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Near-scission emission of intermediate mass fragments itfC+23?Th at E/A=16 and 22 MeV
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Intermediate mass fragmentBMFS) (IMF: 3<Z,y=<20) observed in coincidence with two correlated
fission fragments following incomplete fusion #iC+232Th atE/A=16 and 22 MeV are investigated. IMFs
emitted prior to significant deformation of the fissioning system, as well as IMFs emitted near scission, are
distinguished based upon their characteristic kinetic energy and angular distributions. The yield distributions of
IMFs emitted near scission in thé4@ induced reactions are compared with near-scission IMF yields in
spontaneous and low-energy ternary fission. Comparisons are made to both experimental fusion-evaporation
data and theoretical predictions of a statistical model. The excitation energy dependence of relative IMF yields
for both isotropic and near-scission emission is also presented. Our results for near-scission emission suggest
that the production of IMFs near scission is inconsistent with a statistical emission mechanism in which
emission barriers follow a standamdependence. Dynamical model calculations are used to investigate the
role of dissipation, angular momentui/Z, and kinetic energy on the fragment formation near scission.
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[. INTRODUCTION trinsic excitation of the system. The nature of this dissipa-
tion, both its magnitude and its tensorial properties, is a sub-
Nuclear fission is a fascinating process as it involves thgect of widespread interest. One suggested probe to study
shape instability of a small, strongly interacting system of anuclear dissipation is ternary fission, in which the nuclear
few hundred constituen{d,2]. This splitting of the nuclear system splits into three fragmert4]. As the yield for ter-
droplet, which involves the collective rearrangement of thenary fission is small compared to binary fission, a model
constituent nucleons, can be described as a surface instabilityhich describes not just the average behavior but the fluc-
[3]. The details of how such shape instabilities proceed fotuations within the system is required. The present experi-
small, strongly interacting systems, particularly at finite tem-mental data hopefully provide the stimulus for the develop-
perature, remains an open question. Since the instability is ment of such a theoretical model, as well as the appropriate
surface instability, the general phenomenological approachomparison for the predictions of such a model.
has been to describe the fission process in terms of an evo- In nuclear fission, a few probes of dissipation exist: the
lution of the shape of the liquid drop. As the instability is total kinetic energy of the fission fragments, the prescission
governed by the interplay between the Coulomb and surfaceeutron multiplicity, the multiplicity of giant dipole reso-
energies, a leptodermous liquid-drop-type model captures theance (GDR) vy rays, and near-scission charged particle
relevant physics. It is well established that as the nucleusmission. The systematics of the total kinetic energies of the
deforms from a mononucleus to a dinuclear system, nucledission fragments has received considerable attention over
dissipation couples the shape degrees of freedom to the ithe past few decadd$,6] and is relatively well understood
phenomenologically. The use of the prescission neutron mul-
tiplicity as a “neutron clock” to investigate the descent of
*Present address: Universidad de Chile, Santiago, Chile. the system from saddle to scission has also received consid-
"Present address: Los Alamos National Lab., Los Alamos, NM. erable attentiofi7]. However, the problem of distinguishing
*Present address: CCLRC Daresbury Laboratory, Warringtonbetween neutrons emitted prior to the system attaining its
WA4 4AD UK. saddle configuration and neutrons emitted as the system
$present address: Brookhaven National Laboratory, Upton, NY. evolves between saddle and scission configurations limits the
IPresent address: University of lllinois at Chicago, Chicago, IL. applicability of this approach. GDR/ rays have also re-
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ceived considerable attention as a probe of the nuclear vis  Ton Chamber
cosity [8,9]. As with prescission neutrons however, present  Telescopes

ambiguities as to the yield of rays emitted presaddle vs €3
postsaddle limit the usefulness of this probe of fission dy- PPAC -
namics. In contrast, near-scission charged particle emissioi  IC 3,4 MWPC
(ternary fissiom for hot systems, has received relatively little LC
attention as a probe of fission dynamics and thus presents 81c 12
unique opportunity. ’ Target

In this work we present the results of twidC induced % 4-pack Bhadow
reactions or?32Th targets aE/A= 16 and 22 MeV. In Sec. I (450 Beam
we describe the experimental setup and the detector calibre
tions. The main experimental results of this work are pre- Target 30.0 em
sented in Sec. lll. In Sec. IV we describe our calculations '

with the Los Alamos macroscopic dynamical model for large
amplitude collective motions to investigate the influence of

angular momentumiN/Z, and kinetic stretching on ternary RC z
fission. Section V presents an attempt to describe our result

in terms of statistical emission theory. The conclusions of our :%: y
present work are summarized in Sec VI. Details of the kine- PPAC -

matic reconstruction program and the efficiency calculations MWPC

are found in Appendixes A and B, respectively. All data
shown unless explicitly stated otherwise are corrected by FIG. 1. Experimental setup used to investigate the
both the kinematic reconstruction and geometric efficiencyeactions’C+2°Th atE/A=16 and 22 MeV.
procedures.
of ~4 Torr of isobutane and an applied voltage-0550 V.
Il. EXPERIMENTAL SETUP Previous tests indicated that these conditions result in almost
) ) unit efficiency for detecting fragments with=8 [13]. The
Two independent experiments were performed, one afescribed experimental setup provided measurement of the
Michigan State UniversityMSU) and the other at Argonne fission-fragment folding angle in the range 1286,g
National Laboratory(ANL), in which a *’C beam acceler- <178 for the MSU experiment and 128%,,<180° in
ated to energies oE/A=22 MeV (E,=264 MeV) and  the ANL experiment.

E/A=16 MeV (E;;»p=193 MeV) by the K1200 cyclotron  The position resolution achieved with the PPACs is
and the Atlas linac, respectively, bombarded a selfshown in Fig. 2. In Fig. @), single wire resolution in the
supporting 700ug/cn? **Th target. The average intensity direction is evident. As this wire plane is in the multiwire
of the beam was-1-4x 10'° particles per sec. Both experi- portion of the counter, collection of electrons on thwires
ments utilized an almost identical physical setup which isthemselves results in the excellent resolution. Position reso-
schematically illustrated in Fig. 1. Differences in detector|ytion in they direction is somewhat worse as can be seen in
placement, mandated by the slightly different kinematics, arg=jg. 2(b), as it relies on an induced rather than a direct signal.
summarized in Table | and Table Il. Target shadowing wasthe resolution {0.5°) evident in Fig. 2 is sufficient for
minimized by rotating the target foil-45° with respect to  measuring the fission-fragment angular correlations as
the beam axis. postscission neutron emission alters these correlations by
Fission fragments were detected by pairs of hybrid large_2° on average. Position signals from the PPAC detectors
area parallel plate avalanche counter/multiwire proportionajyere calibrated by using #°Cf fission source, a set of pre-
counters(PPAC$, one on either side of the beam axis, ascjsely machined masks, and an optical transit. The calibra-

shown in Fig. 1. One pair of PPACs was centered at beamion procedure provided unambiguous position assignment of
height[the (y,z) plang while one or two additional pairs
were rotated out of they(z) plane by an angle = +27.5°

. . . TABLE . Angular positions of the parallel plate avalanche
directly above or below the center PPACs. Situated at a d'séounter(PPAQ during the two experiments.

tance of 30 cm from the target, each PPAC, with an active

area of 8 cnx14 cm, provided an angular coverage of E/A=22 MeV E/A=16 MeV
~32°in 6)5,- Thex andy position sensitivity was provided ppac 9 P 9 P
by two parallel wire planes with the wires oriented in mutu-

ally orthogonal directions. The anode provided a timing sig-Left-Center +51.3° 0.0° +55.0° 0.0°
nal with a rise time of 4-5 ns for fission fragments. This fastRight-Center ~ —95.2° 0.0° —95.0° 0.0°
signal in conjunction with the accelerator radio frequencyLeft-Up +51.3° +27.5° +55.0° +27.5°
allowed measurement of the fission-fragment velocities. Th&ight-Down —-952° —27.5° —-95.0° —27.5°
position of an ionizing particle in the PPAC in both thand  Left-Down +51.3° —27.5° n/a nla
y directions was determined by the standard delay line techrignht-up —-952° +275° n/a n/a

nique[10-19. The PPACs were operated at a gas pressure
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TABLE II. Angular positions of the ion chamber telescopes dur- 500 prr—rprrrr e T T T

ing the two experiments. ORI F ) (B o ]

