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Pre-scission and post-scission neutron yields have been measured as a function of projectile mass,
compound nucleus fissility, and fission mass split and total kinetic energy (TKE) for 27 fusion-fission and
quasifission reactions induced by beams of ''%0, °Ar, and *Ni. A new method of interpretation of ex-
perimental pre-scission neutron multiplicities v,,. and mean kinetic energies €, allows the extraction of
fission time scales with much less uncertainty than previously, all fusion-fission results being consistent
with a dynamical time scale of (35+£15) X 107*' s for symmetric fission. All reactions show that v, falls
quite rapidly with increasing mass asymmetry; evidence is presented that for fusion-fission reactions this
is partly due to a reduction of the dynamical fission time scale with mass asymmetry. For quasifission,
the data indicate that the pre-scission multiplicity and mean neutron kinetic energy are very sensitive to
the final mass asymmetry, but that the time scale is virtually independent of mass asymmetry. It is con-
cluded that for fusion-fission there is no dependence of v, on TKE, while for **Ni-induced quasifission
reactions, a strong increase of v, with decreasing TKE is observed. This is probably largely caused by
neutron emission during the acceleration time of the fission fragments in these fast reactions. Interpreta-
tion of post-scission multiplicities in terms of fragment excitation energies leads to deduced time scales
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consistent with those determined from the pre-scission data.

PACS number(s): 25.70.Jj, 25.85.Ge

I. INTRODUCTION

The confrontation between experimental data and
theoretical pictures of the dynamics of fission and
quasifission has largely been in the areas of the average
total kinetic energy [1,2] (TKE) and its width [3,4], the
width of fission mass distributions [5-9], and angular dis-
tributions of the massive partners in the binary fragmen-
tation [7,10—13]. Very valuable insights into these pro-
cesses have been obtained from such work. In the last de-
cade, a rapidly increasing body of experimental data on
the properties of the light particles emitted during such
heavy-ion-induced reactions has been obtained, for neu-
trons [14-29], protons, and a particles [30-34]. The rap-
id mutual Coulomb repulsion experienced by the fission
fragments causes a kinematic focusing of light particles
emitted from the fragments. This fact allows an angular
correlation measurement of the light particles to be
decomposed into those particles emitted from the com-
posite (fused) system before scission (pre-scission parti-
cles) and those emitted from the fragments (post-scission).
The sum of the energy required for the emission of all
particles, pre-scission and post-scission, plus that carried
away by y rays and in the TKE of the two massive frag-
ments, allows the reconstruction of the initial excitation
energy of the system. For a pure fusion-fission reaction,
this should be consistent with the value calculated for the
fusion reaction. For most reactions, the TKE and the en-
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ergy lost due to neutron emission are the dominant con-
tributions.

During the course of a heavy-ion collision, the emis-
sion of light particles (principally neutrons, protons, and
a particles) will in reality be a continuous process, occur-
ring between the first excitation of the colliding nuclei
and the de-excitation of the final products to energies
below the respective emission thresholds. The probabili-
ties of emission as a function of time will depend in detail
on the dynamics of the reaction process, although the to-
tal energy carried away will be determined largely by the
reaction Q-value and kinetic energies of the massive frag-
ments. Restricting ourselves to the reactions studied in
this work, namely, fusion-fission and quasifission, it is
clear that during the course of the reaction, the splitting
(scission) of the composite nucleus previously formed by
the joining of the projectile and target nuclei represents a
unique and irreversible event in the decay history of the
reaction, and as such is often the end point of theoretical
descriptions of the reaction process [35].

For quasifission, and for composite nuclei with fission
barrier less than the temperature (“fast fission”), the
probability of not undergoing scission is essentially zero,
independent of nuclear viscosity. In these reactions it is
clear that fission need not be considered as a decay chan-
nel competing with evaporation, but rather as a shape
change influencing the evaporation process. The average
trajectory to scission will be determined by the inertia
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and nuclear viscosity; thus future developments in the
modeling of reaction dynamics and evaporation should
allow precise information on the nature and magnitude of
nuclear viscosity to be obtained. In fusion-fission (fission
with barrier) the treatment of the strong relationship be-
tween the fission width and the magnitude of the viscosity
[35] (the Kramers factor) causes some problems [20] in
reproducing measured fission probabilities. However, the
fact that in this class of reaction fission occurs because of
the coupling between intrinsic and collective degrees of
freedom (viscosity) makes the study of fusion-fission par-
ticularly important in developing our understanding of
fission dynamics.

