in correlation can be attributed to the events w
four or more emitted fragments. They mostly correspond
the reactions in which after the initial collision both the ta
getlike and projectilelike fragments undergo fission and o
of the four fission fragments was emitted backward in
laboratory system. Such events were omitted from our c
sideration. We have found that the ternary events that re
sent the events with three fragments in the exit channel
be, as it was expected, mostly identified as the projectile
~or targetlike! fragment in correlation with two fission frag
ments originating from the decay of targetlike~or projectile-
like! fragment. But about 10% of these events were cha
terized by the presence of one IMF in correlation w
projectilelike and targetlike fragments. We have detected
analyzed 870 such events.

In Fig. 1 we present the distributions of the relative v
locities Vrel between the fragments taken two by two f
ternary events in which one IMF fragment is present and
the rest of the ternary events, respectively. In each even
lightest fragment was labeled 1 and the heaviest one 3.
points present the values averaged overVrel intervals of 0.4
cm/ns. It can be seen from the figure that in events wh

FIG. 1. The distribution of the relative velocities between t
fragments taken two by two for~a! ternary events with one IMF
fragment and~b! rest of the ternary events. The labels of the fra
ments are explained in the text.
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IMF is present the distributions ofVrel between IMF and
heavy fragments have a maximum at small values ofVrel .
The distribution ofVrel between the two heavy fragments
moved towards larger values ofVrel . For system considered
theVrel between projectile and target was 4.8 cm/ns. This
in agreement with scenario, which supposed that after
collision the projectilelike and targetlike fragments mo
away at large relative velocities leaving behind them a sm
fragment emitted at rest in the c.m. system. For tern
events from the second group the distribution ofVrel be-
tween fragment 1 and fragment 2 has a well defined p
that corresponds to the fission of projectilelike~or targetlike!
fragments as it was expected.

Distributions of the energy per nucleon of IMF’s in th
laboratory system@(E/A) lab# and in the center-of-mass sys
tem of projectilelike and targetlike fragments@(E/A)c.m.# are
presented in Fig. 2~a!. In Fig. 2~b! the dependence of th
average (E/A)c.m. on theZIMF is shown. The points presen
the values averaged overZIMF intervals over four units. The
solid line corresponds to the values obtained by calculati
of the Coloumb barrier for touching spheres given by

Ec5
1.44ZIMF~Zsource2ZIMF !

1.4@AIMF
1/3 1~Asource2AIMF !1/3#12

MeV, ~1!

where forAsource and Zsource we have used the values 20
and 82 to approximate emission from projectilelike or targ
like source. To determineAIMF we supposed that proton-to
neutron ratio of source is preserved in emitted IMF’s. Th
approximation can influence theEc values by not more than
10%. If the IMF’s examined in this experiment were pr
duced by statistical emission from projectilelike~or target-
like! excited fragments, after collision their energies p
nucleon should roughly be near of the calculated values
sented by solid line in Fig. 2~b!. It can be seen from the
Figure that the measured values of (E/A)c.m. are a few times
lower than the calculated.

-

FIG. 2. ~a! Distributions of the energy per nucleon of IMF’s i
the laboratory system (E/A) lab and projectilelike and targetlike
c.m. system (E/A)c.m., respectively.~b! Average (E/A)c.m. as a
function of ZIMF . The solid line is explained in the text.
1-2



c
th
f t
en

or
f-

av

h
n-

a

ic

n

-

he
e

th
ith
on

e
o

the
tar-
in-
he
.
ara-
ec-
nd

c-

ar
es
ted
et-
nts
u-

ody

m,
n.
een
the

lysis
e
. In
of

i.e.,

n
e.,
of
he
ne
nts
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The IMF originating from the neck zone should be pra
tically at rest in the c.m. system of heavy fragments in
case of symmetric systems due to the near cancellation o
Coulomb fields of heavy fragments. This is in agreem
with the small values of (E/A)c.m. obtained in this experi-
ment and presented in Figs. 2~a! and 2~b!. Also, the mean
values of the velocities of these fragments in the laborat
VIMFlab should coincide with the velocity of the center-o
mass system of heavy fragmentsVc.m.. From our results we
obtained the valuesV̄IMFlab5(1.6560.25) cm/ns andV̄c.m.
5(1.7560.25) cm/ns, respectively.

It can be seen in Fig. 2~b! that the values of (E/A)c.m. are
in the limit of experimental error independent onZIMF . This
means that the energy of IMF’s in the c.m. system of he
fragments is roughly linearly dependent onZIMF . This trend
is consistent with the emission of the neck fragments wit
fixed initial velocity. It may be noted that a similar depe
dence is observed in experiments@8,9# in which the emission
of IMF’s from the neck zone during the fission process w
examined.

