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Fission of ' Au, ' Th+838-MeV ' S projectiles was studied by measuring fragment coincident
neutrons. Neutron energy spectra were decomposed into preequilibrium, prescission, and postscis-
sion contributions with a constrained moving source analysis. Excitation energies deduced from the
transferred linear momentum are consistent with calculations applying the Boltzmann master equa-
tion, and with an energy balance based upon the experimental neutron multiplicities and charged
particles from evaporation calculations. The time scale of fission derived from the prescission neu-

tron multiplicities extends from 5 X 10 " to 3 X 10 s; it does not depend on the initial excitation
energy, is about a factor of 2 longer for symmetric than for asymmetric fragmentations, and in-

creases with the fissility of the primary reaction system. For all mass splits, the excitation energy
left at scission is 50—60 MeV.

I. INTRODUCTION

Binary fission of an excited nuclear reaction system is a
process involving collective degrees of freedom and there-
fore considered to be inherently slower than interactions
coupling only nucleon degrees of freedom. This
difference may result in a delay that becomes experimen-
tally accessible under favorite experimental conditions.
Growing evidence has indeed been found for such a delay
by using the enhanced neutron' or charged particle
emission or y decay modes preceding or competing
with fission. In particular, prescission neutron multipli-
cities have been introduced in recent years as a clock for
the dynamical fission time scale over a broad range of pri-
mary excitation energies. ' ' '

Conceptionally, one can distinguish between three sub-
sequent time intervals contributing to the scission time
scale, ' ' ' namely the equilibration time for compound
nucleus formation 7"pE the transient time ~, to reach a
quasistationary probability How across the saddle point
for an irreversible development towards scission, and the
saddle-to-scission time ~„ to proceed to the scission
configuration.

Calculations with the Boltzmann master equation
(BME) model show' that the equilibration phase for re-
actions with 10—100 MeV/u projectiles Al extends to
typically 5X10 s with little dependence on the injec-
tion mechanism;" similarly, Landau-Vlasov simulations
indicate' ' that the fractional linear momentum transfer
(LMT) is completed after this time. For nuclei with a
nonvanishing fission barrier, a nuclear dissipation mecha-
nism must couple the fission degrees of freedom to the in-
trinsically equilibrated reaction system. The rate of this
dissipation corresponds to a fairly strong nuclear viscosi-
ty such that the motion towards scission is over-
damped; ' the times ~, and ~„obtained in Refs. 9 and 13
for ' 0+' Nd at 207 MeV are in the order of 6X10 ' s

and 2—4X 10 ' s, respectively, and are expected to show
only little dependence on mass number A. ' '

Neutron multiplicity experiments separating the pres-
cission multiplicity M „ from those of the fragments,
3f

p t by means of the different kinematical focusing of
the respective moving sources yield only the sum ~, +~„;
for heavy systems ( A + 200) values in the order of 10 s
are anticipated ' and thus the emission during transi-
tion from equilibrium deformation to scission is likely to
dominate.

Whereas absolute values for ~, +~„deduced with the
neutron clock may be affected by systematic errors of fac-
tors two or more due to, e.g. , uncertainties in the level
densities applied or the initial equilibrium shape at max-
imum excitation, they allow more precise comparisons on
a relative scale. Emphasis will be put on the question of
whether or not the sum i., +r„ is dependent (i) on the
fissility x of the reaction system, (ii) on the initial excita-
tion energy, and (iii) on the fragment mass split.

As far as (i) is concerned, there are different trends ob-
served or predicted. Newton et al. ' give arguments that
~„will dominate and will increase with x for one body
dissipation and for two body viscosity. ' In Ref. 1 as-
suming emission from the equilibrium configuration only,
an increase of the prescission time ~, +~„ from 3 X 10
s (for x =0.6) to 2X10 ' s (for x =0.85) was found. On
the other hand, the same data show a different trend for
extreme assumptions of pure sadale-point or saddle-to-
scission neutron emission, suggesting that the fission time
scale should be almost independent of fissility. It is
therefore mandatory to perform a consistent neutron-
clock analysis for data to be compared. In this work we
will convert the prescission multiplicities M „observed
in binary fragmentations of the reaction systems

S+ ' Au, Th with 838-MeV projectiles into the
minimum time ~„+~, required to explain the value I„„
observed by assuming no statistical competition of fission
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with particle evaporation from the equilibrium deforma-
tion.

The questions (i)—(iii) raised demand the knowledge of
the excitation energy Ec& deposited in the system later
undergoing fission, and of the fragment masses as well.
Beyond that, the determination of the energy and linear
momentum transferred from the projectile to the reaction
system is of actual interest in its own, because it (iv) al-
lows us to test LMT systematics predicting a saturation
on a per nucleon basis even for the most dissipative col-
lisions when projectile energies of 30 MeV/u are ap-
proached; ' '' (v) is a prerequisite for a study of prescis-
sion neutron multiplicity versus total kinetic energy
(TKE) of the fragments, where unexpected behavior has
recently been reported. '

In addition, the excitation energies Ec~(LMT) must be
confronted with the respective nuclear temperatures T
observed for the prescission neutron sources to yield a
consistent level-density parameter for the neutron-clock
analysis.

In the present work, E~~ was determined from the
LMT measured with the folding angle technique and with
the kinematics of a massive transfer process. In order to
justify this method and to allow a broad range of excita-
tion energies to be sampled, the experimental conditions
had to be chosen to yield the maximum possible excita-
tion energy compatible with a dominance of binary
fission, and to enhance selectivity for the binary com-
ponent with an appropriate (i.e., planar) detector
geometry.

The reaction systems S+ ' Au, Th with 838-MeV
projectile energies allow us to extend the fissility range
from x=0.65 for S+' ' Sm to x=0.90; for projectile
energies per nucleon of @=26.2 MeV/u average LMT
values of 80%%u~ can be expected' ' with excitation ener-
gies Ec& of almost 500 MeV and nuclear temperatures of
up to 4 MeV. ' ' ' At the same time, intermediate mass
fragment (IMP) contributions should stay below 20% in
measurements with 4~ geometry and be much smaller
for planar reaction geometry. The assumption of a dom-
inantly binary fragmentation is supported by experi-
ments ' and model calculations for Ar+' Au at
27.2 MeV/u, but needs its own justification for the sys-
tems under study before the questions (i)—(v) can be ade-
quately addressed.

The paper is organized as follows: In Sec. II the exper-
imental setup will be explained, followed (Sec. III) by a
discussion of fission fragment analysis and the extent of
binary fragmentation. Section IV is then devoted to a
moving source decomposition of the fission coincident
neutrons, and the interpretation of preequilibrium (PE),
presciss1on, and postsc1ssion source parameters. Statist1-
cal model calculations presented in Sec. V provide the
basis for the determination of scission time scales. We
conclude with a short summary.

II. EXPERIMENTAI. METHODS

A. Setup

The experiment was performed with the S beam from
the VICKSI accelerator at the Hahn-Meitner-Institut
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FIG. 1. Schematic diagram of the experimental setup consist-
ing of neutron detectors N1—N8 (partly with a veto paddle in
front), a position sensitive multi wire proportional chamber
MWC, and solid state detectors I'1—I'4 for fragment detection.
The elastic scattering monitors Ml, M2 under 0 are +8 off
plane. For further details, see text.

with a laboratory energy of 838 MeV or 26.2 MeV/u, a
linear momentum pD =7090 MeV/c or 222 MeV/c u, and
a repetition rate vR„=18.63 MHz. The targets of thick-
ness 300 pg/cm (' Au, self-supporting) and 290 pg/cm
( ThF& on 30 pg/cm carbon foil) were mounted inside
a thin walled (3 mm stainless steel) scattering chamber
with 50 cm radius and 70 cm height, with a high voltage
of +18 kV applied to prevent a loading of the detectors
with secondary electrons released by the beam.