Experimental studies of the pre-scission particles can
be divided into neutron and charged-particle studies.
The latter have some difficulties in their measurement
and interpretation, namely, (i) the low multiplicity in
most reactions, (i) the strong angular distribution, partic-
ularly for a particles, which makes more difficult the ex-
traction of the multiplicity from the angular correlation,
and (iii) the sensitivity of the calculated emission widths
and thus multiplicities to the deformation of the emitter
and to the slope of the yrast line as a function of angular
momentum. The latter points can also be exploited to ad-
vantage, since in principle they allow the extraction of
more information about the emitting system, in particu-
lar in conjunction with neutron measurements [34].

Neutron measurements are hampered by the well-
known problems of neutron detection, such as the detec-
tion efficiency which is usually low and is energy depen-
dent, and small solid angles. Nevertheless, they allow the
determination of reaction time scales with arguably less
uncertainty than do charged-particle measurements, per-
mit the calculation of the initial excitation energy, and
are emitted with high multiplicities.

Pre-scission neutron and charged-particle data for a
given reaction all show a multiplicity which increases
monotonically with bombarding energy, in contrast with
statistical model calculations. This important feature has
been explained in terms of the time scale of the fission
process, and shows that fission is a slow process (2 10~2°
s) compared with the typical lifetime for emission of the
first neutrons (10722—107% 5). Neutron emission being
the dominant decay mode permits an analogy with a
clock [26], each additional neutron representing an incre-
ment in time from the formation of the thermally equili-
brated compound nucleus. As the bombarding (excita-
tion) energy is increased, the first neutron is emitted more
and more rapidly; thus if the fission time-scale does not
decrease, then most of the increased excitation energy is
removed by pre-scission emission, and the temperature of
the fission fragments increases only slowly. This fact has
important implications in the analysis of measured prop-
erties of the fission fragments [26].

Measurements of pre-scission neutron multiplicities
(Vpre) in heavy-ion reactions were initially made for
fission events without any discrimination in mass split
and TKE. Recent measurements as a function of mass
split [25] indicate that information on the reaction mech-
anism in quasifission,and on fission dynamics in fusion-
fission, can be extracted from such data. The variation
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of v, with TKE will in principle give information on the
reaction mechanism and/or the importance of emission
near the scission point, if the kinematical effects due to
recoil imparted by the observed neutron are accounted
for in the data analysis [29]. Some measurements as a
function of the fissility (x) of the compound system have
already been made, but analyses to date [24,26] show that
the variation of the deduced dynamical fission time scale
with fissility depends very much on the assumptions
made about the average deformation from which the neu-
trons are emitted. More precise data are required, to-
gether with the development of realistic dynamical mod-
els of the fission process which incorporate particle de-
cay, which will allow a direct comparison of experiment
and theory without the intermediate step of statistical
model codes modified to simulate the effect of dynamics.

In order to further our understanding of the dynamics
of nuclear coalescence and separation in fusion-fission
and quasifission, a series of measurements of pre-scission
and post-scission neutron multiplicities for reactions in-
duced by '®'80, *°Ar and *Ni projectiles has been car-
ried out. For many of the reactions, particularly those
with wide mass distributions, the variation with mass
split and also TKE was measured. In all, 248 data points
were analyzed, which represents a considerable increase
in the data available up to now.

In one paper, it is not practicable to give a full inter-
pretation of every aspect of these new data. The aim here
is to describe the experimental methods used, present the
experimental data, and highlight the main trends ob-
served. Our interpretation of these trends will be given
together with the problems involved in obtaining
definitive quantitative conclusions.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out at the Hahn-
Meitner-Institut using pulsed beams of 158.8 MeV 'O,
288.0 MeV %0, 249.0 MeV “°Ar, and 417.7 MeV *Nij,
from the VICKSI Accelerator, incident on a range of tar-
gets. Those measurements using beams of %80 and *Ni
were performed using essentially the same experimental
configuration, while those using the ‘“°Ar beam had a
different arrangement. In the following description, the
conditions for the “°’Ar measurements will be given first,
with the others in parentheses after.

