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Experimental Evidence for Dynamical Decay of Finite Nuclear Matter
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Ternary fission in the reaction12C 1 232Th at Elab  22A MeV reveals evidence for dynamical
decay. The relative emission probability of intermediate-mass fragments (IMF:3 # Z # 20) as a
function of the initial excitation of the composite system is examined. While IMFs emitted pre-
scission exhibit behavior consistent with statistical emission, near-scission IMFs, characterized by
unique angular and energy distributions, clearly exhibit a behavior consistent with dynamical decay.
[S0031-9007(99)09056-0]

PACS numbers: 25.70.Jj, 25.70.Mn, 25.85.Ge
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Nuclei are observed to decay via statistical emissio
of particles in a process analogous to evaporation
macroscopic liquids [1]. Nuclear collisions, used t
prepare excited nuclear matter, may, however, lead
deformed nuclear shapes which are subject to dynami
instabilities [2]. Dynamical effects in nuclear reaction
have been recognized in the preequilibrium emission
nucleons and fragments [3] and in the multifragmentatio
of the midrapidity zone in near-symmetric heavy-io
collisions [4]. All of these processes proceed on
rather fast time scale. The manifestation of dynamics
fragment emission on a longer time scale, e.g., the fissi
time scale, has not yet been reported. In this Letter w
present the first clear experimental evidence of dynamic
(nonstatistical) fragment decay on the fission time scale

To study systems where the dynamical evolution o
the shape of the nuclear system is important, yet ke
the statistically thermalized energy modest, we have f
cused on ternary fission in the reaction12C 1 232Th at
Elab  22A MeV. In this energy domain, incomplete
fusion of the projectile and target nucleus occurs, fo
lowed by the fission of the heavy, excited composite sy
tem into two similar-sized fission fragments [5]. As th
heavy composite nucleus undergoes the large scale
formation necessary for fission, it can decay via emi
sion of neutrons, light charged particles (1 # Z # 2), and
intermediate-mass fragments (IMF:3 # Z # 20). Such
decay has been described with reasonable success wi
the framework of statistical emission theories [6,7]. Re
cently, it has also been found that IMFs are emitted fro
the region between the two fission fragments (neck) ne
the moment of scission, with characteristic energy and a
gular distributions [8,9]. The mechanism responsible fo
the production of these near-scission particles is presen
unclear. Proposed mechanisms for similarly emitted a
pha particles range from barrier modifications due to th
proximity of the two fission fragments [10] to dynamical
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double-neck rupture scenarios [11,12]. While the form
scenario is still statistical—driven by phase space cons
erations—the latter scenario is largely, if not completel
dynamical.

The experiment was conducted at Michigan Sta
University (MSU-NSCL). A12C beam accelerated by
the K1200 cyclotron bombarded a self-supportin
700 mgycm2 232Th target. Fission fragments were
detected in two hybrid large area multiwire proportiona
counters/parallel plate avalanche counters, spanning
laboratory polar angle range of45± # uA # 67± and
79± # uB # 112± and centered at azimuthal angles o
fA  270± 6 10± and fB  90± 6 10±, respectively.
These detectors were positioned,30 cm from the target
and provided an angular resolution of,0.5±. The
asymptotic velocity vectors of the fission fragments we
deduced by using the measured position and the RF t
ing of the cyclotron. RF timing also aided in suppressin
accidental coincidences in the analysis. IMFs we
detected with five large area ionization chamber Si(IP
CsI(Tl) telescopes. These telescopes, which provid
identification of theZ, E, and u of the IMFs with low
detection thresholds (EyA $ 0.8 MeV), were positioned
in a group of four detectors centered atulab  157±, and
a fifth detector positioned atulab  100±. The position
of the group of the four detectors was roughly orthogon
to the line of separation of the fission fragments (sci
sion axis). The5 cm 3 5 cm silicon detector in each
telescope was segmented into four quadrants. Det
regarding the performance of this type of detector ha
been previously published [13,14]. Both binary fissio
corresponding to the detection of two fission fragmen
and ternary fission, corresponding to the detection
two fission fragments and an accompanying IMF, we
measured simultaneously. Geometrical efficiency corre
tions imposed by these coincidence requirements w
performed.
© 1999 The American Physical Society 3585
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The defining characteristics of IMF emission are sum
marized in Fig. 1. In Fig. 1a, the center-of-mass kinet
energy spectra of carbon fragments detected atulab 
157± (histogram) andulab  100± (filled histogram) are
shown. While the high-energy component is observed
both angles, the low energy component occurs only in t
detectors positioned approximately orthogonal to the sc
sion axis. Near-scission fragments are preferentially o
served along this direction due to the focusing effect
the system’s anisotropic Coulomb field. Their energi
are significantly lower than those expected from the rep
sion of a near-spherical source due to the near cancella
of the Coulomb field components parallel to the scissio
axis. Low energy fragments detected at backward ang
are hence easily distinguished from any possible proje
tile remnants arising from a damped reaction on the ba
of their kinetic energy and angular distributions. Thes
features of near-scission emission have been well est
lished in previous experiments [8,9]. The average val
of the high-energy component peaks close to what wou
be expected in the statistical evaporation of a carbon fra
ment from a spherical Th-like nucleus (touching-spher
configuration). From here on, we distinguish betwee
isotropic and near-scission emission based upon the cen
of-mass kinetic energy of the IMF.