Inside this chamber, the detector setup (cf. Fig. 1) con-
sisted of a position-sensitive low-pressure multiwire
chamber (MWC) of active size 244X 122 mm on one side
of the beam in a minimum distance of 272 mm from the
target, and a set of four equally spaced (12') surface bar-
rier detectors F 1 F4 (th—ickness 170 pm, distances 20—22
cm, angular acceptances b,/=+4', b,8=+3', correspond-
ing to a solid angle of 13 msr). The detectors Fl F4-
could be shifted jointly by 6' such that the angular range
covered in the reaction plane was 0=35'—83'
(8=36 —84') on the MWC (F1 F4) side—. The angular ac-
ceptance of the MWC out of plane was b,/=+12. By
measuring both positions and the time of liight (TOF) on
the MWC side (spatial resolution o„=0.35 mm, time
resolution o, =100 ps) and the TOF (cr, F =140 ps) as
well as the pulse height on the I' 1—I'4 side, these detec-
tors were used for reconstruction of kinematic coin-
cidences between fragment-like reaction products. The
setup was centered at the angles OMwc=OF =59' corre-
sponding to 75% LMT in symmetric binary fragmenta-
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tions. Angle calibration of the MWC was performed
with slit masks as described in Ref. 19. For the pulse-
height calibration of the Si detectors a Cf source was
repeatedly brought into the target position during the ex-
periment; the pulse-height defect was accounted for fol-
lowing the prescription of Schmitt et al. with the pa-
rameter values adopted from Weissenberger et al.
Energy losses of fission fragments in the target were ac-
counted for as described in Refs. 7 and 29. The absolute
time scale for the determination of the fragment veloci-
ties U„v2 on all five (F1 F4, M— WC) TOF arms was ac-
complished by selecting symmetric fragmentations with
the TKE known from the pulse height measured with the
solid state detector. ' The resulting time resolution was
determined by the contributions from the burst width
and (for Fl F4) by—the plasma delay correction and
leads to a typical uncertainty in the velocity component
U~~

of the composite system in projectile direction of
o-,

~~

=0.06U~~. The resulting uncertainties of the LMT and
the fragment mass [cf. Eqs. (2) and (3) in Sec. III Aj are
o. =0.06m and o.„~T=0.06 LMT, respectively, with a
general tendency to higher uncertainties for small LMT
values. ' ' It is worth stressing that the determination of
the absolute time scale from symmetric fragmentations
yielded similar velocity distributions on the F1—F4 and
the MWC side not only for these events, but also for the
asymmetric fragmentations correlating different fragment
detectors F, via the corresponding regions on the MWC
side as is demonstrated in Fig. 2. The velocities of a
fission coincidence are therefore mutually consistent.

The beam position was monitored with two small scin-
tillators NE102A under 0, but +8 off the reaction plane.

Elastically scattered projectiles were used to determine
the burst width (850+20 ps FWHM) and provided the
beam intensity of approximately 1 particle nA for cross
section normalization purposes.

Eight neutron TOF detectors consisting of cylindrical
cells (diameter 25.4 cm) filled with the liquid scintillator
NE213 or BC501 were positioned in TOF distances vary-
ing between 80 and 220 cm, cf. Table I. All but two
(N3, N4) were equipped with scintillator Veto paddies for
discrimination against energetic charged ejectiles, and all
had a front cover of 3 mm Pb for suppression of low ener-
gy y radiation. Pulse-shape and TOF informations were
used for ny discrimination. The neutron Aux attenuation
by construction materials was calculated with the code
ATTENE as a function of neutron energy. The neutron
detector efficiencies il (E„'",E„) were calculated with the
code NEFF4 for E, (20 MeV; above, the one of Ref. 34
was applied. Further details were discussed elsewhere. '

The estimated uncertainties of the efficiency ( ~ 8%), the
absorption correction (~ 10%), and the background sub-
traction ( ~ 10%) yield an overall uncertainty for the neu-
tron TOF spectra of about 15%. Uncertainties pertinent
to the parameters of the moving source fits are quoted in
Sec. IV.

Data collection was triggered by a coincidence between
the MWC and one of the detectors F1—F4; it generated a
gate signal of width 50 ns identifying the corresponding
Cyclotron RF signal for all TOF measurements including
coincident neutron detectors. The random coincidences
contribute less than 0.2%; this distortion was neglected.
Occasionally single events from F1—F4 were recorded,
too.
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FIG. 2. Velocity spectra of coincident fragments detected with surface barrier detectors F2, I'4 or with the MWC in the same an-
gular range but at the opposite side of the beam.
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TABLE I. Neutron detector features. AT is the time resolution (FWHM) for a software threshold set at E, =2 MeV; detectors
N1, N2 were shifted together with F1—I 4 to be always aligned with F4 and I"2.

Detector
no.

N1
N2
N3
N4
N5
N6
N7
N8

0
(deg)

39 and 45
63 and 69

164
90
98
11.5

—39
—11.5

(deg)

0
0
0

90
0
0
0
0

TOF path
(cm)

196.5
192.5
150.5
80.5

161.0
217.5
191.0
220.0

Thickness
(cm)

5.08
5.08

10.16
10.16
10.16
10.16
5.08
5.08

Threshold E„'"
(MeV)

0.87
0.76
0.92
0.92
0.99
1.00
1.00
0.98

5T
(ns)

1.2
1.3
1.8
1.7
1.6
1.5
1.5
1.3

III. FISSION FRAGMENT INTERPRETATION written as

A. Formalism
E* (p)=E„,„,(p)+Q(p) E— (5)

mN—
mcN U ) SIn0)

1+
uzsinOz

The fractional LMT p is defined with the projectile
momentum m u and the momentum components
p;~~

=m; U;cosO; as

p.
mp Up

In the massive transfer model the spectator part of the
projectile is assumed to follow the projectile trajectory
with velocity u such that

P
Up mp1+

mT
1—

uo

(3)

where up denotes the velocity u~~ for complete fusion and
m T is the target mass. The mass mcN is then given by

I
mcN m T +Pmp m eva (4)

where m„, is a correction of mass lost prior to the frag-
mentation by particle evaporation.

The LMT is associated with a corresponding excitation
energy Ec~(p) of the composite system, which may be

For the subsequent discussion a binary fragmentation
following an (incomplete) fusion with the fractional LMT
is assumed. From the folding angle 0&+Oz and the frag-
ment velocities u& U2 of each event, the recoil velocity ull

of the composite system CN undergoing fission is calcu-
lated as

u, u2sin(8, + 92)

U
&
sinO&+ uzsinOz

and the fragment masses m &, m2 normalized to the mass

mcN of the fissioning system at the scission point, mN
and (1 —m~), as

with

mTE„,„,(p) =E~ p. +I —(u~!c)
mT+pmp

Here, E is the projectile energy in the laboratory system.
The third term in Eq. (5) should account for the kinetic
energy the PE neutrons of multiplicity MpE and mass m„
carried away in excess of the amount MPE(m„ lmz )Ez al-
ready taken care of in the first term with the assumption
that the spectator fraction (1—p)m„of the projectile
moves on with beam velocity u . Different treatments of
EPE have been reported. ' In view of the uncertain-
ties due to the PE charged particle emission neglected in
Eq. (5) and the width bp and b,EC~ of the windows ap-
plied in the further data analysis, no such correction—
that is estimated to represent at most a 10% effect —is
applied here. This omission will find further justification
in BME calculations reported in Sec. IV B.

The ground state Q values Q(p) of the incomplete
fusion reaction take care of the observed PE neutron
multiplicity MPE(p) determined with a moving source fit
(cf. Sec. IV A). The numerical values given in Table II
were calculated from mass tables for symmetric
(0.4&m& &0.6) and asymmetric fragmentations in four
hp windows studied in the subsequent analysis.

B. Linear momentum transfer p
and fragment mass distributions

The distributions of
u~~

for all events show a pro-
nounced maximum p „corresponding to an LMT of
73% and 77%, respectively (Table III), a shoulder to
more peripheral collisions and tails extending beyond
100% LMT; see Fig. 3. These high LMT values are part-
ly due to the broadening of the folding angle distribution
by prescission particle evaporation, the uncertainties in
the velocity determination, and the approximation in-
herent to the massive transfer model. Based on the ex-
perimentally determined out-of-plane distribution of the
coincident fragments which have standard deviations o.