A. Fission fragment detection

Fission fragments were detected in low-pressure
position-sensitive multiwire proportional counters [36]
(MWPC), shown in Fig. 1. Two (one) small area
MWPC’s of active area 6.1 cm X 6.1 cm were located on
one side of the beam, with a distance of 31.1 cm (25.6 cm)
between the target and the timing plane. Their angle 05
could be varied. On the other side of the beam was a
large area MWPC (24.4 cm X 12.2 cm) centered at 100°
(55°), with 18.2 cm (27.1 cm) between target and timing
plane. It subtended 67° (48°) in plane and +18.5° (£12.7°)
out of plane. These detectors provided better than 0.1 cm
position resolution and better than 200 ps time resolu-
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FIG. 1. Schematic diagram of the experimental arrangement
for the *°Ar runs; neutron detectors are indicated by N1 to N10,
the latter being out of plane. Monitor detectors M1 and M2
were near to the beam direction. Fission fragments were detect-
ed in the three MWPC detectors, each indicated by a double
line. In the other runs, only one small solid angle MWPC was
used.

tion. The angle calibrations were carried out using fission
fragments, which passed through masks (located on mov-
able arms) previously calibrated in place by a telescope
aligned with the beam axis.

Targets were typically 0.3-0.5 mg/cm? in thickness,
measured in most cases using an a-particle source. The
targets were in general not placed with the normal to
their surface at 0° to the beam axis, but were turned be-
tween 10° and 65°, in order to reduce energy loss and mul-
tiple scattering of both fission fragments leaving the tar-
get, details for each reaction being given in Tables I-IV.
This information was necessary to calculate the mean
beam energy in the target for each reaction, and to calcu-
late the mean velocity of elastically scattered beam parti-
cles and recoils exiting the target at all angles. The latter
were used to determine the time of arrival (zy) of the
beam pulses (of width <200 ps for the '*0 beam to 1.6 ns
for ®Ni) at the target in those reactions where elastic-
recoil coincidences were observed. It was found that
changes of ¢, from reaction to reaction as determined by
this method were in excellent agreement with changes
determined from the shift in the time of arrival of y rays
at the neutron detectors. When the former method could
not be used, ¢, was determined from the y peak in the
neutron detectors, with an error estimated to be less than
+150 ps.

Having both ¢, and the angle calibration, the velocity
vectors vp and Vg, of each fragment were determined,

and as described in Ref. [27], the mass split, center-of-
mass velocity v, and the total kinetic energy (TKE) were

determined, an iterative procedure being used to compen-
sate for the energy loss in the target. Movement of the
beam spot was monitored by a pair of plastic scintillator
detectors (M| and M, in Fig. 1) at =11° in-plane, and was
accounted for in determining vy and vj,. For the *Ni

beam, the poorer beam pulse width resulted in degraded
TKE resolution. For these reactions, it was found as ex-
pected that v, was consistent with the value calculated
for complete momentum transfer, so v, was fixed to these
values, thus allowing the TKE to be determined with
better precision. Depending on the reaction, a cut of be-
tween +0.08 and +0.15 cmns™ ! was applied around the
measured v,. In all cases, a cut of between +6.5° and
115° was applied about 180° to the out-of-plane correla-
tion. These helped to restrict the events to binary fission,
and to exclude fission following momentum transfers sub-
stantially less than average. In addition, generous cuts
were applied to the energy loss (AE) signal in the
MWPC’s and to the relative velocity between the two
fragments. These measures resulted in extremely clean
fission fragment spectra.

The main sources of systematic uncertainty in the ex-
tracted mass split and TKE information are the uncer-
tainty in target thickness and beam spot position, and the
uncertainty in t, for each detector. The resulting sys-
tematic uncertainty in fragment mass is S +2% and in
TKE 5 +3%. The resolution in mass due to time and po-
sition resolution of the detectors was typically <+1%,
and in TKE < 4%, substantially smaller than the cuts
applied to the data. These figures are excellent for the
purposes of these measurements, although if a detailed
investigation of fission mass and TKE distributions were
to be carried out, they could be considerably improved by
using thinner targets and different geometry, though at
the expense of yield. It should be further noted that the
fission fragment yields shown have not been corrected for
efficiencies caused by the detector geometry and kinemat-
ics.