400 3 ——-219 106 MeV 1 — =261 120 MeV

Telescope ~ E/A=22 MeV E/A=16 MeV a0 Tt 7O MV T 333 109 MeV

number 9 1) g @ )

2 200 F =

1 +167.6° +8.8° +160.8° —8.8° § - T ]

2 +167.6° —8.8° +160.8°  +8.8° g 10 ED E

3 +149.9° -8.8° +1432° +88° o i WS

4 +149.9°  +88° +1432° -88° E_F + ]

5 +100.6°  0.0° +100.0°  0.0° 5 00F T — 545 80 Mevs
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the wires in each PPAC. The position signals for two coin- 100 3 E3 E

cident particles allowed selection of correlated fission frag- 50 F + =

ments on the basis of coplanarity. The anode signal of the L S .ﬂhmﬂ&ﬂ_’ﬂ%@@f
2

S T
|\~
o

PPAC was also used to provide a measure of the pulse
height. Based upon their significantly larger pulse height,
fission fragments were cleanly distinguished frarparticles
in the off-line analysis. o .
Charged particles emitted in the reactions were detecteﬂb)FIGa% Kf'nenc energg d'Str:jbl.Jt'ons of I?_Eia)_ and (c)] aanhC d
with low-threshold ionization chamber(8)/Cs(Tl) tele- L) @nd(d)] fragments observed in temary fission events. The data
. in (a) and(b) are measured-90° from the scission axis while the
Scopes[14,_1';'§|. The angylar Ioc_atlt_)n of _the center of eé_lCh data in(c) and(d) are measured-50° from the scission axis. Hori-
fcele.scope in both experiments is listed in Table Il. The ion-, ..\ - o denote the fit regions used.
ization chambers were operated at a pressure 18 Torr of
CF,, providing a AE measurement with a low detection electronics, was checked over the full dynamic range of the
threshold 0.8 MeV/nucleon). The @iP) detector present analog-to-digital converters by injecting a series of precisely
in each telescope was 30@m thick, sufficient to stop all controlled charge pulses at the input of each charge sensitive
charged particles witZ=3 emitted in these reactions, pro- preamplifier. Thex-source calibration together with the elec-
viding anE .ymeasurement. The @) consisted of a quad- tronic pulser provided an absolute energy calibration. All
rant design (2.5 cm2.5 cm/quadrant), thus providing an dead layers, including the measured dead layer on the front
angular quantization of-5° for detection of intermediate face of the SilP) detector, were accounted for in the off-line
mass fragmentsIMFs) and light charged particled CPg.  analysis with an energy loss progrdr6,17. The atomic
Each quadrant of the @P) detector was backed by a numberZ, of particles traversing the IC telescopes was de-
Csl(TI)/PD detector, which was used to veto energetictermined by utilizing theAE-E techniquef18].
charged particles that “punched through” theIBj detector. Both binary (two coincident PPAQsand ternary events
Energy calibration of the ion chamb@€) telescopes was (two coincident PPACs and an IC telescppeere recorded
performed using &%°Th « source at the target position. The for off-line analysis. Binary events were downscaled by a
linearity of the S{IP) detectors, together with the associatedfactor between 10 and 20 to reduce the dead time of the data
acquisition system.

40 60 0 40
E, . MeV)

<
(=)
(=)
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o

1000 -I TTT | TTTT IIII||III|I|II- ”Il EXPERIMENTAL RESULTS
800 [ .
600 |- X N The center-of-mass kinetic energy distributions for frag-
L i ments detected in coincidence with two correlated fission
400 . fragments in the reactio®’C+2%*Th atE/A=22 MeV are
W 200 i displayed in Fig. 3. Figures(8 and 3b) depict the energy
g ol A ] spectra for beryllium and carbon fragments, respectively, as
3 - (b) i measured-90° with respect to the scission axi€ 1-I1C 4
400 7] in Fig. 1). Both distributions are bimodal, in agreement with
300 i earlier investigations of ternary fissigd9,20. The energy
T spectra for beryllium and carbon fragments, as measured
200 — o - . 92
] ~50° with respect to the scission axis, are shown in Figs.
100 7] 3(c) and 3d) (IC 5 in Fig. 1). Unlike the~90° spectra, these
olLdo b b B L il distributions are single peaked. Gaussian fits to the high-
600 800 1000 1200 1400 1600 energy component in Figs.(@ and 3d) yielded mean

A-Position (Channels) center-of-mass energie&,. ,), of 43.8 MeV for beryllium
and 54.5 MeV for carbon. These values of . ,,) are

FIG. 2. Position resolution in th& andy directions for the close to the values obtained for the high-energy component
PPAC-MWPC. at angles orthogonal to the scission g¥igs. 3a) and 3b)].
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T T T 7T TABLE lll. Average azimuthal correlation angles, corrected for
4 Isotropic (22 MeV/nucl) ] finite detector resolution, for binary and ternary fission in the two

— Calc. for touching spheres . . X X R
o NSE (22 MeV/nucl) reactions along with their associated second moments.

100

> 80 " o NSE (16 MeV/nucl) E
5 E ¢ E Incident energy <¢AB>binary <¢AB>ternary
60 [ 3
- ] E/A=22 MeV  180.1° {,=16.0°)  180.3° f1,=17.9°)
B 40F E/A=16 MeV  180.6° ,=14.0°)  181.0° f,=15.2°)
E a§i§§%%§
P T N R R R . . ) )
0 2 4 6 8 10 12 14 for isotropically emitted fragments are roughly consistent

with this simple formula, indicating that these fragments are
IMF emitted while the excited composite system is still relatively

FIG. 4. Dependence of the average center-of-mass kinetic er{:_ompa_ct and spherical, consistent W|th a statistical emission
ergy on the atomic number of the temary partidg,: . Data for ~ SC€nario. The enhanced bend oyelative to the calcula-
BY(ny, ,f) are taken from Ref[29]. tion) of (E.,) for large values ofZ,,- may be due to the

effects of shape polarizatidi22] or shape fluctuation23].
In this latter case, fits to the high-energy components yieldeth contrast to statistical emission from a spherical source,
values of 42.5 MeV for beryllium and 53.3 MeV for carbon, fragments emitted near scission have significantly lower av-
respectively. In addition, the overall yield of the high-energyerage kinetic energies consistent with emission from a dis-
component, _after accounting for the difference in dete_CtOtended source on a time scale commensurate to the fission
solid angle, is comparable between the two angular regiongrocess. As evident in Fig. 4, the magnitude(&t, ,) for
These results are therefore indicative of an emission mechawear scission emission at 22 MeV, 16 MeV, and even thermal
nism which is isotropic or close to it. A reasonable and conyeytron induced fission o®U is essentially the same. This
sistent scenario is that the high-energy component is assoGlasylt may indicate that the average kinetic energy of the
ated with prescission emission from a system which has ng{,gments emitted near scission depend weakly, if at all, on
]Eropeedeql, as of the emission time, far along its ultimatg,e eycitation of the system. This behavior should be com-
'351'_?]” tlr ajectory. - trast ds t ared with the average kinetic energies of evaporated par-