&

of 8 —9' (from which 3.5' are due to the detectors Fl I'4—
having no spatial resolution) in the four windows below
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LMT= 120% indicated in Fig. 3 and increase abruptly to
14.6' (for ' Au) and 17 (for Th) for the events beyond
120% LMT, it can be concluded that only values of at
most 120% are compatible with a binary process. This
point of view will be pursued here to extract an estimate
of intermediate mass fragmentations.

Figure 4 shows the distribution of the normalized mass
m& and the LMT for those events with symmetric detec-
tion angles 0& = 02 =0 within 60=6 intervals corre-
sponding to the eight positions of the detectors F1—F4.
The centroids of the LMT distributions shift in accor-
dance with Eqs. (1) and (3) for decreasing 8 to higher
values; their widths remain roughly constant for 0) 57 .
For smaller angles they broaden substantially, because
fragmentations extend for a given LMT to smaller fold-
ing angles the more asymmetric they are. The main
point, however, is that for 0&51' (for ' Au+ 2S) and
0 & 55' (for Th+ S) symmetric fragmentation should
kinematically be no more detectable based on TKE sys-
tematics. " Even a 30% lower TKE shifts these limits
only by 5'. Indeed Fig. 4 does show that in this angular
range the mass asymmetric fragmentation starts to dom-
inate. There is, however, still a sizable fraction of "sym-
metric" yield. Selecting the events with the constraint
LMT ~120% reveals that these symmetric fragmenta-
tions are strongly correlated with these unphysical LMT
values. We conclude that these events are actually of
nonbinary nature with at least one unobserved intermedi-
ate mass fragment; Eqs. (1) and (2) are, however, blind to
nonbinary events.

A similar effect can be observed in the fragment mass
distributions calculated from Eq. (2) by mans of Eq. (4).
For this purpose the evaporated mass m„, was deter-
mined with a statistical model calculation. We applied
the code JULIAN, whose basic assumptions and input
have been described recently. ' We started the deexcita-
tion by particle evaporation without fission competition
at the initial excitation Ecz(p) given in Table II and an
angular momentum I =80k. Deexcitation was followed
until the experimentally observed prescission neutron
multiplicity M „(cf.Sec. IV C) was reached; the calcula-
tion therefore supplemented Mp by the yield of charged
particle evaporation. The values calculated this way for
mc~ vary between 195 u (Th: 230) for p=0.35 and 185 u
(Th: 220) for p=0.97. Employing these values for mc~
in Eq. (2) yields the fragment mass distributions shown in
Fig. 5 for different LMT windows together with the mass
distribution obtained from both, fragment velocity and
energy measured with the coincident detector F1—F4.
For LMT(120% reasonable agreement can be stated;
the excess of high mass events is an artifact of the energy
loss in the target the solid state detector data were not
corrected for (in this case). However, for LMT ) 120%
the one-arm experiment yields substantially lower masses
that can be associated with the occurrence of more than
two fragments, whereas the two-arm experiment misin-
terprets the measured velocities under the assumption of
a binary fragmentation with inherent normalization to a
total mass mc&.

Klotz-Engmann et al. succeeded in using the relative
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TABLE III. Most probable fractional LMT before (p,„) and after [p'",„(i)),p","„(i))]efficiency correction; MF gives the amount
of events observed with an apparent LMT& 120%, o.cF' is the complete-fusion fission cross section, and l„„MT(o.cF) the associated
cutoff angular momentum. l„;t is obtained from a one-dimensional potential, and IFRM from a finite-range liquid-drop model calcula-
tion (Ref. 45).

Reaction

32S+ 197A

pmax

0.73
0.77

p",„(q)

0.71
0.75

0.65
0.65

MF
(%)

2.3
7.8

(&)~CF
(mb)

379+120
332+100

~FLMT( ~CF )
(&)

(A)

106+17
100+15

96
96

lFRM

(&)

=60
=45

velocity vff of the fragments from a+' Au to discrim-
inate binary from multiple fragmentations with vff for
the TKE of symmetric fragmentation: however, for the
reactions under study the binary fragmentations extend
to higher asymmetry and are characterized by values vff
considerably higher than vff. The same observation is
reported for 30 MeV/u Ni on Th; ' therefore vff
does not provide us with a reliable separation tool, cf.
Fig. 6.

Instead we decided to characterize the amount of mul-
tiple fragmentations by the fraction of events observed
with LMT) 120%. They comprise 1.7% (4.9%) of all
observed S+ ' Au ( S+ Th) events; it was men-
tioned before that the out-of-plane distributions are much
broader for LMT) 120%%uo than below. If this difference
in detector efficiency is corrected for, the fractions 2.3~o
and 7.8%o are obtained. These numbers indicate that we
observe with our planar detector geometry with 26.2
MeV/u S projectiles and Ec~=600 MeV for full
momentum transfer the onset of nonbinary fragmenta-
tions in qualitative agreement with Refs. 37 and 43 and
the expectation of up to 20% under these conditions for
a detector system with almost 4~ sensitivity. The
amounts would be about 50% higher if the threshold
were set to LMT~ 110%, a value that seems to be a

lower limit in view of the uncertainties stated in Sec. II.
For a quantitative description of the LMT distribution

Fig. 3 is inadequate, because it is affected by the kinemat-
ic detection efficiency q of our setup for binary fragmen-
tations. In order to correct for it, a calculation was per-
formed to determine the fraction g(p, m&) of detected
events as a function of both LMT and mass split; it was
based on the actual detector geometry, the assumption of
binary fragmentation with rotational symmetry around
the beam axis, a 1/sinO, angular distribution, and TKE
values following the generalized' Viola systematics. The
distortion of the coplanarity due to particle evaporation
was neglected. The efficiency correction iI '(p, mz) was
applied eventwise.

Figure 7 shows the resulting contour plot of normal-
ized mass m& versus folding angle, and its projection as
folding angle distribution with the absolute cross sections
deduced from the Rutherford monitor count rates; cf.
Fig. 1. The lines in the upper part connecting the loci of
the LMT value indicated for the extreme assumptions of
constant and of scaled' TKE reveal that the folding an-
gle varies considerably as a function of fragmentation.
Therefore the projections in the lower part also show the
contributions of symmetric (0.4 m~ ~0.6) and asym-
metric frag mentations. Considering the dependence

32' ~192 32/ + 232 Th
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FIG. 3. Distribution of the velocity component U~~ (recoil velocity) for all detected fragmentations from "S+' Au, "'Th. The ar-
rows indicate the values for complete fusion. The LMT scale results from Eq. (3). The vertical lines separate the LMT windows ap-
plied for data analysis.
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Of id(LMT, m~ ) visible in the upper part of Fig. 7, one can
read from the lower part, that the most probable LMT
values for violent collisions are significantly higher for
the symmetric fragmentations, p', „(il), than for the
asymmetric ones, p","„(g),which implies that they origi-
nate from the more central collisions. The numerical
values are listed in Table III.

The second peak close to 160' represents peripheral
collisions with considerably lower LMT. ' This com-
ponent is much more pronounced in the reaction with
232 197Th than in the one with Au indicating that the more
fissile system 8+ Th has not only lower barrier32 232

heights 8f (1=0), but also lower angular momentum
values J„RM for which the fission barrier in the liquid-
drop model vanishes (Table III). Therefore the fission
yield is in peripheral collisions increased over that from
32 197S+ Au, whereas for S+ Au the violent events32 197

with higher LMT and E are more abundant. Accord-
ing to Fig. 7 this filter is more eftective for asymmetric
fission than for symmetric fragmentations.