In Fig. 3 we present the distribution of the total kinet
energy lossETKEL for ternary events having one IMF.ETKEL
is defined as the difference, in the center-of-mass refere
frame, between the initial available kinetic energy (Einc) and
the total kinetic energyE TKE of the projectilelike and target
like fragment in the exit channel:

ETKEL5Einc2ETKE , ~2!

whereETKE was calculated from the relative velocity and t
reduced mass of the dinuclear system. The fact that the
ergy of IMF’s was not included in calculation ofETKE does
not have large influence on the distribution ofETKEL because
of their small energy. It can be seen from the figure that
relevant ternary events mainly originate from collisions w
ETKEL between 600 MeV and 1000 MeV. For the interacti
studied in this experiment this interval ofETKEL corresponds
to the partially damped collisions. It should be mention
that in experiments at energies above 20 MeV/nucle

FIG. 3. Distribution of the total kinetic energy lossE TKEL for
ternary events with one IMF.
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@1,2,6,7# the emission from intermediate~neck! zone was
observed in peripheral and semiperipheral collisions.

We defined the reaction plane as the plane specified by
beam axis and the separation axis of projectilelike and
getlike fragments in their center-of-mass system. The
plane angleF of IMF was defined as the angle between t
projection of the IMF velocity~in the corresponding c.m
system! onto the reaction plane and heavy fragments sep
tion axis. The separation axis is taken to have positive dir
tion towards the direction of the lighter heavy fragment a
F could take the values between2180° and 180°. The out-
of-plane angleQ is defined as the angle between IMF velo
ity and the reaction plane. The distributions ofF andQ are
presented in Figs. 4~a! and 4~b!, respectively.

Figure 4~a! shows that IMF’s have anisotropic angul
distribution in the reaction plane. Namely, their velociti
projected on to reaction plane are predominantly orien
along the separation axis of the projectilelike and the targ
like fragments, i.e., in the reaction plane the three fragme
are almost collinear. Similar anisotropy in the in-plane ang
lar distribution was observed in the case of the three-b
exit channels in the reactions84Kr1166Er and 129Xe1122Sn
at 12.5A MeV ~@12#!, and in 100Mo1100Mo and 120Sn
1120Sn at around 20A MeV ~@13#!. In these experiments
such behavior was explained by the fast, nonequilibriu
asymmetric fission that follows the initial inelastic collisio
The light fission fragment is supposed to be located betw
the two heavier fragments and is strongly peaked along
separation axis of the deep inelastic step. Since our ana
included IMF’s with 3<Z<25 it seems logical to suppos
that part of them could be produced by such mechanism
any case the shape of the in-plane angular distribution
IMF’s suggests that they are produced by a fast process,
during or shortly after separation of heavy fragments.

The out-of-plane angular distribution of IMF’s is show
in Fig. 4~b!. It seems that this distribution has two peaks, i.
it is the sum of at least two distributions: the first one
which is the contribution of the in-plane emission and t
second one of which is the contribution of the out-of-pla
emission. Therefore, it seems that IMF’s in ternary eve

FIG. 4. ~a! In-plane angular distribution of IMF’s.~b! Distribu-
tion of angles between IMF’s and the reaction plane.
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BRIEF REPORTS PHYSICAL REVIEW C 64 057601
investigated in this experiment are produced by different s
narios. For example, above mentioned, fast, asymmetric
sion would favor in-plane emission of fragments. On t
other hand, simultaneous ternary breakup~neck instability!
similar to the fission accompanied by IMF’s@8,9# would fa-
vor out-of-plane emission of IMF’s@14#. If only these two
mechanisms would be responsible for production of fr
ments examined in this experiment this would mean t
IMF’s with lower Z values would be emitted preferential
out of plane and those with higherZ will be omitted in plane.
But the analysis of our results did not show any depende
of angular distribution onZ of the fragments.

In conclusion, we have observed the production of int
mediate mass fragments (3<Z<25) in correlation with pro-
jectilelike and targetlike fragments in 11.6 MeV/nucleo
209Bi1208Pb reaction. The energy and angular distributio
of these fragments indicate that they originate from the
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termediate~neck! zone formed between target and project
during their collision. Till now such fragments were detect
and studied in heavy ion collisions in Fermi energy dom
~i.e. at energies above 20 MeV/nucleon!. The analysis shows
that in our experiment these fragments are predomina
emitted in partially damped collisions. They are charact
ized by the low kinetic energy that is linearly dependent
their atomic number. The shape of their in-plane angular d
tribution indicates that they are produced during or imme
ately after separation of projectilelike and targetlike fra
ments. The out-of-plane angular distribution of the
fragments suggests that various processes, i.e., various
of instabilities whose mechanism is still unclear, can contr
ute to their formation.
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