;e low-energy component, in contrast, Corresponas g oq \yhich depend on the temperature of the emitting sys-

emission near the moment of scission from the region be; . .
o tem. Unfortunately the quality of the experimental data does

tween the two nascent fission fragments—the neck. Near " )
ot allow us to make a detailed comparison. The constancy

cancellation of Coulomb forces parallel to the scission axid!

results in the ternary particle being propelled essentially per(—)f the (Ecn) for the NSE component for different incident

pendicular to the scission axis giving near-scission emissiofi"€rgies and projectiles may also arise from the fact that
(NSE) its characteristic energy-angle relationsfaa]. althoug_h theinitial excngtpn energy in the th(ee cases is
To distinguish between isotropic and near-scission emisduite different, the excitation energy at the time of near-
sion in ternary fission events, we have applied simple oneScission emission is comparable.
dimensional cuts to the kinetic energy distributions, as In order to fully understand the characteristics of ternary
shown by the arrows in Fig. 3. We have assessed the “corfission, it is important to compare the angular correlations
tamination” between the low-energy near-scission emissiofpetween fission fragments with the case of binary fission.
and the high-energy isotropic emission due to this simplerhe coplanarity angle¢,gz, defined as the difference be-
selection by utilizing more restrictive energy selection crite-tween the azimuthal coordinates of the two coincident fission
ria. These more restrictive criteria do not alter our conclufragments, i.e.¢pag=|ba— ¢g|, provides useful information
sions. Due to the limited statistics, most of the analysis wasegarding the conservation of linear momentum between the
performed with the less restrictive energy cuts denoted bywo fission fragments in the transverse direction. Conserva-
the arrows in Fig. 3. tion of linear momentum between the two fission fragments
The dependence of the average kinetic energy oZfl§e  requires that the angleb,g equal 180°. Table Il lists the
of the emitted ternary fragment is depicted in Fig. 4. Both themean values ofp,z and second moments?, obtained by
isotropic and near-scission components exhibit a roughly linitting a Gaussian to each of the distributions shown in Fig.
ear dependence of the average energyZji. The solid 5 The mean value in all four cases is effectively equal to
line indicates the Coulomb barrier for a touching-spheresigoe, indicating conservation of transverse momentum. The

scenario given by width of the coplanarity angular distribution reflects both

momentum transfer perpendicular to the beam axis in the

LA We(Zsourcs Zivr) MeV 1) incomplete fusion reaction and postscission neutron or
SWINTE oMY D harged particl tion. Both the binary distributi

LAAY 4 (Agurce Amr) Y]+ 2 charged particle evaporation. Both the binary distributions

and the ternary distributiongvith Z;,,;e=3) shown in Figs.
where Zgyuce aNd Agource have been assumed to be 90 and5(a) and §b), respectively, have comparable means and
232, respectively, to roughly account for incomplete fusionwidths. In the current work, the azimuthal correlation was
and prescission emission of neutrons. The kinetic energiegrimarily used to verify the correlation of two fission frag-
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FIG. 5. Distribution of the coplanarity anglg,g for binary (a) 0 0 160 80 0 0 160 80
and ternary(b) events. In the ternary casg=3 for the ternary Folding Angle 6, (deg)

particle.

FIG. 6. Folding angle distributiorf,g for coincident fission
ments. As described in Appendix B, it was also used to estiffagments aE/A=22 MeV[(a) and(c)] and 16 MeV[(b) and(d)]
mate the impact of postscission neutron emission on thé binary and ternary flssu_nn. For ternary fission, solid symbqls rep-
measured folding angle. resgnt the measureql foldlng_ angles gnd open s_ymbol_s indicate the

The linear momentum transferred to the composite systerﬁjldmg angle following recoil corre_ct!on. A fra_ctlonal linear mo-
from the incident projectile can be determined by examinind7nentUIm transfer scaley=pj /Poeam 1S included in each panel.
the fission-fragment folding anglé,g= 04+ 05 between indicating a decreased probability for complete fusion at the
two correlated fission fragmenf24]. At low incident ener-  higher incident energy. As the incident energy increases, the
gies, complete fusion is the dominant interaction mechanisrtikelihood of incomplete fusion, either through projectile
and a central collision between projectile and target nuclebreakup or the onset of preequilibrium emission, increases.
transfers all of the momentum of the incident projectile toThis trend is also consistent with the results for binary fission
the composite nucleus. On the other hand, a more peripherf25]. For the reaction at 22 MeV/nucleon, binary fission fol-
interaction will result in the transfer of considerably less lin-lowing complete fusion would correspond to an average
ear momentum. The larger the transferred momentum, thfslding angle of 152°. The most probable experimental fold-
higher the velocity of the fissioning system. Since the twoing angle for events associated with binary fission in nonpe-
fission fragments are emitted back to back in their center-ofripheral collisions is 156.9°. This folding angle is consistent
mass frame when fission occurs, the higher the velocity ofvith the incomplete fusion of projectile and target nuclei
the fissioning system the smaller the folding angle of the twdfollowed by fission of the composite system.
fission fragments in the laboratory frame. The measured Shown in Figs. 6c) and &d) are the folding angle distri-
fission-fragment folding angle distributions for both binary butions associated with ternary events in which the ternary
and ternary fission are presented in Fig. 6. fragment hag=3 at 22 and 16 MeV, respectively. The most

Displayed in Figs. @& and €b) are the binary folding probable measured folding angle for ternary fission events
angle distributions for both incident energies. These distribuf{closed symbolsis smaller than for binary fission events
tions exhibit a dominant peak which can be approximatedFigs. §a) and Gb)]. At least in part, this decrease can be
with a Gaussian with a most probable value of 156.9° for thegualitatively understood as the recoil imparted to the fission-
22 MeV/nucleon reaction and 154.0° for the 16 MeV/ing nucleus by the backward emitted ternary particle, which
nucleon reaction, respectivelydenoted by the arrows in boosts the fissioning nucleus in the forward direction. Open
Figs. 6a) and @b)]. Each distribution also shows the pres- symbols indicate the distributions corrected for this trivial
ence of a shoulder at large angles. Given the associatiorecoil effect. The most probable value of each distribution is
between linear momentum transfer and the folding angle dendicated by the numerical values adjacent to the arrow. At
scribed above, we can associate the main bump with fissiob6 MeV [Figs. 6b) and &d)], the average folding angle after
following central collisions and the shoulder with fission fol- recoil correction is essentially the same for ternary as for
lowing peripheral collision§25]. The relative strength of the nonperipheral binary events. At 22 MejFigs. 6a) and
latter increases strongly with increasing fissility of the target6(c)], even after recoil correction, the most probable folding
nucleus. For the binary fission data the following observatiorangle associated with ternary fission is significantly smaller
can be made: The most probable folding angle is higher fothan the most probable folding angle associated with binary
the 22 MeV/nucleon data than for the 16 MeV/nucleon datafission.
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FIG. 7. Dependence of the average fission folding angle distri- FIG. 8. Relation between the average fractional linear momen-
bution onZ of the ternary particle. tum transfer and e .