The most probable LMT in the central collisions in-
cluding the efficiency correction is with 72% and 78%
close to the value p „read from the maximum value in

Fig. 3 (cf. Table III). These values correspond to a
transferred momentum of 168+5 MeV/c per projectile
nucleon and are in line with the LMT saturation ob-
served for projectiles with @=20—40 MeV/u, e.g. , for
58Ni+ 232Th 18 14N'+ 238U 17 and 20~ + 197A 209B. 20

and for Ar+ Th in this ' as well as the extended ener-

gy range e ~ 77 MeV/u. '

In our fissility range the fusion-fission cross section
with full LMT can be identified with the complete fusion
cross section o.cF, because evaporation residue formation
is highly improbable. ' The fission events in the LMT
window 0.9 ~p ~ 1.1 show an angular distribution that is
compatible with a I/sinO, dependence. The integra-
tion can be performed with the normalization constant
derived from the Rutherford monitors under 0 =8' and

(1)
13,b

yields the values o.c„ listed in Table III. The quoted un-
certainty estimate results from a variation of the window
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lated) LMT. Some histograms are multiplied by factors shown.
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32/ + 232Th by Ap =0.05.
Following Tubbs et al. the folding angle distribution

can be unfolded into several contributions of Gaussian
shapes with centroids corresponding to 0—7 o. particles
from the projectile. The widths in P and 8 were identified
with those measured in the out-of-plane correlation.
Such a Gaussian has been fitted around the centroid for
symmetric fragmentation after 100% LMT including a
modification for LMT values ) 100%%uo [cf. Fig. 7(b)j. The
resulting cross sections o.c„' of 480+190 mb for both reac-
tions represent an upper limit.

Integration over the total LMT distributions shown in
Fig. 7(b) gives an estimate of the total cross section oBE
for binary events including those from peripheral col-
lisions with a gradual transition to target plus projectile
like fragments or residues plus projectile remnants. It
was performed under the assumption of an angular distri-
bution —(sing, )

' and with some correction for the
folding angles t9f,&d) 167 and Of,&d(71' not accessible
here, but in Ref. 48 for Ar+ Th at 27.2 MeV/u; the
result is o BE

=4400 mb (4100 mb) for S+ ' Au
( S+ Th) with an estimated uncertainty of +25%.

One can restrict the integration to the central collision
peak to extract the fusion-fission cross section. These
events show a distribution —(sin8, )

' in the angular
range accessible with our setup. An uncertainty is intro-
duced by the extrapolation of the central collision peak
on the low LMT side. The integration yields a fusion-
fission cross section o.F„=2100 mb for S+' Au and
1700 mb for S+ Th, each with an uncei tainty of
+20%.

The values for o.„„canbe compared with the total re-
action cross sections o z of 4200 mb (4330 mb):

10 50 100 150 200 250

m, (u)
FIG. 5. Mass distributions for fragmentations of S+ Th

in the indicated LMT bins of Fig. 3 obtained (solid line) from
Eq. (2) and (dotted) from energy plus velocity measured with a
solid state detector.

o FF/o. ~ =0.4—0.5 . (7)

For S projectiles of 26.2 MeV/u on heavy targets the to-
tal reaction cross section is therefore to almost 50% lead-
ing to central, highly dissipative collisions. In Ref. 44,
o-„„=2300 mb or a ratio o.„„/o.~ of almost 50% was
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120%%uo LMT; the latter ones are multiplied by the factors shown. The values resulting from Ref. 42 for symmetric fission are indicated

by an arrow.



E. MORDHORST et al. 43

0.8

0.6 0.6

0.2 0.2

l
'

I

S+ Th

E) b=838Me

30
Q)
U

2
Q

O

"O

90 110 130 150 170 70 90 110 130 150 170

I I I I I I I I

100 80 60 40

Folding angie 8& id (deg)

(%)
20 100 80 60 40 20

FIG. 7. Top: Contour plot of folding angle versus normalized fragment mass for all events; the yield increases by 10% between
adjacent lines. The dashed (dotted) lines connect loci with LMT values of 20%,40%, . . . , 100% based on a constant (Ref. 42) [frag-
mentation dependent (Ref. 19)] TKE. Bottom: Projection onto the folding angle axis for all events (upper solid line), those with sym-
metric (0.4 mz 0.6, lower solid line) and asymmetric fragmentations (dashed). The thin solid line gives the estimated distribution
of events with full LMT (including all with more than 100% LMT). The LMT scale refers to symmetric fragmentations.

found for Ar on U at 27 MeV/u, in close agreement
with our result, Eq. (7). However, oc{'F'/crz --0.1, i.e.,
only about 10% of all inelastic interactions lead to com-
plete fusion.

In a sharp cutoff approximation, ocF can be converted
into an angular momentum IFLMT with the meaning that
only central collision with l lF„MT in the entrance chan-
nel leads to complete fusion. The resulting values (cf.
Table III) are in agreement with the critical value
I„;,=96A' of a vanishing potential pocket. Secondly,
lFLMT=1008 can be converted into a radial distance
b,R = lFLMT /p, where p =7090 MeV/c is the linear
momentum of the S projectiles. The result 5R =2.8 fm
is slightly lower than the difference of the equivalent
sharp surface radii (3.27 fm for S+ ' Au) and allows
the interpretation that the violent collisions with total
overlap of projectile and target nucleus do indeed lead to
fusion-fission-like events.

The finite-range liquid-drop model (FRM) pre-
dicts the saddle point to disappear for values I„RM of
about 60A' (45A') for S+ ' Au( Th). The ratio
(l„RM/l„LMT) may be considered a measure for the frac-
tion of fusion-fission events among all events with full
LMT including fission-like processes; it amounts to
31/o and 20%, respectively, with the lower value for

S+ Th rejecting the lower fission barriei in central

collisions, Vs(l =0)=0.3 Me&, as compared to

y (l —0) 2 g Mey' for 3~S+' Au. ' The correspond-
8

ing numbers for the composite system following 35%o

LMT are 3.0 and 10.5 MeV. These differences are re-

sponsible for the different shapes of the LMT distribu-

tions in Fig. 7(b), too.

IV. FISSION COINCIDENT
NEUTRON SPECTROSCOPY

A. Moving source decomposition

The measured double differential neutron multiplicities
M(E„,O„) per fission event reveal a complex dependence
on both E„and 0„. An example is shown in Fig. 8. For
further analysis, the valid triple coincidences were subdi-
vided into 12 subgroups with comparable statistics,
namely (a) three classes of fragmentations: m&
~ 0.4,0.4—0.6, ~ 0.6, and (b) four classes of LMT as listed
in Table II. In addition, a correlation with TKE was
searched for among the symmetric fragmentations estab-
lishing three classes out of each LMT group; this discus-
sion is deferred to Sec. IV C 3.

For each subgroup, the multiplicities M(E„,O„) were
considered ' an incoherent sum of altogether four con-
tributing moving sources, viz. ,
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d M„(E„,O„)

d&„d&(&„);=,2(mT )' '
E„2—+E„e,cosh/; +e;

T

Each term i corresponds to a source moving with an en-
ergy per nucleon e; that emits M, neutrons isotropically
in its rest frame with the spectra1 shape of a Watt distri-
bution. The temperature parameter T,. actually
represents an average over the neutron cascade originat-
ing from a source with initial temperature To; =

—",

, T;.
The neutron emission angle ij'j, is measured with respect
to the direction of the moving source. The sources are
identified with the precompound emission (i=PE), emis-
sion after (incomplete) fusion prior to scission (i=pre)
and emission from fully accelerated fragments (i=post).

Equation (8) was evaluated by performing a least-
squares fit of the right-hand side with the same set of pa-
rameters simultaneously to the spectra of all eight neu-
tron detectors %1—NS. The free parameters were the
multiplicities M, , "temperatures" T, , and for the PE
source also the source velocity, i.e., e;. For the composite
system as well as for the fragments, the experimental
va1ues for e; were averaged over the subgroup of events

under consideration and then kept fixed in the fit pro-
cedure. The resulting parameter sets are listed in Tables
IV and V; the velocities UPE of the PE source are shown
in Fig. 9. The uncertainties quoted correspond to an in-
crease of y by 10% over the minimum value.