B. Neutron detection

Liquid scintillator neutron detectors (NE213 or
BC501) were placed outside the 1 m diameter scattering
chamber (Fig. 1), whose walls were of 0.3 cm thick stain-
less steel. In the “°Ar measurements, 10 neutron detec-
tors were used (N1 to N10 in Fig. 1), and 12 in the other
measurements. Detector sizes were 10.16 cm in diameter
X10.16 cm in length, 12.7 cm X 5.08 cm, 25.4 cm X5.08
cm, and 25.4 cm X 10.16cm. They were placed both in
plane and out of plane at distances ranging from 65 to
105 cm for backward and forward angles, respectively.

TABLE I. Target properties and detector angles for the reactions with 158.8 MeV '20.

Target material "atyUF, 97Au 169Tm 154Sm 144Sm 1248n
Thickness (mg/cm?) 0.27 0.31 0.39 0.40 0.75 1.66
Target angle (deg) 60 60 45 60 60 60
E,, (MeV) 158.5 158.4 158.5 158.3 157.8 156.4
6 (deg) —95 —90 —90 —80 —80 —175
6, (deg) —90 —90 —90 —80 —80 —70
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TABLE II. Target properties and detector angles for the reactions with 288.0 MeV '°O.

Target material ntyUF, 208pp 97Au 184w 134Sm 1097 ¢
Thickness (mg/cm?) 0.27 0.22 0.28 0.50 0.40 0.16
Target angle (deg) 60 60 60 60 65 25
Ep (MeV) 287.8 287.8 287.7 287.5 287.5 287.9
Or (deg) —90 —85 —80 —175 —65 —45
6, (deg) —90 —85 —80 —75 —65 —59

Time resolution of the detectors varied from 0.9 to 2.0 ns,
depending on their size and lower threshold setting.
Neutrons were identified by their time of flight and by
pulse-shape discrimination. Comparison of the deposited
energy as determined by a y-ray source calibration, and
the true energy as determined from the time of flight, al-
lowed the rejection of scattered events with long times
but high energies. The efficiencies of the neutron detec-
tors were determined three times in situ using a *>2Cf
source mounted in a lightweight MWPC at the target po-
sition, supplemented for high neutron energies by calcu-
lated values from a Monte Carlo code [37]. Thus to first
order, the effect of neutron scattering into the detectors,
which was not rejected by the method described above,
was accounted for. This procedure also accounts for the
energy-dependent reduction of neutron intensity by the
experimental apparatus, vacuum chamber wall, and the 7
mm of lead placed in front of the neutron detectors to
reduce the y-ray rate. Additional effects accounted for in
the measurement of the neutron spectra were (i) random
coincidences, which were measured two beam bursts later
(~270 ns) than the fission fragments, and constituted
0.5-2% of the true events; (ii) blocking of neutrons by y
rays from the observed fission event (<2%); (iii) dead
time in each of the neutron-gamma discriminator units,
in the range 1-6%; and (iv) the neutron velocity-
dependent “blocking” of slower neutrons by faster neu-
trons incident on the same detector —experimentally the
flight time measured is always that of the faster neutron.
This was corrected for exactly by an “inverted spectrum
stripping” procedure applied to each measured spectrum.
This was started at the highest velocity (energy) bin,
where no increase in yield was applied, at the next lowest
velocity bin, the blocking due to the higher bin was calcu-
lated and the measured yield increased slightly, and so
on, with the effect building up to a maximum of a 10%
increase in yield at the lowest velocity in the detector
with the highest yield (120 msr solid angle coaxial with
the direction of the forward-going fission fragment). Ac-
count was also taken of the probability that both neu-

trons may be rejected as a scattered event by appearing to
deposit too high an energy; this effect is small except
where both neutrons have a similar velocity, where this
correction approaches 50%. Finally, (v) the velocity
resolution caused by the finite thickness of the neutron
detectors and their time resolution was not unfolded, but
was rather folded in during the fitting procedure de-
scribed below.

All the measures described above enabled reliable neu-
tron spectra to be obtained for detectors with relatively
large solid angle, thus enabling good statistics to be ob-
tained (nearly 107 fission-neutron coincidences in 48
hours for the *°Ar+2%U reaction).