To better understand the conditions under which ternary
fragments are emitted, we have examined the correlation béear-scission IMFs. The interesting behavior noted in Fig.
tween the average fission-fragment folding angle and thé(@) for near-scission emission at 22 MeV is also observed at
atomic number of the ternary fragment. In Fig. 7 the depen16 MeV. The similarity of the results for the two data sets
dence of the average folding angle @, of the ternary indicates that the interesting behavior observedEa#
particle is presented. For isotropically emitted fragments=22 MeV is not confined to a single incident energy, and
[Fig. 7(a)], the average folding angle decreases monotonithat the average folding angle associated with near-scission
cally with increasingZ, . As mentioned previously in con- €mission is at least somewhat independent of the incident
nection with the bottom panels of Fig. 6, this trend is quan-€nergy. We have also considered the impact of the finite
titatively consistent with momentum being imparted to the(though low detection thresholds for heavyZ£8) near-
fissioning system by the backward emitted IMF. To examinescission fragments. Low-energy fragments are necessarily
this qualitatively, we have performed a simple calculation inassociated with a small recoil to the fissioning system and
which we assume the projectile transfers a given fraction ohence a larger observétlg . The observed increase (fiag)
its momentum to the composite system, which then receivet®r Z,y=8 can thusnot be attributed to the influence of
an additional recoil velocity consistent with the average di-finite detection thresholds which act to reduce the observed
rection and average kinetic energy of the measured ternafyfag)-
fragments at backward angles. The composite system then We have related the measured folding andlg; , to the
fissions with kinetic energies consistent with the systematic§actional linear momentum transféfLMT) transferred by
of total kinetic energy release in fissif8,6]. By fixing the  the projectile to the composite system by iteratively correct-
laboratory angle of one of the fission fragments, the laboraing on an event-by-event basis the recoil of the backward
tory angle of the second fragment is calculated using themitted IMFs(see Appendix A The dependence of the av-
procedure described in Appendix A. The solid line in Fig. 7erage FLMT on the of the ternary particle is shown in Fig.
corresponds to a calculation that assumes 87% linear m@. At 22 MeV, as displayed in Fig.(8), high-energy, isotro-
mentum transfer from projectile to composite system fol-pically emitted fragments are associated with a nearly con-
lowed by IMF emission and subsequent fission. The fairlystant average FLMT of-90% within the measurement un-
good agreement between the experimental data and th@ertainties. In contrast, the average FLMT associated with
simple calculation indicates that the folding angle associatedear-scission IMFs decreases monotonically frei®3% to
with isotropically emitted fragments can be understood rea=~25% with increasingZ. Decreasing linear momentum
sonably well within such a scenario. In contrast, IMFs emit-transfer is presumably associated with decreasing energy
ted near scission exhibit a more complex behavior. While theleposition in the composite system. Hence, the observed de-
folding angle for IMFs withZ,,-<7 also decreases mono- crease in average FLMT with tleof the IMFs qualitatively
tonically, as for the isotropic case, the folding angle forsuggests that near-scission emission of heavy fragments is
Zme=8 increases with increasing,ye, suggesting that not driven solely by excitation energy considerations. The
these near-scission fragments are formed in events in whidhehavior of near-scission emission manifested in Fig) 8
less linear momentum was initially transferred to the com-for the 22 MeV data is also exhibited BfA=16 MeV as
posite system. In the lower panel of Fig. 7 the dependence afepicted in Fig. &). While the same general trend of de-
(Oa) ON Zyye at 22 MeV is compared with 16 MeV for creasing FLMT with increasing g is observed, at 16 MeV,
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FIG. 9. Elemental yield distribution for the isotropic and near-

o S o FIG. 10. Relation between theparameter an@&* based upon
scission emission in ternary fission event&aA =16 and 22 MeV.

fusion-evaporation data and statistical model calculations. Solid
symbols indicate the values affor near-scission emission.

for small-neck fragment<,,c<6, the FLMT is essentially
100%, in agreement with systematics. To emphasize that thi¥leV (open circley are roughly comparablél.1 and 1.6 at
trend doeshot arise as a consequence of the efficiency cor22 MeV and 16 MeV, respectivelyln contrast, ther values
rections for the finite experimental acceptance, we alsdor isotropic emission at the two incident energies is mark-
present in Fig. &) the (FLMT) uncorrected by the experi- edly different (3.0 at 22 MeV as compared to 6.2 at 16
mental efficiency. Data both uncorrected and corrected foMeV). This latter increase im with decreasing incident en-
the finite experimental acceptance exhibit effectively theergy is consistent with a lower initial excitation energy at 16
same behavior of FLMT) on Z, indicating that the effi- MeV. The smaller change infor near-scission emission also
ciency corrections play a minor role in the observed trend. suggests that this process is either insensitive or weakly sen-
The remarkable behavior of near-scission heavy fragmergitive to the excitation of the system. The influence of angu-
emission can be further studied by observing the ternary patar momentum on neck fragment emission may also contrib-
ticle yield distributions. In Fig. 9 the yield distributions of ute to the weak dependence ofor the neck component at
the isotropic and the near-scission components at both inchoth incident energies.
dent energies are shown. As evident in this figure, low- To provide a reference frame within which to understand
energy, near-scission emission has a relativelyZldistribu-  these extracted parameters, we display in Fig. 10 the pa-
tion, consistent with previous measuremeni$9,2q. rameterr as a function of excitation energy for fusion evapo-
Moreover, for heavy IMFsZ=8) the yield distribution is ration in the reactiorfHe+ "¥Ag at incident energies of 45—
essentially constant. It is instructive to compare the isotropid30 MeV [26]. To facilitate our comparison of this data to
emission with the near-scission emission at a fixed incidenthe NSE 7 parameters extracted, we have also performed
energy. The near-scissiahdistribution is much flatter than statistical model calculations with the computer cet@oN
the corresponding distribution for isotropic emission. In the[27] and fit the predicted elemental distributions. In the
low to moderate excitation energy range examined in thisimulations, the emission of light particles and clusters with
work, a flatter yield distribution in a statistical emission Z<6 were allowed to compete with fission decay of excited
framework is associated with higher excitation or a slowemuclei produced in the incomplete fusion ¥C+23?Th at 22
evolution of emission barriers with,,=. Due to prior neu- MeV/nucleon. The open triangles in Fig. 10 display the re-
tron emission and deformation, however, near-scission emissults of the statistical model simulations. It is not surprising
sion should be associated with lower excitation energy thathat a statistical model liksiMON is able to reproduce the
the isotropic component. Consequently, the flatter yield disevaporation data fairly well as the model has built in the
tribution for near-scission emission again suggests a decasalient features of statistical emission. The overall depen-
mode eithernot solely dependent on excitation energy or dence ofr on excitation energy was determined by fitting
with nonstandard emission barriers. Angular momentum efboth the experimental evaporation data andsiveoN calcu-
fects may also play a role in enhancing the probability for thations with an empirical formr=a(E*) " wherea andb
emission of heavier-neck fragments consistent with the obare constants. The best fit using this form is displayed as the
servation of a flatZ distribution. The different impact of dashed line in Fig. 10. The closed symbols in Fig. 10 which
excitation energy on isotropic emission and near-scissioindicate ther parameters extracted for near-scission emis-
emission is evident in the yield distributions shown in Fig. 9.sion in the two'?C+232Th reactions should be compared to
In order to compare thg distributions presented in this fig- this standard statistical evaporation reference frame. It
ure we have fit the distributions with the form(Z)«<zZ"". should be noted that the deduced excitation energy for the
On the basis of their value, the shape of thedistributions  near-scission emission case corresponds to an upper limit
for near-scission emission at 16 Métlosed circlesand 22  based on the extracted FLMT. At scission, one expects that a
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FIG. 11. Comparison of the elemental NSE yields for several . <1 f < 0.10
different reactions. Lines serve to guide the eye. L { ﬁ f { f f os 3
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significant fraction of the initial excitation has been con- o b b b b Lo L I g g
verted into deformation energy or lost to prescission neutron 0.0 0.5 L0 0.0 0.5 Lo L5
emission. This fact is indicated in the figure by the arrows on E*/A (MeV)