The comparison of the fit results for 0„=+39' in the
representative example (Fig. 8) reveals the focusing effect
by fragment sources moving towards the respective neu-
tron detector; but even under these angles the compound
source is the dominant one. This is clear evidence for the
prescission neutron multiplicity being larger than the
postscission ones. Neutron detector X4 was the only one
positioned out of plane (/=90'); the fit to X4 is of the
same quality as to the other spectra and there is again'
no indication for a deviation from an isotropic emission
of the equilibrium sources. The high energy yield beyond
E„=20 MeV can only be accounted for by a PE source,
whose distribution is highly forward peaked in the labo-
ratory frame due to a velocity comparable to the beam
velocity. In this region, however, the statistics require
the events to be grouped into broader bins of up to 10
MeV width.
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B. The preequilibrium source

The velocities UPE and temperatures TPE displayed in
Fig. 9 as a function of the LMT show a striking similarity
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FIG. 8. Experimental (dots) multiplicities M(E„,O, ) for the
syrnrnetric fragmentation of S+ ' Au in the highest LMT win-
dow p=0.97. The moving source fit is given by its individual
contributions from PE (dash-double-dotted line), left (dotted)
and right (dashed) fragment, and compound nucleus (dash-
dotted) source —as we11 as their sum (solid line).

FIG. 9. Temperature TPE and velocity UPE (in units of the
projectile velocity U~) of the PE sources for ' S+' Au (open
circles), S+ Th (open triangles), and for 2oNe+16sHo (solid
circles, Ref. 3S); the latter results are connected by a line to
guide the eye.
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TABLE IV. Preequilibrium, prescission, and postscission neutron multiplicities for symmetric and asymmetric fragmentations and
diff'erent LMT windows obtained from moving source fits.

Reaction

32S+197A

"S+ "Th

0.35
0.60
0.74
0.97
0.35
0.57
0.76
0.98

ECN
(Mev)

201
311
431
568
186
298
444
581

MPE

3.0+0.3
4.4+0.6
4.1+0.5
2.4+0.7
4.3+0.4
5.0+0.8
4.1+0.5
2.8+0.7

7.7+1.8
10.7+2.5
13.3+1.9
15.9+2.4
11.3+2.3
14.1+2.4
16.9+2.5
19.9+2.5

7.2+2.0
7.4+2.7
6.7+1.8
6.0+3.2
8.4+2.4

10.3+2.5
8.9+2.5
7.3+3.1

Symmetric fragmentation

Mpre Mpost

8.0+1.9
10.2+1.8
11.3+1.7
13.2+1.7
9.6+2.3

13.4+1.3
15.3+1.7
19.0+2.3

7.3+1.9
7.3+1.8
8.5+1.6
7.3+2.6
9.2+2.8
9.1+1.4

10.2+1.7
7.2+2.8

Asymmetric fragmentation

Mpre Mpost

for both reactions under study. The observable trends
are as follows.

(i) The temperature parameter increases linearly with
LMT. If a large LMT value according to Eq. (5) is asso-
ciated with a more central and therefore more violent
collision, this finding allows the interpretation of a very
fast PE emission that benefits from the total amount of
excitation energy brought into the reaction system. In
addition the decrease of TpE with LMT may indicate that
we observe in more peripheral collisions a superposition
of sequential and PE emission. This view is supported
by the fact that extrapolation to LMT =0 yields a tem-
perature TpE of 1—2 MeV, i.e., in the range of those for
the fragments (Table V). The same trend was observed
for PE emission preceding evaporation residue (ER) for-
mation in the reaction of 30 MeV/u projectiles Ne with

Ho, cf. Fig. 9. However, there the absolute values
for TpF are systematically higher due to the higher values
of e or (E —Vc,„&)/3, and secondly, because ER for-
mation goes together with more central collisions than in
fusion-fission events.

(ii) The velocity parameter decreases with increasing
LMT and for the most probable LMT value (75%) veloci-
ties vpE/v 0.5 result. The latter value has been ob-
served repeatedly and in particular for Ne+ ' Ho.
However, there is a striking difference visible for 100%%uo

LMT. Whereas for Ne+ ' Ho, the velocity v pE contin-
ues to decrease, the fusion-fission data from
3 S+' Au, Th show a clear upward trend. In this

LMT window the PE source tends to approach vpE =v
which is indicative of a more direct neutron emission in
collisions yielding intermediate mass fragments. This re-
sult is in line with the observed onset of multifragmenta-
tion (Sec. III B).

The PE nucleon emission has been explored successful-
ly with the Boltzmann master equation (BME) model that
follows the relaxation of an excited nucleus via internal
nucleon-nucleon collisions in time increments
ht =2X10 s. An energy space is considered which is

initially filled with nucleons up to the Fermi energy. The
excitation energy is introduced with a time dependent in-
jection of projectile excitons into the coalescing system.
Blann' applies a source term related to the no exciton
state density which is injected with the projectile velocity
at the top of the Coulomb barrier and with no= Apt()j.
The model has proved its predictive power for the reac-
tions Ne+' Ho (Ref. 56) and @~20 MeV/u as well as
for ' N, Ar, and Ni induced reactions' with e ~ 60
MeV/u and associates the saturation of LMT values dis-
cussed in Sec. IIIB with the amount of preequilibrium
nucleon emission. This means that the central collision
peak in the folding angle distribution does indeed result
from the interaction of the entire projectile with the tar-
get 17 18

We have performed a BME calculation ' for
S+ ' Au, Th; the PE phase was restricted to the first

30 time increments corresponding to an equilibration
time of 6X 10 s. The results are compared in Table VI

TABLE V. Source temperatures T (in MeV) obtained from moving source fits for the four sources considered separately for events
with symmetric and asymmetric fragmentation. T,q(EcN ) is calculated from Eq. (9) and T, from the average kinetic energies E„of
neutrons from a statistical model calculation with 0= 10 MeV (8 MeV).

Reaction

S+' Au

"S+"'Th

+CN /~ CN

(MeV/u)

0.97
1.45
1.95
2.50
0.71
1.19
1.73
2.22

TPE

3.9+0.3
6.3+0.5
8.0+0.5

10.2+1.6
4.9+0.4
6.1+0.5
8.1+0.6

10.6+1.4

2.4+0.3
3.3+0.4
3.4+0.3
3.7+0.3
2.8+0.3
3.3+0.4
3.3+0.3
3.5+0.3

1.7+0.4
1.6+0.4
1.8+0.3
2.0+0.4
1.4+.0.4
1.7+0.4
1.8+0.3
1.9+0.5

Symmetric fragm.
Tpre Tpost Tpre

2.7+0.3
3.1+0.3
3.5+0.3
3.2+0.3
2.9+0.3
3.0+0.3
3.5+0.2
3.2+0.3

Heavy fr.

1.9+0.4
1.7+0.4
2.0+0.3
2.2+0.4
1.6+0.6
2.6+0.3
1.8+0.3
2.1+0.5

Light fr.

1.5+0.5
1.7+0.5
2.1+0.3
3.5+0.8
1.4+0.4
1.7+0.4
1.9+0.3
3.0+0.5

Asymmetric fragmentation
Tpost

3.0(2.7)
3.7(3.3)
4.3(3.9)
4.9(4.4)
2.7(2.4)
3.4(3.0)
4.1(3.7)
4.7(4.2)

3.2(3.0)
3.7(3.5)
4.2(4.0)
4.5(4.3)
2.4(2.2)
3.3(3.1)
3.9(3.7)
4.5(4.2)

Calculations

eq( CN ) sm
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TABLE VI. Comparison of experimental data with results of
a BME calculation.

40 I

32S I97AU
35— S+ Th

32S+197A

BME Exp. 8ME Exp.

P
M~p'E)

E„(Mev)

E, (MeV)
E* (MeV)

0.78
4.5

14.3
2.2

28.2
442

0.74
4.1

12.0'

431"

0.79
5.2

13.9
1.5

31.3
462

0.76
4.1

12.2'

444b

'Calculated as E, =
~ TpF.