In the “°Ar run, the two neutron detectors behind the
small MWPC’s were moved together with the MWPC’s,
SO as to remain most sensitive to the post-scission neu-
trons. Their angles are indicated in Table III by 6, and
Or, respectively. In the other runs, a group of four detec-
tors was moved as the small MWPC was moved, to retain
sensitivity to the post-scission neutrons emitted by the
fragment detected in that MWPC. The angle of the cen-
tral detector is given in Tables I, IT and IV by 6,,.

III. DATA ANALYSIS
A. Fission fragments

As described, measurement of the velocity vectors of
the two fission fragments enables the fragment mass ratio
(Rp= A,/ A,) at scission to be determined, under the as-
sumption that the mean fragment velocities are un-
changed during their decay. For convenience in present-
ing the data, the mass ratio has been converted into a
fragment mass assuming no particle emission, thus

_ A(CN)Rg
(4R
where A(CN) is the compound nucleus mass number.

Similarly, to enable comparison with the Viola systemat-
ics [38], the TKE has been determined from the masses

TABLE III. Target properties and detector angles for the reactions with 249.0 MeV “°Ar.

Target material ntyUF, 208pp 197Au 1817, 15Ho 19Tm 4lpr
Thickness (mg/cmz) 0.27 0.22 0.50 0.54 0.50 0.50 0.60
Target angle (deg) 60 60 60 60 60 60 60
E, (MeV) 246.8 246.5 245.9 245.4 245.6 245.6 2445
6 (deg) —24, —34 —24, —24, —24, —24, —24, —24,

—46, —56 —46 —46 —46 —46 —46 —46
0, (deg) —24, —35 —24, —24, —24, —24, —24, —24,
—45, —57 —45 —45 —45 —45 —45 —45




45 NEUTRON EMISSION AS A PROBE OF FUSION-FISSION . . .

1233

TABLE IV. Target properties and detector angles for the reactions with *Ni.

Target material "tyF, 208py 197Au 5Ly 154Sm
Thickness (mgcm™2) 0.68 0.70 0.28 0.47 0.40
Target angle (deg) 65 60 60 60 90
Ep, (MeV) 410 410 415 412 413
6r (deg) —57 —50 —50 —50 —50
0, (deg) —55 —55 —55 —55 —55

A, and A4, defined above, and the measured fragment ve-
locities. Thus A4 and TKE in the tables and figures do
not represent exactly the actual masses and energies of
fragments incident on the detectors. Fragments from
symmetric fission appear to have a mass of half the com-
pound nucleus mass.

Gates were applied to the fission mass spectrum in or-
der to determine the mass-asymmetry dependence of neu-
tron multiplicities. However, to make straight cuts in
TKE would have resulted in different mass yields for
each TKE gate. Thus a new quantity was generated, the
ratio of the measured TKE to that calculated from the
Viola systematics, with the mass-asymmetry dependence
included [21], which we will denote by RTKE, given by

TKE(Rf)

RTKE=
[0.755Z,Z,/( A3+ 417)1+7.3

(1)

It was assumed that the Z/ A ratio of the fragments is
the same as that of the compound system. Linear cuts in
RTKE were applied to the fragments; the appearance of
such gates is shown in Fig. 10.

B. Neutrons

One neutron detector was placed at 90° out of plane,
the others were in plane or slightly out of plane ( <25°) to
avoid obstacles. The former detector allowed testing of
the assumption of isotropic neutron emission. Since pre-
equilibrium neutrons were not of primary interest, fitting
of the neutron spectra was performed in velocity space,
which is convenient for presentation and evaluation of
fits.

The neutron angular correlations were fitted as a func-
tion of neutron velocity using a multiple-source-fitting
program similar to that of Ref. [24]. The philosophy was
to generate trial spectra, and calculate the y? value for all
combinations of multiplicities. New trial spectra were
then taken and the procedure continued until the y? sur-
face was mapped out, the minimum x> found and the
locus of lowest y? values for each parameter, determined
for free variation of all other parameters. This gave the
best-fitting value of each parameter, and its uncertainty, a
70% confidence level being associated with a value of ¥
per point higher than the minimum value by 0.03, the ap-
propriate value for the number of data points fitted, as-
suming that the experimental errors are solely due to sta-
tistical fluctuations in the neutron spectra collected. The
influence of systematic uncertainties will be discussed in
Sec. IV.