the two near-scission emission points. However, even if we
consider the initial excitation energy as the excitation energy FIG. 12. Relative yieldY(Z)/Y(3) as a function oE* for the
at scission we see a marked difference for near-scissioigotropic (a) and the near-scissior(b) components atE/A
emission when compared to the points for statistical evapo=22 MeV and the NSE component B1A=16 MeV (c).
ration. At the same initial excitation, the value of thea-
rameter for both the 22 MeV and 16 MeV data is signifi- tions. The average initial excitation of the composite system,
cantly lower, by a factor of 3 or more, for the case of near-prior to the emission of the ternary particle and fission, is
scission emission as compared to fusion evaporation. Thideduced within an incomplete fusion model as explained in
difference suggests that the near-scission emission proce8gpendix A. For normal statistical emission, one expects
cannot be described by a statistical model with emission bathat these ratios should manifest sensitivity to the
riers, By, which evolve withZ as expected for standard Z-dependent emission barriers. In order to explore this rela-
mononuclear emission. tionship, we have examined the yield for isotropic emission
Figure 11 depicts a comparison of near-scission yields foof fragments withz,,,.=4 relative to the yield for isotropi-
heavy-ion induced ternary fission with those reported forcally emitted lithium as a function of the deduced excitation
spontaneous and thermal neutron induced ternary fissioenergy of the composite system. The results of this compari-
[20,28-30. The spontaneous and thermal neutron inducedon are shown in Fig. 18). The experimental data exhibit an
data manifest a strong odd-even effect perhaps indicatingxponential increase with increasing excitation energy. This
that the near-scission IMFs are being emitted when the sy$ehavior can be qualitatively understood in terms of Zhe
tem is at a low temperature. As the maximum available exdependence of the IMF emission barriers. Since the emission
citation energy increasesr(and °C induced reactionsthe  barrier increases with increasingy for a given excitation
magnitude of the odd-even effects which presumably arisenergy one observes a reduced emission probability for IMFs
from ground-stat&) values begins to diminish. Such behav- with largerZ. With increasing excitation energy this suppres-
ior may indicate emission from a hotter source, i.e., a highesion in emission probability decreases.
excitation energy at scission which decreases the importance We have also compared the experimental data and our
of ground-stateQ-value effects. Another notable feature of simple expectations of standard statistical emission with the
the heavy-ion data is the significant yield f85,.=8. This  predictions of the statistical modelmMON. In these simula-
feature could result from states of higher angular momenturtions, several cases of FLMT were selected and the initial
of the fissioning system populated by the heavy-ion reactiorexcitation energy of the starting nucleus was estimated in the
and may indicate the sensitivity of the near-scission emissiomanner explained in Appendix A. In all cases, the angular
process to angular momentum. momentum of the starting nucleus was assumed to/be 1
To explore how heavyZy==8) fragments emitted near The emission of light particles and clusters wiks6 were
scission differ from those emitted isotropically, we have ex-allowed to compete with fission decay and a detection filter
amined the relative yield for isotropic and near-scission fragwas developed to simulate the experimental conditions, in-
ments as a function of the excitation energy in both reaceluding the energy thresholds, direction, and solid angles of
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all detectors. The solid lines in Fig. & depict the predicted

of excitation energy. These relative yields have been renor- C+“*’Th at 16 MeV/nucleon.
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TABLE IV. Experimental cross sections for near-scission emis-
yields of Be, B, and C relative to Li fragments as a functionsion as a function oy of the ternary particle for the reaction

malized for comparison with the data. The model semiquan-=

titatively reproduces the main trend observed in the experi—ZWIF N N’ onse (Mb)
mental isotropic data, showing a three- to fourfold increase 141 232462 19577 0.118 0.023
in the relative yield over the measured range in excitatiory 138 218979 18641 0.11%0.022
energy. Thus, we conclude that the behavior of isotropicallyg 78 123544 13989 0.0630.013
emitted IMFs is consistent with standard statistical emission 116 196646 18258 0.106-0.020
from & compact source. o . 32 536939492 0.027-0.007
The dependence of the relative yields of near-scissiory 36 105304 17551 0.0540.013
emission on the initial excitation of the system BfA 19 40085 9196 0.02}:0.006
=22 MeV is shown in Fig. 1@). The yields of near- 10 3 40958 8540 0.02(}_0.006
scission fragments witz=4-7, Z=8-9, and Z=10 1 24 63259 12913 0'0320'009
—13 have been normalized by the yield =3 near- ' '
scission fragments. In marked contrast to the trends observ 193 ig;;; ;‘2";2 ggiigggj

in panel Fig. 12a), the relative yields in Fig. 1®) do not
show an exponentially increasing behavior with increasing
excitation energy. Fpr hear-scission fragments. mh4 While the approach we have used in relating the measured
—7 the relative yield is approximately constant with increas-, ission-fragment folding angle to FLMT and excitation en-
ing excitation energy. Such behavior could be understood iL

th ‘ssion barfi th ” ission barri rgy is onaveragecorrect, for an individual event postscis-
€ emISsIon barriers were the same or 11 no emission barmeig,y emission can introduce large fluctuations in the deduced
existed, and would be consistent with emission of near-

ission f ¢ i ded f ) quantities. In order to assess the magnitude of these fluctua-
scission fragments from distended configurations. 11:9'_8 tions we have utilized the Monte Carlo simulation described
—9 the relative yielddecreaseswith increasing excitation

; in Appendix B. The influence of postscission emission was
energy. A factor of 5 decrease is observed between the casgs,jated by smearing the fission-fragment folding angle by
involving the lowest excitatiorperipheral collisionsand 5 G ssjan with a standard deviation of 2.8° consistent with
cases involving the highest ex0|tat|c(mor<_a central colli- the width of the experimentally observetl,z distribution.
sions. I.n the case OZ: 10-13, a suppression by a factor of By this approach we deduce the uncertainty associated with
approximately 20 is observed betwedt'/A=0.2 and iqe reconstructed excitation energy to b@0%—25%. All

E*/A=0.6. This trend would suggest that the emission baryqcjusions which involve the deduced excitation energy are
riers decrease as tlzeof the ternary particle increases. Thus, not affected by this level of uncertainty.

the excitation energy dependencies of isotropic emission and ~a of the important questions in studying terné4sE)

fr;ear—i(:ls_s:;)n emlss;on arzle inherently different and may regggjon is the absolute cross section of the decay channel. At
e<|:tt € :jn uencde_ 0 ar;]gu ar mo_me_ntum;c aniifi E/A=16 MeV, the binary fission cross section was calcu-
n understanding the association of significant neary,ieq py correcting the measured binary fission rate for the

scission heavy_ fragment yield _W't,h low linear mom,entumgeometric efficiency of the setup, the dead time of the data
transfer, or equivalently low excitation energy, two points are

. acquisition, and the downscale factor for recording binary
noteworthy. First, for heavy fragmentZ£8) the mass of o\ ents The binary fission cross section was then calculated
the fragment approaches the mass of the neck. Thus, stat

. o ; > fom the corrected binary fission rate by utilizing the known
tical emission from the neck would require evaporation ofinengity of the beantintegrated over several runand the
almost the entire “source a”O_' IS supprgsged on _thg ba§|§ CKnown target thickness. By this means, the binary fission
source size effects. Suppression of statistical emission is inksg section in this reaction was determined to be

portant if one is to clearly isolate a coexisting/competing
decay mechanism. Second, for collisions involving modest
linear momentum transfer (25%), any deformation
(stretching introduced into the target nucleus by collision The cross section for IMF emission was then deduced from
with the projectile may be significant. In contrast, centralthe efficiency corrected IMF yields and the binary fission
collisions should yield less deformation and greater heatingross section. These cross sections together with their uncer-
of the system. Qualitative expectations dictate that survivatainties are listed in Table IV. For the low yields measured in
of any initial stretching of the excited composite system intothis work, we estimate that the statistical uncertainties domi-
the fission channel result in a more elongated scission corpate the uncertainties in the calculation of the total cross
figuration and consequently a larger middle fragment. Thesection.

survival of such an initial stretching should depend sensi- In the case of spontaneous or low-energy induced fission
tively on the nature of nuclear dissipation. On this basis, on@ne typically expresses the relative yield for ternary frag-
expects larger middle fragments to be associated with mormentation in terms of the ternary to binary ratio,
stretched scission configurations, while smaller middle frag-Y imar/ Ybinary- The ternary yield is dominated by the yield
ments are associated with more compact scission configuraf light charged particlesA<2), particularly« particles. As
tions. it has been suggested that these light particles might arise

