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Experimental Evidence for Dynamical Decay of Finite Nuclear Matter

R. Yanez, T.A. Bredeweg, E. Cornell,* B. Davin, K. Kwiatkowsky. E. Viola, and R. T. de Souza
Department of Chemistry and Indiana University Cyclotron Facility, Indiana University, Bloomington, Indiana 47405

R. Lemmon and R. Popeséu

National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824
(Received 19 November 1998

Ternary fission in the reactio®C + 2*>Th at Ej,, = 224 MeV reveals evidence for dynamical
decay. The relative emission probability of intermediate-mass fragments (3MFZ = 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

Nuclei are observed to decay via statistical emissiordouble-neck rupture scenarios [11,12]. While the former
of particles in a process analogous to evaporation irscenario is still statistical—driven by phase space consid-
macroscopic liquids [1]. Nuclear collisions, used toerations—the latter scenario is largely, if not completely,
prepare excited nuclear matter, may, however, lead tdynamical.
deformed nuclear shapes which are subject to dynamical The experiment was conducted at Michigan State
instabilities [2]. Dynamical effects in nuclear reactionsUniversity (MSU-NSCL). A'>C beam accelerated by
have been recognized in the preequilibrium emission othe K1200 cyclotron bombarded a self-supporting
nucleons and fragments [3] and in the multifragmentatior700 ug/cnm? 23Th target. Fission fragments were
of the midrapidity zone in near-symmetric heavy-iondetected in two hybrid large area multiwire proportional
collisions [4]. All of these processes proceed on acounters/parallel plate avalanche counters, spanning the
rather fast time scale. The manifestation of dynamics ofaboratory polar angle range of5° = 64, < 67° and
fragment emission on a longer time scale, e.g., the fissiof9° = #z = 112° and centered at azimuthal angles of
time scale, has not yet been reported. In this Letter web, = 270° = 10° and ¢p = 90° = 10°, respectively.
present the first clear experimental evidence of dynamicalhese detectors were positioned0 cm from the target
(nonstatistical) fragment decay on the fission time scale. and provided an angular resolution ©f0.5°. The

To study systems where the dynamical evolution ofasymptotic velocity vectors of the fission fragments were
the shape of the nuclear system is important, yet keededuced by using the measured position and the RF tim-
the statistically thermalized energy modest, we have foing of the cyclotron. RF timing also aided in suppressing
cused on ternary fission in the reactibfC + 23>Th at  accidental coincidences in the analysis. IMFs were
En., = 22A MeV. In this energy domain, incomplete detected with five large area ionization chamber Si(IP)/
fusion of the projectile and target nucleus occurs, fol-Csl(TI) telescopes. These telescopes, which provided
lowed by the fission of the heavy, excited composite sysidentification of theZ, E, and 6 of the IMFs with low
tem into two similar-sized fission fragments [5]. As the detection thresholdsE(/A = 0.8 MeV), were positioned
heavy composite nucleus undergoes the large scale dia group of four detectors centeredéat, = 157°, and
formation necessary for fission, it can decay via emisa fifth detector positioned at,, = 100°. The position
sion of neutrons, light charged particlds€ Z = 2), and  of the group of the four detectors was roughly orthogonal
intermediate-mass fragments (IMF:=< Z = 20). Such to the line of separation of the fission fragments (scis-
decay has been described with reasonable success withsion axis). The5 cm X 5 cm silicon detector in each
the framework of statistical emission theories [6,7]. Re-telescope was segmented into four quadrants. Details
cently, it has also been found that IMFs are emitted fronregarding the performance of this type of detector have
the region between the two fission fragments (neck) nedseen previously published [13,14]. Both binary fission,
the moment of scission, with characteristic energy and ancorresponding to the detection of two fission fragments,
gular distributions [8,9]. The mechanism responsible forand ternary fission, corresponding to the detection of
the production of these near-scission particles is presentlyo fission fragments and an accompanying IMF, were
unclear. Proposed mechanisms for similarly emitted almeasured simultaneously. Geometrical efficiency correc-
pha particles range from barrier modifications due to thdions imposed by these coincidence requirements were
proximity of the two fission fragments [10] to dynamical, performed.
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The defining characteristics of IMF emission are sum-solid line indicates the Coulomb barrier for a touching-
marized in Fig. 1. In Fig. 1a, the center-of-mass kineticspheres scenario given by
energy spectra of carbon fragments detected,af = 1 447 e (Z — Zunp)
. source