The dependence of the average kinetic energy on theZ
of the emitted fragment is depicted in Fig. 1b. Both th
isotropic and near-scission components exhibit a rough
linear dependence of the average energy onZIMF . The
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FIG. 1. (a) Kinetic energy distribution of carbon fragment
in the center-of-mass of the fissioning composite system
detectors centered atulab  157± (histogram) and atulab 
100± (filled histogram) in the reaction12C 1 232Th at Elab 
22A MeV. (b) Average center-of-mass kinetic energy as
function ofZIMF for neck (solid) and isotropic (open) emission
(c) Elemental yield distribution for neck (solid) and isotropi
(open) emission.
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solid line indicates the Coulomb barrier for a touching
spheres scenario given by

Ec 
1.44ZIMFsZsource 2 ZIMFd

1.4fA1y3
IMF 1 sAsource 2 AIMFd1y3g 1 2

MeV ,

(1)

whereZsource and Asource have been approximated by 90
and 232, respectively, to roughly account for incomple
fusion and pre-scission emission of nucleons. The kine
energies for isotropically emitted fragments are rough
consistent with this simple formula, indicating that thes
fragments are emitted while the excited composite syst
is still relatively compact. Fragments emitted near sc
sion have average kinetic energies significantly lower th
those associated with statistical emission from a spheri
source. This result is consistent with emission of the ne
scission IMFs from a distended source as depicted in
cartoon of Fig. 1a.

The yield distributions of the isotropic and the nea
scission components are shown in Fig. 1c. The isotrop
component is well described by a power-law type behav
Z2t with t  3.1 6 0.2. Near-scission emission has a
much flatter Z distribution (t  1.3 6 0.1), consistent
with previous measurements [8,9], and for heavy IMF
(Z $ 8) the yield distribution is essentially constant. A
flatter yield distribution in a statistical emission framewor
is associated with higher excitation. Because of pri
neutron emission and deformation, however, near-sciss
emission should be associated with lower excitatio
energy. Consequently, the flatter yield distribution fo
near-scission emission suggests a decay modenot solely
dependent on excitation energy.

In order to understand the conditions under whic
fragments are emitted, we have examined the correlat
between the fission-fragment folding angle and IM
emission yield. The folding angle technique has been w
established as a means of deducing the linear momen
imparted to the fissile target nucleus [5], from whic
the resulting excitation of the composite system ca
be calculated. Binary fission following complete fusio
would have an average folding angle ofuAB  152±. In
contrast, the most probable experimental folding ang
in binary fission events associated with nonperiphe
collisions isuAB  157±, consistent with the incomplete
fusion of projectile and target nucleus in the formatio
of the composite system. In Fig. 2a the dependen
of the folding angle onZIMF in ternary fission events
is presented. For the isotropically emitted fragmen
(open symbols) the laboratory folding angle decreas
monotonically with increasingZIMF due to the recoil
imparted to the fissioning system by the backward emitt
IMF. Since the angle, kinetic energy, andZ of the
IMF are measured, the magnitude of this recoil ca
be calculated by assuming aZyA ratio for the IMF,
consistent with previous measurements [8,9]. The dash
line in Fig. 2a represents the folding angle associated w
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87% linear momentum transfer of the projectile to th
composite system, recoil of the fissioning system due
the IMF emission, and subsequent fission. The foldin
angle associated with isotropically emitted fragments c
thus be understood within this picture. In contras
neck IMFs exhibit a more complex behavior. While th
folding angle for neck IMFs withZ # 7 also decreases
monotonically, the folding angle forZ $ 8 increases
with increasingZ, indicating that the latter fragments are
formed in events in which less linear momentum wa
initially transferred to the composite system.

We have determined the average fraction of the line
momentum transferred (FLMT) by the projectile to th
composite system by iteratively correcting on an even
by-event basis the recoil of the backward emitted IMF
Its dependence onZIMF is shown in Fig. 2b. The
isotropic fragments are associated with a nearly consta
FLMT of 90% within the measurement uncertainties
The FLMT associated with neck-emitted IMFs decreas
monotonically from83% to 25% with increasingZIMF .
Decreasing linear momentum transfer is associated w
decreasing energy deposition in the composite syste
Hence, the observed decrease in FLMT with theZ of the
neck IMFs qualitatively suggests that neck emission
heavy fragments isnot driven solely by excitation energy
considerations. Sequential decay of a fission fragme
(two-step fission) as a source of near-scission IMFs ca
on average, be ruled out since the experimental ma
distribution of fission fragments associated with nea
scission emission is symmetric and independent ofZIMF .