The basic assumption in generating the trial spectra
was that neutrons are emitted sequentially, each with an

energy spectrum do /dE, of Maxwellian form, given for
neutron I by

do
dE,

E,
ZFCXP(“E,,/T,-) ’

1

where T; is determined by the thermal excitation energy
E; and the level density parameter a, (T;=V'E,/a,).
Thus starting at an initial thermal energy E,, the mean
value of E, was given by E,=FE,—B,—2T,, where B, is
the neutron binding energy. Support for the use of
Maxwellian spectra comes from the results of statistical
model calculations [27], and the excellent quality of the
fits obtained to the experimental angular correlations (see
also Sec. IVA1).

Four sources were assumed: two fission fragments
moving with their average measured velocity vectors
corrected for energy loss in the target, the compound sys-
tem moving with the mean experimentally determined ve-
locity v, and a pre-equilibrium source moving with half
the beam velocity. The latter spectrum was taken to be a
single Maxwellian distribution with characteristic tem-
perature, which was a free parameter as was the multipli-
city v,.. The pre-scission source was taken as a single
Maxwellian for the *°Ar data, or a number of Maxwellian
spectra emitted from a starting energy E . over an ener-
gy range AE,.. E,. and the multiplicity v,. were
varied in the fit, there was little sensitivity to AE pres and a
reasonable value was chosen depending on the value of
Vpre- The post-scission sources were represented by a

number of Maxwellians starting at energies E,, and
1

E post, for each fragment, and ending at 2 MeV; this value

was not very critical, and was estimated from the quality
of the fits at v, ~v;. The use of Watt spectra to represent
the post-scission sources resulted in severe overestimation
of the observed yield at v, ~vp. E o, and E posty? and the

multiplicities v, and vp, , were varied in the fitting. It

was assumed that neutrons were emitted isotropically in
the center-of-mass frame of each source, which has not
yet been contradicted in measurements [18], except for

‘pre-equilibrium neutrons at beam velocities higher than

used here [18]. For whatever gate was applied to the
fission fragments, the fragment mean velocities ¥ F» Vi,

and their rms deviations Oy, Oy, , mean fragment an-
1 2

gles 6, 0,, and the rms deviations in 6,,6, (06,06, and
b1, 9, (a¢l,cr ¢2) were taken from the measurement and ac-

counted for in the fitting program. For different reac-
tions, fits were made to all fissions, to mass cuts and
RTKE cuts, and to RTKE cuts applied to given mass re-
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gions. In all, fits were made to 248 angular correlations
from 27 different reactions.

IV. EXPERIMENTAL RESULTS
AND INTERPRETATION

The experimental results will be presented in four sec-
tions. Section A comprises the fusion-fission reactions in-
duced by the '®'30 projectiles. Section B present the
pre-scission neutron data for the *°Ar-induced reactions,
having some quasifission component. Section C discussed
the data obtained for quasifission, using the ®Ni projec-
tile. Finally, Sec. D contains a discussion of the post-
scission neutron multiplicities from all reactions.

A. '$!30-induced reactions

The data and discussion for fission events without mass
or RTKE gates applied will be given first, followed by
those for fission with gates applied.

1. All fission

The measured characteristics of the singles fission
events observed in the reactions of 158.8 MeV 30 with
28y, 97 Au, 'Tm, **Sm, **Sm, and **Sn are shown in
Table V. The mean and variance of the mass and TKE
distributions are for convenience calculated from the
measured fragment velocities assuming no particle eva-
poration. The values for the '?*Sn target will have the
greatest uncertainty, due to the thickness and nonplanari-
ty of the target. Comparison of the measured TKE
values with those expected from the Viola systematics
[38] shows agreement within the likely systematic uncer-
tainties. Table V shows the deduced neutron multiplici-
ties for each reaction, comprising pre-equilibrium (v, ),
pre-scission (v,.), post-scission from both fragments
(2v44), and the total evaporated (equilibrium) multiplici-
tY Viot=Vpre T2Vpose- In fitting these data, the characteris-
tics of the post-scission sources were constrained to be
the same. Also shown in the table are the mean kinetic
energies of the prescission neutrons €,. The data for the
288 MeV !°0O-induced reactions are shown in Table VI.