"From Eq. (5).

with the experimental ones for symmetric fragmentation
in the LMT window containing the central collision peak.
Keeping in mind the uncertainties of the model calcula-
tion due to alternatives for the injection term, " the
definition of the equilibration time and the inability to
differ between bound and unbound nucleons in PE ernis-
sion which lead to Ap=1 —2%%uo, AE =15—20 MeV and
AM„= 1, the agreement must be considered excellent. In
particular the excitation energy E&& confirms the value
calculated from Eq. (5) that is based on a different ap-
proach, namely the massive transfer model.

Finally, it must be pointed out that the parameters
TpF UpE and MpE deduced depend on the assumed
characteristics of a PE source, that it emits isotropically
and moves with constant velocity. Indications for prefer-
ential PE neutron emission in the reaction plane ' and
in forward directions ' have been recently reported.
'We have j.mplemented the concept of Ref. 59 into the
emission characteristics of the PE source. The resulting
PE parameters indicate anisotropic sources that are
slower and hotter, i.e., the anisotropy in the laboratory
frame is equally well taken care of by an anisotropy in the
rest frame or by an enhanced source velocity. The spec-
tral shapes, however, and the multiplicities MpE are prac-
tically identical ~ In contrast, the second assumption can
lead to substantial discrepancies as was shown in Ref. 61
with a comparison to a BME calculation. The applica-
tion of this model to the two reactions under study did,
however, yield good agreement in the multiplicities MpE
(cf. Table IV). All further interpretations in this paper
are therefore based on a PE source described with these
two assumptions.

C. The equilibrium sources

1. Multiplicities

The survey of multiplicities in Fig. 10 as a function of
the linear momentum transferred reveals some clear
trends. The prescission multiplicities M „ofboth sym-
metric and asymmetric fragmentations increase almost
linearly with LMT and therefore, according to Eq. (6),
also with the initial excitation energy Ez&. The gradient
AE~~/AMp of 46+12 MeV is in excellent agreement
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with the average value 50 MeV derived from a broad
range of data. Only for the asymmetric fragmentation
in S+ ' Au this slope is about 25 MeV higher; this may
be a consequence of the filter effect mentioned (cf. Fig. 7)
insofar as for these asymmetric fragmentations the peri-
pheral collisions are suppressed in particular in the lower
LMT windows and the increase of M „with E&~ Aat-
tens.

A second distinct feature is the systematic difference in
total multiplicities M„, of about 6 neutrons between the
two reactions S+' Au and Th under comparable
conditions. This is not an effect of an incorrect detection
eKciency, because M„, has been confirmed twofold in an
independent measurement combining a neutron TOF
with a scintillator tank measurement. It rather reflects
that, besides the infiuence of the effective Q value for
fission, at a given initial excitation Ec& neutron emission
from the lighter system S+' Au compete less favor-
ably with charged particle evaporation, whereas
differences in the neutron separation energies play only a
minor role; a quantitative explanation along this line will
be given in Sec. VA.

The postscission multiplicities M „, do not benefit
from the increase of E&& with LMT but remain essential-
ly constant. This indicates that only a limited excitation
energy remains available to the fragments at the end of
the prescission cascade. This phenomenon is not depen-
dent on the initial angular momentum distribution; it

LMT (ago)

FIG. 10. Neutron multiplicities of the PE {4) and the pres-
cission { ) source, the sum of the two postscission sources ( O ),
and the total (0) as a function of average LMT values for sym-
metric and asymmetric fragmentations.
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has been observed for S+' '' Sm, too, and was there
attributed to the dynamical time scale of fission. This
point will be addressed in Sec. V with the neutron clock.
At the moment we note only that the values for M „,are
systematically higher for asymmetric than for symmetric
fragmentations which indicates the former one to be the
faster or more direct process due to, e.g. , the smaller ex-
tent of rearrangement of nuclear matter and mass How

leading from the entrance to the exit channel. The de-
crease of M „,in the highest LMT window in particular
for the asymmetric fragmentation of S+ Th may be
not real, but an artifact of the multifragmentation pro-
cesses with simulated LMT values below 120%, cf. Sec.
III B.

In addition we observe that M „, is 1—2 neutrons
higher for S+ Th than for S+ ' Au. This is not the
trivial outcome of differences between the average neu-
tron separation energies from the respective fragments
after, e.g. , symmetric fragmentation, but is in line with
the general trend of M „,as a function of the fissility of
the composite system shown in Fig. 11. Our results are
those for symmetric fission in the third LMT window
(p =0.75) and are scaled down to a lower initial excitation
by reduction of Mpps( w th AMppsg /1eLEc~ 200
MeV '. The smooth rise of M „,with fissility is sup-
posed to be associated' with the increase of the effective
fission Q value Q,s (i.e. , mass difference minus TKE).
The excess of postfission yield beyond the expectation for
fragments of constant temperature T=1.5 MeV visible
for x ~ 0.8 has been explained " by the average number of
neutrons emitted in spontaneous fission or thermal neu-

$0

tron induced fission extrapolated to zero excitation ener-
gy.

Therefore we conclUde for S+ Au, Th from Fig.
11, that the fragment excitation energy Ezc at scission
provides four (for S+ ' Au) to five (for ~S+ 23~Th)

postscission neutrons following symmetric fragmentation.
Adapting average kinetic energies E, =—', T „, with
values T „, from Table V, average separation energies
S„=7.6 MeV, and a correction of E~ =5„ for y deexci-
tation, " we find E&c =51—59 MeV. For asymmetric frag-
mentations, the values M „,are at most one unit higher.
We conclude that the system undergoing scission is left
with an excitation energy of 50—60 MeV in complete
agreement with the result for S+ '" ' Sm.

The separation of prescission and postscission neutrons
rests heavily on the assumption of sources moving with
constant velocity. Postscission neutrons emitted during
the acceleration phase of the fragments will therefore in
part be erroneously attributed to the prescission source.
An estimate of this effect has been given elsewhere; ' '

it is minute, because the acceleration time is small
( & 10 s) compared to the time necessary to emit a neu-
tron from a fragment excited to 50 MeV or less. For our
system at most 0.3 fragment neutrons could be misinter-
preted this way. This number would change none of the
conclusions drawn in this paper.

2. Temperature parameters

The equilibrium temperatures obtained as a function of
LMT and fragmentation class are listed in Table V. The
prescission temperatures are within the uncertainty limits
not dependent on the subsequent type of fragmentation
and have the same absolute values for both reaction sys-
tems with similar excitation energies per nucleon
&cx=Ecx/~cx. They increase with Ecz, but less pro-
nounced than would be anticipated from the Fermi gas
relation

+~ q(EcN) EcN S„2T,q(EcN)— (9)

6
Ch

5
K

2

I

0. 6 0.7 0. 8
I

0.9

Fissility x

FIG, 11. Postscission multiplicities for fusion-fission reac-
tions as a function of the fissility x of composite systems with in-
itial excitation energies Ec~ &150 MeV. Solid triangles: this
work, most probable LMT window; all other reactions are
adapted from the compilation in Ref. 1. The line gives the ex-
pected values for fragments with T=1.5 MeV.

where a = Ac+/k is the level density parameter and
k = 8 MeV. ' ' The orjgjn js a qualitative difference;
the values T „are apparent temperatures, i.e., weighted
over the whole cascade of sequential particle evaporation,
whereas T,„ is the initial temperature, i.e., that of the
first daughter nucleus. According to Ref. 53 this
difference is taken care of in a pure neutron cascade with
a factor —,", ; Gonin et ah. , however, found that the
discrepancy between initial and apparent temperature in-
creases with ECN and is particularly high in the neutron
exit channel due to the enhanced charged particle emis-
sion. This is why insertion of the temperatures

~ &

Tp„
for T, (EcN ) in Eq. (9) yields values for k decreasing with
increasing ec&, whereas the opposite trend is reported
for the initial temperatures and e&& ~2 MeV. Neverthe-
less, a general consistency between the excitation energies
EcN derived with Eq. (5) and the observed temperatures