To explore the role of excitation energy on fragmen
emission we have constructed the yield ratios between d
ferent IMFs as a function of excitation energy. For sta
tistically emitted fragments these ratios should manife
sensitivity to the IMF emission barriers. The average in
tial excitation of the composite system,kEpl, is calculated

FIG. 2. (a)Z dependence of the average folding angle ass
ciated with neck and isotropic emission. (b)Z dependence of
the average fractional linear momentum transfer for neck a
isotropically emitted fragments.
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in the framework of an incomplete fusion model using the
deduced FLMT,

kEpl  Epr
At

At 1 rAp

vuut1 2

√
yp

c

!2

1 kQl , (2)

where Ep is the projectile energy,r is the FLMT, At

andAp are the mass numbers of the target and projectile
respectively,yp is the velocity of the projectile, andkQl is
the averageQ value of reaction channels consistent with
the givenr.

The dependence of the isotropic IMF yield relative
to lithium on excitation energy is shown in Fig. 3.
The experimental data exhibit an exponential increas
with increasing excitation energy. This behavior can b
qualitatively understood in terms of theZ dependence of
the IMF emission barriers. Since the emission barrie
increases with increasingZIMF , for a given excitation
energy one observes a reduced emission probability f
IMFs with larger Z. With increasing excitation energy
this suppression in emission probability decreases.

We also compared the experimental data with th
predictions of the statistical modelSIMON [15]. The
solid lines in Fig. 3 depict the predicted yields of Be,
B, and C relative to Li fragments as a function of
EpyA. These relative yields have been renormalized fo
comparison with the data. The model semiquantitativel
reproduces the main trend observed in the experiment
data, showing a 3–4-fold increase in the relative yield
over the measured excitation energy window. Thus, th
behavior of isotropically emitted IMFs is consistent with
statistical emission from a compact source.

The dependence of the relative yields of neck emissio
on the initial excitation of the system is shown in Fig. 4.

FIG. 3. Relative yield of various isotropically emitted IMFs
as a function of excitation energy. Renormalized prediction
of the statistical modelSIMON are shown as solid lines.
3587
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FIG. 4. Relative yield of various IMFs emitted from the nec
region as a function of excitation energy.

The yields of neck-emitted fragments withZ  4 7,
Z  8 9, andZ  10 13 have been normalized by the
yield of neck-emittedZ  3 fragments. In marked con-
trast to the trends observed in Fig. 3, the relative yiel
in Fig. 4 do not show an exponentially increasing beha
ior with increasing excitation energy. For neck-emitte
Z  4 7 fragments the relative yield is approximatel
constant with increasing excitation energy. Such b
havior could be understood if no emission barriers e
isted—consistent with emission of neck fragments fro
distended configurations. ForZ  8 9, however, the
relative yielddecreaseswith increasing excitation energy.
A factor of 5 decrease is observed between the cases
volving the lowest excitation (peripheral collisions) an
cases involving the highest excitation (more central col
sions). In the case ofZ  10 13, a suppression by a fac-
tor of approximately 20 is observed betweenEpyA  0.2
andEpyA  0.6. This behavior is inconsistent even with
a zero emission barrier scenario and is a strong indicat
of a nonstatistical, dynamical origin of heavy fragmen
neck decay.

In understanding the association of significant hea
fragment neck yield with low linear momentum trans
fer, two points are noteworthy. First, for heavy frag
ments (Z $ 10) the mass of the fragment approache
the mass of the neck. Thus, statistical emission fro
the neck would require evaporation of almost the enti
“source” and is suppressed on the basis of source s
effects. Suppression of statistical emission is importa
if one is to clearly isolate a coexisting/competing deca
mechanism. Second, for collisions involving modest lin
ear momentum transfer (25%), the deformation (stretch-
ing) introduced into the target nucleus may be significa
3588
k

ds
v-
d

y
e-
x-
m

in-
d
li-

ion
t

vy
-
-
s
m
re
ize
nt
y
-

nt.

In contrast, central collisions should yield less deforma
tion and greater heating of the system. Qualitative e
pectations dictate that survival of any initial stretching o
the excited composite system into the fission channel r
sults in a more elongated scission configuration and co
sequently a larger middle fragment. The survival of suc
an initial stretching should depend sensitively on the na
ture of nuclear dissipation. Preliminary calculations with
a dynamical model of fission [16] bear out these qualita
tive expectations [17].

In conclusion, we have observed the existence
both statistical and nonstatistical (dynamical) emissio
of IMFs during fission. Dynamical emission of heavy
fragments is enhanced for peripheral collisions for whic
initial deformation is expected to be large. Genera
considerations dictate that the survival of dynamica
stretching should depend sensitively on the magnitud
and tensorial properties of nuclear dissipation. Dynamic
production of fragments in ternary fission could thus serv
as a sensitive probe of nuclear dissipation [16].
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