0y=2.45+0.11 b.
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from a different production mechanism than heavier frag- In reality, of course, effects$ii) and (iii) above coexist.
ments[31], we choose to compare only near-scission frag-Figures 13 and 14 depict the effect of angular momentum on
ments withZ=3. At 16 MeV, oyr==,0(Z)~0.5 mb, i.e., the time evolution of nuclear shapes from saddle to scission
oweloi~2.3X 1074, However, as the binary and ternary for 2% and 2%, respectively, under the condition of two-
fission excitation functions may be different, it is perhapsbody dissipation. The numbers in the upper right corner of
more useful to compare the yield for fragments emitted neafach panel indicate the time in units ok10™?* s. A vis-
scission with 4&Z<8 to the yield of near-scission lithium COSity coefficientu=0.02 terapoiséTP) was used in these

fragments. In the case of th#C induced reaction at 16 calculations. One can clearly see that in all cases a third light
MeV, Yiemaf4=<Z<8)/Yiemar{Z=3)~3.0 while in the fragment forms between the two heavy fragments. The size

(mas$ of this fragment increases with angular momentum

case of spontaneous fission OfCf, andnth induced fission and is larger for2®U than for 2% reflecting an increase in
233 23 242 Hoie _ _ U U
of 223,23, and ?*’Am, it is in the range~4—-8.5[28 fissility (0.697 vs 0,684

30’32].' From this comparison one can concl_ude tha_u the rela- One can likewise notice that the saddle-to-scission time
tive yield for neck frggments with 54.258 IS n_ot _5|gn|f|- also varies with angular momentum, attaining a maximum at
cantly affected by an increase of the initial excitation energy; _ s @nd that it is slightly shorter fof*®U. The elongation
at scission turns out to be the same for the two nuclei but the
saddle-to-scission descent f6fU is steeper than fof>®U.
IV. DYNAMICAL MODEL SIMULATIONS This difference leads to higher prescission dissipation and
In order to investigate the influence of angular momen—k'netIC energy and _con;equently a shorter time scale.
tum, isospin N/Z), and kinetic deformatiofistretching on .The c.orrespondmg time evqluyon_of nuclear shap_es (.)b_
’ N . o tained with one-body surface dissipation is presented in Figs.
the ternary fission probability we utilized the Los Alamos 15 and 16. Although the time scale is now larger, the con-
dynamical model of fission4]. This model was used 10 (g rations are more compact and therefore no longer lead to
simulate the dynamical evolution of the system in the multi-g a1y divisions. Based upon our calculations, with this type
dimensional deformation space as the fissioning system pross dissipation, only the highly rotating (120, extremely
ceeded from saddle to scission. As this model only describeseytron deficientt’®J would result in ternary fission as the
the average behavior of the system, the results are only diyerage behavior.
reCtIy Comparable with data that represent the most prObable Fina”y, the conseguence of ha\/ing a |arge amount of ini-
decay channel, which isot our case. Nevertheless, thesetial kinetic energy along the fission eigenvector was ex-
calculations are useful for qualitatively illustrating depen-plored. Such a situation may occur when a significant frac-
dencies on angular momentuid/Z, kinetic stretching, and tion of the incident energy is neither immediately dissipated
dissipation mechanisms for ternary events even if they only
involve the tail of the total cross section. Directed by our 20 If=|07flj=|0|hfl=1|20|h
experimental measurement, special emphasis was placed on 10 i i ]
observing the onset of ternary fission. ol
Calculations were performed for two dissipation mecha- :
nisms: two-body viscosityresponsible for dissipation in or-
dinary fluid9 and one-body surface dissipatiarising from
collision of nucleons with the moving nuclear surface, and
when there is a neck between the binary reaction partners
also from transfer of nucleons through the nedkhese two
dissipation mechanisms represent not only opposite extremes
of small and large magnitude, respectively, but also dissipa-
tions with very different tensorial properties. In order to es-
timate the impact of neutron emission prior to the system
reaching the saddle, the fission &f%U was calculated in
addition t&>%U.
The following three different situations were investigated:
(i) Compound nuclei at their saddle point with angular
momenta from=0 to |=1,,. (Ihax taken from the rotating
liquid-drop limit); the value of the fission barrier vanishes at
about 7@ for 2°®U and 6@ for 21%U.
(i) Nearly spherical systems with angular momenta : ES
greater than,,,,4, representing fast-fission events. o E k3 ATV Lo
(iii ) Deformed, nonrotating, systems with large kinetic en- -20-10 0 10-20-10 0 10-20-10 0 10 2
ergies in the fission degree of freedom, imitating the incom- 2 (fm)
plete transfer of orbital angular momentum into rigid rota-
tion, the difference going into deformation of the composite FIG. 13. Saddle-to-scission shapes calculated by a dynamical
system along the direction of the projectile impact. model of fission for?%®U at|1=0, 60, and 120Gi. ©=0.02 TP,

p (fm)
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FIG. 14. Saddle-to-scission shapes calculated by a dynamical FIG. 16. Saddle-to-scission shapes calculated by a dynamical
model of fission for?*®U at1=0,55, and 126i. ©=0.02 TP. model of fission for?*®J at =0,60, and 126: with one-body
dissipation.

L= 6sz £=120%
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FIG. 15. Saddle-to-scission shapes calculated by a dynamical FIG. 17. Saddle-to-scission shapes calculated by a dynamical
model of fission for?%U at 1=0,60, and 120 with one-body  model of fission for’*®U atE=20, 40, and 80 MeV with two-body
dissipation. dissipation.
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25 P T T T T T energy of the fission fragments. Measurement of the kinetic
20 — U @ + (d) 3 energies of the fission fragments in future experiments
2 15f + L a6y 3 should thus allow one to determine if ternary fragmentations
< 10F e / 3 are associated with a different amount of dissipation as com-
SE A AR e pared to binary fission or whether they follow Viola fission
E AT systematics.
g RLAMLAAEL A As far as the comparison of these dynamical calculations
—_ 0 ©) 3 with the present measurements is concerned, we have no-
g B Ny S ticed that while the two-body dissipation predicts too much
~ 30F — =001 TP ternary fission, the one-body dissipation does not predict
25 = -- u=0.02TP3 enough. From these results we may conclude that the actual
20 FrHHHHHH R mechanism is an intermediate one that includes not only one-
S 10 f— #=002TP /) 3 ® 3 body collisions but to a lesser extent also two-body colli-
S 20 B No Dissip. a6, 3 sions. In such a scenario, ternary fission will not appear as
; 190 B 2%y U 3 the main channel but in the tail of the total cross section with
g F p =0.02 TP characteristics similar to those calculated above.
~ 180 F -- No Dissip. 3
B by by b b Lo bena bena o 1o 17
170 0 25 50 75 100 O 25 50 75 100 125 V. STATISTICAL INTERPRETATION OF EXPERIMENTAL
¢ E,_. (MeV) RESULTS

o It has recently been suggested that the results obtained in
FIG. 18. Summary of the Los Alamos dynamical fission modelthis work can be understood within a statistical emission
calculations assuming two-body dissipation. framework [33]. If, based on a statistical description one

nor converted into rigid rotation but instead deforms the sysyv rites the probability of emitting a fragment with atomic

tem along the direction of the projectile motion. This motion numberZ as

will be largely converted into motion along the scission axis. P,ocAe B2/T,

Shown in Fig. 17 are the results for two-body dissipation and

I=0. The ability of the system to attain even larger middlewhereB, represents the barrier for emission of the particle
fragments than previously calculated is remarkable. For thendT is the temperature of the system, then one can express
case of two-body dissipation, a large kinetic energy along thehe relative probability

fission direction is indeed an efficient means to produce ter-

nary fragmentations. In contrast, for the case of one-body P,/Pz=K,e (Bz Ba/T=K e AB/T

dissipation the initial kinetic energy is quickly damped into

intrinsic excitation. For this case, therefore, initial stretching In(P,/P3)=In(K;)—AB/T=In(K,)— Ja/E*AB, (2
does not result in an increased ternary probability.