TpI e can be stated for k = 8 MeV
The postscission temperatures T„„, in contrast show

only a faint dependence on Ec& for symmetric fragmen-
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tations, which is obscured iri the case of asymmetric frag-
mentations by a broader scattering of the best fit
values —most probably due to the more heterogeneous re-
action mechanisms. The most interesting fact is the abso-
lute value of 1.75+0.25 MeV, which is about a factor of 2
higher than for systems with comparable fissility initially

excited to EC~=30 MeV. It converts with Eq. (9) and
k=8 MeV into an excitation energy EF, +EF2 of the
fragments of 83+20 MeV (for Th: 97+25 MeV). The
values are in good agreement with EF, +EF2 being calcu-
lated from the average values M „, of Table IV as
M „(1.5 T „+S„)+E; they seem to be higher than
the 50—60 MeV of excitation energy Ez~ available at scis-
sion, cf. Sec. IVC1. One possible explanation may be
that the fragment excitation energy Ez, +EF2 is com-
posed of an intrinsic part E&& rejecting the statistical
equilibrium up to the scission point, and a contribution
resulting from the deformation of the nascent fragments.

fission, which were for this purpose not only grouped ac-
cording to their LMT as before, but in addition into the
three disjunctive TKE classes with centroids of 120, 149,
and 175 MeV (for S+ Th: 125, 156, and 190 MeV).
The resulting multiplicities are characterized by larger
substantial uncertainties due to the additiona1 selection of
TKE.

The prescission multiplicities are within the uncertain-
ties compatible with a constant value independent of
TKE, which is identical with the value obtained without
subdivision into TKE classes; cf. Table IV. This result
will not qualitatively change with the inclusion of the
recoil corrections. The reason is the following. Due to
the high excitations E&& 180 MeV and their broad dis-
tributions in the respective LMT windows, the prescis-
sion multiplicities are the dominant ones and anticipated
variations of AMp =1—2 units are hard —if at all—to
detect, if the uncertainties in the fit values are inherently
of the same size.

3. Dependence ofM~„on TI E

Recently, an increase of M „with TKE was observed
in the reaction systems Ar+ ' Tm at E&,b =250 MeV, '

and Ar+ ' Ho, U at E&,b =249 MeV. ' Such a corre-
lation would supplement the understanding of fission
time scales, because variations in TKE can be associated
with di6'erent elongations of the scission configurations.
Meanwhile, however, these particular correlations have
been explained by recoil eQ'ects of postscission neutrons
which sensitively inhuence the fragment velocities. It
seemed nevertheless worth looking for such a correlation
in the present data.

Therefore a fit with four moving sources has been per-
formed with our data for symmetric (0.4 ~ m~ ~ 0.6)

I

V. SCISSION TIME SCALES

A. the statistical model

Conceptionally, the neutron clock is set to zero once
the equilibration phase of duration ~pE has reached the
equilibrium distribution of excitation E~~, spin I, and a
shape which is assumed to be that of the ground state
minimum. In a statistical model description, the time
elapsing until the first decay takes place is given by

(10)

where I „,is the sum of all partial widths I; competing.
The neutron decay width herein is calculated with
transmission coefficients T& as

(2S„+1) ™~+~ E*—s.
I „(E*,I)=, g g J p(E*—S„e„,J)T,(e—„)de„.

2&p(E, I) 1 =0 J=I —t

Similar expressions hold for charged particle emission
with a total decay width I,h(E",I); for the level densi-
ties, the expression

p(E *,J)- exp[2+a„(E* E„,)]-2J+1
)' (12)

will be used with the level-density parameter a„and the
rotational energy E,«. Excitation energies E&& of more
than 100 MeV lead in heavy nuclei ' to emission times
~„&10 ' s; therefore prescission neutron multiplicities
M „can be converted into scission time scales via

pre pre
{n} y (n)

i =1 i=1

This expression needs some discussion concerning its lim-
itations. For sufficiently high values E&&, the decay time

&
may drop below the dissipation time ~pE which is in

the order of 5 X 10 s. ' This will happen if +Ec&/a„

is in the order of 5 MeV, ' which is beyond the range of
the present experiment. Also, at these high excitations
the parameters entering into Eq. (11)—in particular the
level-density parameters, but to a lesser extent their
ratios —are not accurately enough known or energy
dependent. However, the significant contributions to
Eq. (13) come from the last few neutrons' where the em-
itting system has essentially cooled down to E*~ 100
MeV and a parameters are less prone to uncertainties.

Finally it must be stressed that Eqs. (11) and (12) re-
quire a value of E* which is certainly overestimated by
considering the frozen equilibrium shape; instead, the
system develops towards the scission point with conse-
quences for E* as well as a. The implications hereof are
discussed in Refs. 2 and 9 and shall not be repeated here.

The subsequent calculations with the code JULIAN
were performed under the assumption of particle eva-
poration only from spherical reaction systems with the in-
itial excitation energies Ec&(LMT) from Table II and a
fixed initial value of I =80A'. This value was applied in
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Ref. 6 to the reaction S+' "' Sm, too; it is about 106
larger than the mean value resulting from an approxima-
tion of the entrance channel distribution with a sharp
cuto6' at I„LM&, cf. Table III. A ratio of the level-density
parameters for particle (n, p, d, a ) emission and fission
a„/a& =1 was applied. Transmission coeKcients T& for
ejectile evaporation were calculated with the optical mod-
el and standard parameter sets; the spin dependent fission
barrier heights were taken from the finite-range liquid-
drop model. More details are given in Ref. 19. The on-
set of the statistical fission competition was delayed by a
time interval 6 adjusted in length such that the experi-
mental observed prescission multiplicities M „were
reproduced.

The deexcitation was then followed further including
(symmetric) fission as additional decay channel. Finally
the excitation energy E~, +EI,"z stored in the fragments
was exhausted in particle (mostly neutron) emission and

y deexcitation. The calculations were performed for
a = 2 /k with k=8, 10, and 13 MeV. In all cases fission
turned out to dominate over the competing channels
leading to evaporation residue formation; therefore, the
cumulative time 6 for prescission neutron emission is
identified with the time scale ~,'"' for scission.

The resulting statistical distribution of the initial exci-
tation energy E&&(LMT) is shown as an energy balance
for a = A/10 MeV in Fig. 12. The prescission multi-
plicity for charged particle emission increases with LMT
in a way that in the central collisions only about 50% of
E&~ is spent on neutron emission and preferentially in
the later part of the deexcitation chain. This is why the
apparent temperatures T„„, fall behind T, (Ez&). On
these grounds the temperatures T, =

—,'E„deduced from
the averaged kinetic energy of the prescission neutrons as
calculated with the statistical model should equal
T~„,(Ez&) rather than T, (Ez&); the opposite, however,
is the case (cf. Table V). It indicates that the statistical
model applied might overestimate the kinetic energies
of evaporated particles, e.g. , due to the fact that actually
less intrinsic excitation is available because the reaction
system is not spherical but deformed on its way toward
scission.

According to Fig. 12, M „is systematically higher for
S+ Th than for S+ ' Au because the charged parti-

cle evaporation is less competitive. The calculated
postscission multiplicities exceed those for S+ ' Au,
too, due to the higher value Q,z that supplements the in-
trinsic excitation once the scission is completed. The ab-
so1ute numbers agree well with the experimental results
for symmetric fission. Altogether this energy balance
yields satisfying agreement with the results of the multi-
ple source fit and must be considered another support for
Eq. (5) used to determine Ec~(LMT) with EPE=O, and
insofar also for the reliability of the scission times derived
for reaction systems starting the descent towards scission
from an excitation E&&.