157° (histogram) andd;,, = 100° (filled histogram) are E. = 73 MeV,
shown. While the high-energy component is observed at LA[AIMF + (Agource — Avp)'/3] + 2 1)
both angles, the low energy component occurs only in the

detectors positioned approximately orthogonal to the sciswhere Zsouc. and Asource have been approximated by 90
sion axis. Near-scission fragments are preferentially oband 232, respectively, to roughly account for incomplete
served along this direction due to the focusing effect offusion and pre-scission emission of nucleons. The kinetic
the system’s anisotropic Coulomb field. Their energiesnergies for isotropically emitted fragments are roughly
are significantly lower than those expected from the repuleonsistent with this simple formula, indicating that these
sion of a near-spherical source due to the near cancellatidrmagments are emitted while the excited composite system
of the Coulomb field components parallel to the scissionis still relatively compact. Fragments emitted near scis-
axis. Low energy fragments detected at backward anglesion have average kinetic energies significantly lower than
are hence easily distinguished from any possible projechose associated with statistical emission from a spherical
tile remnants arising from a damped reaction on the basisource. This result is consistent with emission of the near-
of their kinetic energy and angular distributions. Thesescission IMFs from a distended source as depicted in the
features of near-scission emission have been well estabartoon of Fig. 1a.
lished in previous experiments [8,9]. The average value The yield distributions of the isotropic and the near-
of the high-energy component peaks close to what wouldcission components are shown in Fig. 1c. The isotropic
be expected in the statistical evaporation of a carbon fragzomponent is well described by a power-law type behavior
ment from a spherical Th-like nucleus (touching-sphere¥ ™" with 7 = 3.1 = 0.2. Near-scission emission has a
configuration). From here on, we distinguish betweermuch flatterZ distribution ¢ = 1.3 = 0.1), consistent
isotropic and near-scission emission based upon the centerith previous measurements [8,9], and for heavy IMFs
of-mass kinetic energy of the IMF. (Z = 8) the yield distribution is essentially constant. A
The dependence of the average kinetic energy orzthe flatter yield distribution in a statistical emission framework
of the emitted fragment is depicted in Fig. 1b. Both theis associated with higher excitation. Because of prior
isotropic and near-scission components exhibit a roughlyeutron emission and deformation, however, near-scission
linear dependence of the average energyZeyir. The emission should be associated with lower excitation
energy. Consequently, the flatter yield distribution for
near-scission emission suggests a decay nmadeolely

>0 [ 3) Zye = 6 b) 180 dependent on excitation energy. N _
——— 0, = 157 A In order to understand the conditions under which
a0l I 6, = 100 % } 1eo m fragments are emitted, we have examined the correlation
] ] 3 between the fission-fragment folding angle and IMF
I QOQ g 140 ¥ emission yield. The folding angle technigue has been well
0l ; AR g if <  established as a means of deducing the linear momentum
E | en® 120 < imparted to the fissile target nucleus [5], from which
4 e the resulting excitation of the composite system can
— i © * Neck be calculated. Binary fission following complete fusion
= 20| 5 o Isotropics 10° : o
5 - e ] would have an average folding angle @fz = 152°. In
<> . 11 % contrast, the most probable experimental folding angle
10l o, = in binary fission events associated with nonperipheral
L :?@ 11t o collisions isf4p = 157°, consistent with the incomplete
T e 0Z £ fusion of projectile and target nucleus in the formation
oL o ?isq(?)?? L 1 of the composite system. In Fig. 2a the dependence
0 102030405060702 4 6 8 10 12 of the folding angle onZ;yr in ternary fission events
E_ (MeV) 7 is presented. For the |sotrop|cally_ emitted fragments
em IMF (open symbols) the laboratory folding angle decreases

FIG. 1. (a) Kinetic energy distribution of carbon fragments monotonically with inFreaSingZIMF due to the feCOi'|

in the center-of-mass of the fissioning composite system formparted to the fissioning system by the backward emitted
detectors centered af,, = 157° (histogram) and ab., =  IMF. Since the angle, kinetic energy, arid of the
égg l\slf'e"\‘/ed Q'E)to'gggg'e“ (ttl‘e]ﬁt;?-a(;:ft-ll'%ﬁgs—i_kinegg Ztng'rgyzas JMF are measured, the magnitude of this recoil can
function of Z,yr for neck (solid) and isotropic (open) emission. be cglculate_d by assuming a/A ratio for the IMF,

(c) Elemental yield distribution for neck (solid) and isotropic consistent with previous measurements [8,9]. The dashed