A summary of our calculations is provided in Fig. 18. In whereAB=B;—Bg3, E* is the excitation energy of the sys-
this figure, the influence of angular momentum or initial ki- tem, a is its level density parameter, an,=A;/A3. We
netic energy on the size of the middle fragment, the distancbave assumed for this heuristic calculation that the change in
between the two-fission fragments, and the total kinetic ena is only marginally affected by mass loss.
ergy is depicted for the case of two-body dissipation. As the For a statistical process for whiehis constant we expect
angular momentum increasgBigs. 18a)—18(c)], all three  an exponential dependence orE1/ Isotropically emitted
quantities increase. Fdsl, ., the increase is moderate, fragments in the 22 MeV/nucleon data have been shown to
however, in contrast to the increase for angular momentéollow such a dependence. In such an analysis, the quantity
above the rotating liquid-drop limit. For a fixed value of the AB associated with isotropically emitted fragments is a posi-
angular momentum, the neutron deficient nuclétf) ex-  tive number indicating thaB,>B; as expected. In contrast,
hibits a slight increase in the mass of the middle fragmentfor near-scission emissiodyB<<0. This result implies that
accompanied by slightly larger fission-fragment separationB,<<Bj, in effect that the emission barriers decrease with
as compared t6%%U. The behavior of the size of the middle increasingZ [33]. One can speculate that such a dependence
fragment, the fission-fragment separation, and the total kitmplies that larger middle fragments arise from more
netic energy on the initial kinetic energy is relatively linear stretched, thin-necked configurations while smaller middle
as a function of the initial stretching enerds:,; [Figs. fragments originate from shorter thick-necked configura-
18(d)—-18f)]. The magnitude of the two-body coefficient has tions. As thin necks presumably require less energy to rup-
a modest effect on the size of the middle fragmffig.  ture, the larger middle fragments are associated with lower
18(d)] while providing little change in the fission-fragment emission barriers.
separation distancfFig. 18e)]. Shown explicitly in Fig. Whether such a statistical approach is justified, however,
18(f) is the effect of dissipation on the total kinetic energy of is questionabl¢34]. For near-scission emission to be viewed
the fragments. Under the assumption of two-body dissipatio@s a “normal” statistical process albeit one with nonstandard
with ©=0.02 TP, the initial kinetic energy in the fission di- emission barriers, it is important that one ascertain whether
rection results in a measurable increase in the total kinetithe modes leading to neck rupture are populated with the
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appropriate statistical weight. As such an analysis is lackingather than statistical decay. A remarkable aspect of't#ge

it is premature to label the near-scission process statisticalhduced reactions is the yield for heavy ternary fragments
Moreover, |n. r.ela.t|ng the excitation energy tO. a'Stat|St|Ca|(Z|MF> 8) in near-scission emission Compared to Spontane_
temperature it is important to recall that the excitation energy, s and low-energy ternary fission. We have also examined
deduced from the measured linear momentum transfer is @fe correlations between IMF emission and the folding angle

best theinitial excitation of the system. For the isotropically ;¢ the two fission fragments. From the measured folding

e_mltted fragm_en_ts, wh|c_h are em|_tte_d .e_arly prior FO deforma'angle, we deduced the fractional linear momentum transfer
tion or prescission emission, this initial excitation energy

should correspond closely to the excitation at the time o nd the excitation energy of the fissioning system. By exam-

o o . R .~ -1Ining the relative probabilities of IMF emission as a function
emission. The excitation functions observed in Fig. 12 indi- o o
. S ! of excitation energy, we deduced that the near-scission com-
cate that this expectation is valid.

On the other hand, when fragments are emitted later, r“,_}é)ronent and the isotropic component behave inherently differ-

. - oo ently. In the case of isotropic emission the relative yields for
scission, the initial excitation is more weakly related to the _. . o

o . S : differentZ fragments can be understood in terms of emission
emission probability. It is important to realize that the mea-

) . ; barriers which increase with increasig In contrast, the
sured fractional linear momentum transfer, from which the . . o .
o . . mechanism of near-scission emission must be one for which
excitation was deduced, is also related to the impact paran); . L . . ,
- he barriers are intimately related to the trajectories which
eter,b, or the angular momenturh, of the collision. Smaller

; L . undoubtedly are determined to a large extent by the incom-
linear momentum transfersmaller deduced initial excita- . : Lo
tion) are associated with more peripheral collisions, an ng partial wave. While it is undoubtedly true that such
. perip Lo rajectory-dependent barriers, along with the thermalized en-
larger linear momentum transfefisrger deduced initial ex- ; . o
9" ) . o .~ . ergy, determine the absolute yield of the neck IMFs it is not
citation) are associated with more central collisions. As indi-

. , . at all clear to what extent the size of the near-scission frag-

cated by our calculations with the Los Alamos dynamical ; . ) . .
- ! .~ ment is determined by the incoming partial wave. On the
model, angular momentum and kinetic stretching can influ- : .
o ; theoretical side, we have explored the dependence of the
ence ternary fission. These calculations suggest that tr}e

e ' ; o . térnary fission orN/Z, angular momentum, and kinetic de-
scission configuration may be sensitively related to the in

coming angular momentum wave. Whether different scissio%c;g;agggh Wﬂ;? ;hgnL?JfarA\Irirg;ZnTaog?Ii.ni[t)izlp El?ldelgg S(?[Pett:he-
configurations can be described by the same level densit) P » 1arg 9

N 7 . . Pﬁg can have a significant impact on the size of the ternary
parameter as assumed in this statistical treatment is questlo]n-
able. ragment. As the Los Alamos model only treats the most

probable behavior while experimentally ternary fission re-
mains a rare process, a theoretical treatment which includes
V1. SUMMARY AND CONCLUSIONS shape fluctuations is required in order to make a more direct

) o _ and meaningful comparison.
We have examined the characteristics of IMFs emitted on

a time scale prior to and commensurate with fission follow-
ing incomplete fusion reactions. IMFs emitted early, prior to
substantial deformation, exhibit an isotropic emission pattern
and have relatively high kinetic energies. We also observe An iterative, self-consistent method was developed for the
low-energy IMFs, focused approximately orthogonal to thekinematic reconstruction of binary and ternary fission events.
scission axis—two signatures of near-scission emission. W&he fission-fragment folding angle technigi85] was used
have studied and compared the characteristics of these twior both event types to deduce the velocity of the putative
types of emission in order to determine if they exhibit sub-composite nucleuscy, from which several guantities of
stantive differences. For near-scission emission we find thahterest, including the fractional linear momentum transfer
(Ecm) @s a function oZ e is essentially the same for both (FLMT) from the projectile to the resulting composite sys-
incident energies studied as well mh induced ternary fis- tem and its initial excitation energy, were deduced within the
sion. This observation suggests that eit{ieg ,,) is insensi-  framework of an incomplete fusion model. In ternary fission
tive to the excitation of the system or the excitation at theevents the kinematic reconstruction has to account for the
time of scission is comparable. A striking feature readily dis-recoil given to the residual composite system after emission
cernible is the difference in thg distributions for the two of a third lighter particle, which in this context is called the
types of emission. Near-scission emission is associated witfissioning nucleus to make a clear distinction between the
a much flatteiZ distribution than isotropic emission, incon- system prior to the emission, the composite nucleus. Since
sistent with excitation driven emission with standard emis-sotropic and near-scission emission occur either prior to or
sion barriers. While th& distributions for isotropic emission concurrent with fission, they can be treated simultaneously
at E/A=16 and 22 MeV are significantly different€3.0  with no distinction. Figure 19 shows the velocity vector dia-
and 6.2, we find rather similarZ distributions for near- gram for binary fission and fission accompanied by a third
scission emission at both energies<1.1 and 1.6 Com-  particle. The velocity of the composite nucleus, prior to the
parison with a standard statistical model and fusion-emission and fission, is assumed to be along the beam line.
evaporation data indicates that either emission barriers aferimed quantities are evaluated in the rest frame of the fis-
significantly different for near-scission emission or thdis-  sioning nucleus. For binary fission, the following equations
tribution for this process is largely determined by dynamicscan be derived using trivial trigonometric identities,