B. Prescission times

According to Refs. 2 and 9 the e6'ective fusion-fission
lifetime for first charge fission is given by

EcN (MeVI

700

600—

32' 197A S+ 2Th
Clef f

400

300

200

100

0
9279$ 64 56, 50 78 63 55

35 60 74 97 35 57 76 98
AVERAGE LlNEAR MOMENTUM TRANSFER (%)

FIG. 12. Energy balance in the four LMT classes under
study. The solid columns give Ez& following incomplete fusion,
Eq. (5); the bottom fraction (also given in %) is carried away by
prescission neutrons, the medium section by charged particles.
The hatched part including a contribution of the effective Q
value (i.e., mass di6'erence for symmetric fragmentation minus
TKE) is left for the postscission phase; the numbers give the cal-
culated neutron multiplicities Mp

wg=~„„+0.5&, +w„, (14)

where ~„„is the mere decay width contribution of the
statistical model according to Eq. (10), r, the transient
time to transform the initial reaction system by coupling
of collective to particle degrees of freedom to a quasistat-
ic distribution including the saddle-point configurations,
and ~„ the time needed to descend from the saddle to the
scission point. Application of the neutron clock of Eq.
(13) requires the knowledge of the number of neutrons
Mp minus the statistical model contribution resulting
during ~„„.For the reaction systems under study, ~8t f is
much' smaller than ~& and therefore ~,"obtained from
Eq. (13) with the full value M „can be used to determine
the dynamical time scale of the transient phenomenon re-
ferred to with the second plus third term in Eq. (14).

For reaction systems that are not trapped behind a
fission barrier (i.e., fast fission as contrasted to fusion-
fission ), the statistical fission width I & is infinite and the
neutron clock measures directly the time scale for the
transport of the nuclear fission degree of freedom over
the fission barrier to the scission point, whereas fusion-
fission also receives contributions from prescission neu-
tron emission in statistical competition to fission. There-
fore Eq. (13) then represents the minimum scission time
scale.

The calculations of ~,'"' were performed with the ener-
gy independent level-density parameters a = 3 /k
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FIG. 14. Top: Same as Fig. 13 for the central collision win-

dow I.MT =74% (76%) and the reactions S+ ' Au
( S+ Th). Bottom: Cumulative evaporation times versus
fissility x of the reaction system for symmetric and asymmetric
mass splits obtained with a = 3/10 MeV ' for the highest LMT
bins. Data for 'S+ ' '" Sm are from Ref. 6; also shown (trian-
gle) is the result (Ref. 8) for peripheral collisions Ar+ Th
with 30 MeV/u.

time scales and show smooth trends with deviations only
in the lowest LMT bin,' the latter can most probably be
traced back to the fact that the excitation energies
Ec~(LMT) for these bins are least accurate on an abso-
lute scale due to the evaluation with Eq. (5) and their cen-
troids being least representative for the bin.

The first result is that for symmetric fragmentations
~f=2X10 s and does not depend on the LMT; the
dynamical time scale is not extended with the amount of
linear momentum and kinetic energy brought into the re-
action system by the projectile participant. This is not
unexpected, because on one hand ~f seems to be dom-
inated by r„(Ref. 12) and r„will depend on the mass at
scission. This mass varies only moderately with LMT,
because in first order the additional mass of the partici-
pant is canceled by the evaporation losses as a conse-

quence of the growing internal excitation. The same re-
sult is obtained for S+ Th, however with slightly
higher absolute values v.f =3X10 s as can be read
from the upper part of Fig. 14.

Our second finding is that wf is systematically higher
for symmetric than for the corresponding asymmetric
fragmentations. Similar differences in time scales have
been found in Ref. 3, and in particular for the fission fol-
lowing the reaction of 838-MeV projectiles S with

Sm. It was speculated in context with Fig. 7 that
the symmetric mass splits are associated with more cen-
tral collisions and therefore result from fission of a com-
posite system that is equilibrated in energy and mass and
characterized by lower angular momenta and accordingly
higher fission barriers Vs(l). In contrast, asymmetric
mass splits originate more from peripheral collisions with
higher angular momenta and partly from systems with
vanishing barriers V~(l) such that the time scale is
dominated by fast fission. Of course there will be an
overlap of fusion-fission, fast fission, and quasifission as
contributing reaction mechanisms. Support for the as-
sumption of shorter time scales in peripheral collisions
comes from a study of fission following exclusively peri-
pheral collisions of Ar+ Th at a bombarding energy
of 30 Me V/u; there a dynamical time scale
0.5—2.0X 10 s—which, however, was attributed more
to r,—was derived. The comparison [cf. Fig. 14(b)]
sho~s that this time scale is again shorter than the one
for the asymmetric mass splits in S+ Th. It must be
pointed out, however, that our data are not considered a
conclusive link from asymmetric fragmentation to peri-
pheral collisions.

Fi.nally, it is instructive to consider the time scales de-
duced in this work as well as those from Refs. 6 and 8 as
a function of the fissility x of the reaction system [Fig.
14(b)]. There is a clear trend of increasing time scales r,'"'
or ~f with x. Its attribution to either ~, or ~„ is model
dependent. If it were due to the transient time ~„ it
would indicate the fission probability to be increasingly
suppressed. On the other hand, it supplements the
speculation' for the saddle-to-scission time ~„ to in-
crease with x. This would indicate a growing difference
between ihe deformations at the saddle and the scission
point, respectively, either because the saddle point moves
towards more compact shapes or because the heavier sys-
tern is more elongated at scission.

VI. SUMMARY

Fission of the reaction systems S+ ' Au and
S+ Th has been studied with 26.2-MeV/u projectiles

by measuring in planar geometry coincidences of two
heavy fragments with neutrons. The LMT has been ob-
tained from the fragment velocity vectors and converted
into the excitation energies Ec&(LMT) in the massive
transfer approach. The neutron energy spectra have been
unfolded for consecutive bins of LMT, mass split, and
TKE into contributions of four {preequilibrium, prescis-
sion, and two fragments) moving sources with isotropic,
Maxwellian emission characteristics. The main results of
our data analysis are as follows.
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(1) The most probable LMT in central collisions of
about 75%%uo corresponds to a transferred momentum of
168 MeV/c per projectile nucleon. The LMT distribu-
tion exhibits a second component of peripheral collisions
that is more pronouced for S+ Th due to the higher
fissility. The cross sections for fission in central collisions
amount to 40—50% of the total reaction cross sections.
Complete fusion accounts for less than 10% of the fission
yield. The detectable fraction of nonbinary fragmenta-
tions is well below 10%.

(2) For both reactions and in all LMT bins about 4
preequilibrium neutrons are emitted per fission; they stem
from sources moving with 50% of the beam velocity and
faster. Their multiplicities and energies are well repro-
duced by the BME model calculation that supports also
the excitation energy Ec&(LMT) ascribed to reaction sys-
tems following incomplete fusion.

(3) Prescission neutron multiplicities increase with
LMT in proportion to Ec&(LMT), whereas the postscis-
sion multiplicities remain constant at a level of 6—8 neu-
trons (for Th two neutrons more due to a higher value

Q,tr). These numbers as well as the temperature parame-
ters obtained for the fragment sources imply that scission
takes place when the elongated system has cooled down
to 50—60 MeV of intrinsic excitation.

(4) A statistical model calculation starting from an ini-
tial excitation energy Ec&(LMT), and with the fission
competition being deferred until the experimental pres-
cission neutron multiplicity is reached, can explain the
distribution of Ec&(LMT) between the competing chan-

nels of neutron and charged particle evaporation and the
fraction remaining at scission. One minor discrepancy
arises between the apparent temperature parameters
T„„(EC~)and the calculated ones, T, (EP~), the latter
being higher; it emphasizes that the reaction is inade-
quately described with compound nuclei remaining
spherical throughout the deexcitation and transition to
the scission point.

(5) Accumulation of the times elapsed for the evapora-
tion of all prescission neutrons leads to a time scale show-
ing that fission of the systems under study is an inherent-
ly slow process of 5X10 '—3X10 s duration. A
comparison of the fission times on a relative scale indi-
cates that they are not significantly dependent on
Ec&(LMT). It is found that fission proceeds faster for
asymmetric mass splits than for symmetric ones. For
both types of mass split the fission time scale increases
with the fissility x of the reaction system, which may be
indicative of an increasing distance between saddle and
scission point.
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