(open) emission. line in Fig. 2a represents the folding angle associated with
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87% linear momentum transfer of the projectile to thein the framework of an incomplete fusion model using the
composite system, recoil of the fissioning system due taleduced FLMT,
the IMF emission, and subsequent fission. The folding A v \?
angle associated with isotropically emitted fragments can (E*) = E,p —L |1 - (—p> +(0), (2
thus be understood within this picture. In contrast, Ar + pAp ¢
neck IMFs exhibit a more complex behavior. While thewhere E,, is the projectile energyp is the FLMT, A,
folding angle for neck IMFs withiZz = 7 also decreases andA, are the mass numbers of the target and projectile,
monotonically, the folding angle foZ = 8 increases respectivelyp, is the velocity of the projectile, an@) is
with increasingZ, indicating that the latter fragments are the average? value of reaction channels consistent with
formed in events in which less linear momentum wasthe givenp.
initially transferred to the composite system. The dependence of the isotropic IMF vyield relative
We have determined the average fraction of the lineato lithium on excitation energy is shown in Fig. 3.
momentum transferred (FLMT) by the projectile to the The experimental data exhibit an exponential increase
composite system by iteratively correcting on an eventwith increasing excitation energy. This behavior can be
by-event basis the recoil of the backward emitted IMF.qualitatively understood in terms of th dependence of
Its dependence orZivr is shown in Fig. 2b. The the IMF emission barriers. Since the emission barrier
isotropic fragments are associated with a nearly constarmcreases with increasingyg, for a given excitation
FLMT of 90% within the measurement uncertainties. energy one observes a reduced emission probability for
The FLMT associated with neck-emitted IMFs decrease$MFs with largerZ. With increasing excitation energy
monotonically from83% to 25% with increasingZyyr.  this suppression in emission probability decreases.
Decreasing linear momentum transfer is associated with We also compared the experimental data with the
decreasing energy deposition in the composite systenpredictions of the statistical modeliMoN [15]. The
Hence, the observed decrease in FLMT with thef the  solid lines in Fig. 3 depict the predicted yields of Be,
neck IMFs qualitatively suggests that neck emission oB, and C relative to Li fragments as a function of
heavy fragments igot driven solely by excitation energy E*/A. These relative yields have been renormalized for
considerations. Sequential decay of a fission fragmertomparison with the data. The model semiquantitatively
(two-step fission) as a source of near-scission IMFs camgproduces the main trend observed in the experimental
on average, be ruled out since the experimental mas$ata, showing a 3—4-fold increase in the relative yield
distribution of fission fragments associated with near-over the measured excitation energy window. Thus, the
scission emission is symmetric and independerf;@fr. behavior of isotropically emitted IMFs is consistent with
To explore the role of excitation energy on fragmentstatistical emission from a compact source.
emission we have constructed the yield ratios between dif- The dependence of the relative yields of neck emission
ferent IMFs as a function of excitation energy. For sta-on the initial excitation of the system is shown in Fig. 4.
tistically emitted fragments these ratios should manifest

sensitivity to the IMF emission barriers. The average ini-
tial excitation of the composite systef;*), is calculated ;
x 20
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FIG. 2. (a)Z dependence of the average folding angle asso-
ciated with neck and isotropic emission. (B)dependence of FIG. 3. Relative yield of various isotropically emitted IMFs
the average fractional linear momentum transfer for neck anés a function of excitation energy. Renormalized predictions
isotropically emitted fragments. of the statistical modetimoN are shown as solid lines.

Z IMF Z IMF
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In contrast, central collisions should yield less deforma-

1000 F i=4_7 tion and greater heating of the system. Qualitative ex-

] + v pectations dictate that survival of any initial stretching of
50.0 * by t x 20 the excited composite system into the fission channel re-
§ sults in a more elongated scission configuration and con-
- + ) sequently a larger middle fragment. The survival of such
7 10.0F + 1=8-9 an initial stretching should depend sensitively on the na-
o 5ol 4 X 10 ture of nuclear dissipation. Preliminary calculations with
~ * ¢ t + + a dynamical model of fission [16] bear out these qualita-

o tive expectations [17].

= + In conclusion, we have observed the existence of
Lo 1.0f + i=10-13 both statistical and nonstatistical (dynamical) emission

05L of IMFs during fission. Dynamical emission of heavy

+ + "X 1 fragments is enhanced for peripheral collisions for which

+ + initial deformation is expected to be large. General

considerations dictate that the survival of dynamical
0'10 o 012 014 016 018 110 112 stretching should depend sensitively on the magnitude
T and tensorial properties of nuclear dissipation. Dynamical

E"/A (MeV/A) production of fragments in ternary fission could thus serve

FIG. 4. Relative yield of various IMFs emitted from the neck @S & sensitive probe of nuclear dissipation [16].
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