APPENDIX A: KINEMATIC RECONSTRUCTION
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FIG. 19. Velocity vector diagram explaining the kinematic re-
construction for binarya) and ternary(b) fission.
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where
SN
g_ S|n GAB ’ (AS)
vt vaSING
k=14 —2=1+ -2~ (Ad)
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and 6,z is the folding angle. Hence, EGAL) can be put into
a second order equation §

2 cosfg 1 vg |2
2 _ + — | — =
3 p ¢ E; [ 1 ( UCN) 0, (AS5)
which has the solution
1 U, 2
§=—(cos€Bi \/coéeB— 1—(—B) ) (AB)
K UcN

Furthermore, from EqA3) it is easy to derive the following
relation:
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&sindg

tan0A=—1 — g COS&B . (A7)

Equation(A7) is an expression for the angle of one fragment
in terms of quantities related to the other fragment. Known
quantities are 5, vg, 0a, and g, while vy andvy are
unknown. Howevery ; can be evaluated using the systemat-
ics of total kinetic energyTKE) release in fissiof5,6],

ZpZ
TKE=0.755—~——-+7.3 MeV. (A8)
AXR+AY

The mass and charge of the fission fragments are unknown.
However, momentum conservation in the fission process re-
quires thatvg/vpa=ma/mg. Hence, the fission-fragment
mass ratio can be estimated using E&4). Equations(A6)

and (A7) are applicable to ternary fission events if one re-
placesv ¢y With the velocity of the fissioning systents, 6a

with 9, and 8 with 95. This case is equivalent to a simple
rotation of the velocity vectors by the angle betwegg and

the beam line.

At the beginning of the procedure, initial values are cho-
sen for the mass number and atomic numBeg andZqy,
as well as the velocity cy=v, Of the composite nucleus,
consistent with the complete fusion of the projectile and tar-
get. Then the momentum components of the ternary particle
in the rest frame of the composite nucleus are calcul@tex
laboratory momentum components are measured quajtities
which, by momentum conservation, gives the recoil momen-
tum vector given to the composite nucleus. The recoil veloc-
ity in the rest frame of the composite nucleus is then evalu-
ated taking into account the loss of mass after the emission
of the third particle, and the velocity of the fissioning nucleus
ves in the laboratory system is constructed by adding vecto-
rially the recoil velocity tovcy. NO such correction is made
for binary fission events. Nexyg is calculated using Eq.
(A8) with fission masses estimated using the mass ratio and
the choice of mass of the fissioning system. In the case of
binary fission, the total fissioning massAigy and in the case
of ternary fissiomMAgs=Acn—a, Wherea is the mass number
of the ternary particle, a known quantity. The fission-
fragment charges are estimated assuming they have the same
N/Z ratio as the fissioning system.

The folding angle is calculated with E¢A7) using the
measured angl@g (or 95 in case of ternary fissignand
assumingd, (or 9,) is unknown. This folding angle is com-
pared with the experimental folding angle, having in mind
that

0A+ 0B:ﬁA+ﬂB: HAB' (Ag)

If the calculatedd,g does not agree with the experimental
value, vy is increased or decreased depending on whether
the calculated g is larger or smaller than the experimental
value, respectively, and the procedure is repeated until there
is convergence.

If »=vcnlvg, Wherevey is the parallel-to-the-beam re-
coil velocity of the composite nucleus ang the complete
fusion velocity, then
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Zue , (i) the recoil effect of the ternary particle on the two
P (A10)  fission fragments(iii ) the angular distribution of the ternary
1+ Kp(l— 7) particle with respect to the scission axis, dhd the disper-
t sion in angular correlations both in plane and out of plane

in an incomplete fusion modeh, and A, are the projectile due to postscission particle emission.

and target mass numbers, respectively. Hence, the deduced TN€ initial step in the efficiency calculation was to sample
value of ey obtained above can be used to calculate thdhe experimentally measuretidistribution. The mass num-

FLMT. However, in the incomplete fusion model the massPer (A) of the terary fragment was then estimated by relat-

and charge of the composite nucleus can be takeA@s ing the measured to A in accordance with previous mea-
=pAp+A; andZqy=pZy+Z;. Hence, the initial choice o

¢ surements of ternary fissiof20,21]. The energy of the
Acy and Zey has to be modified, and the whole proceduretemary particle was based upon the experimentally measured
repeated until this second iteration reaches convergence. T

}lﬂ'getic energy spectra converted to the center of mass.
procedure renders the FLMT to the primary composite sys-

FLMT= 7

We assumed that all values of FLMT were equally prob-

tem prior to the emission of the ternary particle and fission2P!€- The FLMT was then related to the velocity of the com-

Evaporation of light particles from the composite Systemposite nucleus within the context of a massive transfer model
prior and after emission of the ternary particle is neglected.and deduced a self-conastgﬂ,(\) for _the comp_osng Sys-
Within the framework of the incomplete fusion model the t€m. For the somewhat excited nuclei undergoing fission in

average excitation energy consistent with a given FLMT carfliS experiment we assumed that symmetric fission was the
most probable outcome. In order to account for the full range

be written
of mass splits possible we utilized the width of the fission
. vp)| 2 mass distribution deduced from the reconstructed experimen-
<E*>=Eppm 1- (? +(Q), (All) tal data to select theZ(A) of the two fission fragments. The
t P

TKE for the ternary fission was assumed to follow Viola

whereE,, is the projectile energy, is the velocity of the s_ystematics and together with momentum _conservation pro-
projectile, and(Q) is the averag® value of reaction chan- vided the center-of-mass velocities of the fission fragments.
nels consistent with the givgn Here we take the part of the 1he angular distribution of the ternary IMF was assumed to

projectile that is not transfered (1p)A, and consider all be well described by the angular correlation previously mea-
possible combinations of reaction channels leading to a los3Ured for temary alpha particlg86]. We further assumed

of nucleons or clusters of nucleons and take the average &¥ial symmetry of the ternary particle with respect to the

their Q values. Hence, we may associate(E*) with a  SCiSSion axis. This assumption is reasonable for a particle
FLMT. We further tested the consistency of the procedure bygmitted near the center of mass. In this case, the particle is
assuming the evaporation of neutrons removed on averadBSensitive to the angular momentum of the system and no

10 MeV of the primary excitation energy and reduced theln-plane enhancement is observed. Postscission emission of
mass of the fissioning nucleus as if neutron emission exbeutrons which alters the direction of the two fission frag-

hausted the excitation energy. Very little, if any, differenceMents was simulated by smearing the direction of the fission
was observed in the deduced FLMT. fragments with a Gaussian. The standard deviation of this

Gaussian was taken to be 2.8° consistent with the out-of-
plane dispersion A ¢) depicted in Fig. 5. The coordinate
system which describes this three-body breakup was then

The geometric efficiency of the experimental setup wadransformed so as to account for the isotropic decay of the
determined by utilizing a Monte Carlo program. The mainfission process. Events simulated in this manner were then
factors accounted for by this program weigthe width of  filtered by a software representation of the experimental
the FLMT distribution which depends on the ternary particlesetup in order to determine the geometric efficiency.
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