The main features of the multiplicity data are shown in
Fig. 2 as a function of the mass number of the compound
nucleus A(CN). It is clear that the extra excitation ener-
gy brought in by the 288 MeV '®0 beam is largely re-
moved by pre-scission emission, while the post-scission
multiplicity is almost unchanged, in agreement with pre-
vious conclusions [26].

The experimental uncertainties quoted here and later
are those derived from the y? analysis described in Sec.
III B. To investigate the relative significance of random
and systematic errors, the data for the 0+ !’Au reac-
tion were split into nine equal sections, and each was
sorted and fitted independently. The scatter on all the fit
parameters was consistent with a random error due to
statistical fluctuations in the spectra about a factor of 4
smaller than the error derived from the y? analysis. This
can be explained by degradation of the quality of the fit
by systematic errors, which are likely to be largely due to
uncertainty in the relative efficiencies of the neutron

r . -model input parameters for the reactions of 158.8 MeV '*0. The critical angular momentum for fusion (/) is calculated from
-section assuming a sharp cutoff. In the statistical-model calculations, an appropriate smooth cutoff was used.

TABLE V. Neutron multiplicities and statistical

the fusion cross

O TKE

TKE
(MeV)

AEpee Vore €, (MeV) Vpost Viot

b

Vpee
(error)

E, (CN)*

Oty
(mb)

A(CN

(MeV)

o4

(error) (error) (error) (error)

(MeV)

(MeV)

l fus

81

A(CN) a,

Target

233 181 20.5

13.60

4.25
(0.15)
2.70
(0.10)
225
(0.10)
2.00
(0.05)
1.70
(0.15)
1.75
(0.10)

3.30
(0.10)

5.10
(0.25)
4.10
(0.15)
3.70
(0.30)
4.40
(0.15)
2.45
(0.25)
2.90
(0.25)

37 3.1

0.
(0.20)

101.2

1750

8.96

256

238U

(0.20)
9.50
(0.10)
8.20
(0.13)
8.40
(0.12)
5.85
(0.20)
6.40
(0.14)

154 13.8

16.5

0.30 32 3.35
(0.15) (0.08)

111.1

78

1680

215 8.86

197Au

128 11.2

14.8

3.56
(0.12)

4.7

0.30
(0.15)

115.0

71

187 8.60 1700

169Tm

113 10.6

15.1

0.20 5.7 3.53
(0.10) (0.08)

120.8

76

8.50 1700

172

1 54Sm

112

15.2

3.70
(0.08)

4.2

0.20

(0.10)

113.6

73

162 8.43 1600

lMSm

81

16.4

3.60
(0.18)

6.8

0.18

(0.10)

121.5

75

1750

142 8.26

124Sn

(AE,,, see column 8) is already subtracted.

-drop ground state, the calculated energy removed by pre-equilibrium neutrons and protons

-equilibrium neutron multiplicity, for an effective temperature in the fitting program of 2.5+0.5 MeV.

*Excitation energy above the liquid

"Pre

‘rms deviation of the fission mass distribution.

rms deviation of the fission TKE distribution, for all masses.
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detectors. To test this hypothesis, an additional error of
2% was added linearly to the statistical error of each
point in each neutron velocity spectrum, to represent the
estimated uncertainty in the efficiencies. This gave the
same best-fitting multiplicities as previously, with y? per
point values around unity for all cases investigated, but
resulted in larger deduced error bars, due of course to the
greater freedom allowed by the larger assigned uncertain-
ty in the raw data. It is to be expected that systematic
uncertainties of this order (which are almost impossible
to measure) will be present in the efficiencies, however, it
seems reasonable to assume that, with 10 or 12 neutron
detectors, these small systematic errors are unlikely to
bias the deduced multiplicities significantly. Thus, in
particular when looking at relative shifts in multiplicity,
we may be justified in taking a smaller random error than
those quoted. This is only done, however, in the interpre-
tation of the results for the “°Ar+23%U reaction in Sec.
IV B2. In all other cases the uncertainties deduced from
the ¥? analysis are used.

Part of the overall 2% deviation between fits and data
may be due to the possibility that the trial spectra are not
correct at this level. Because of the inevitability of sys-
tematic uncertainty in the neutron detector efficiencies, it
can thus be concluded that the uncertainty due to the
choice of the form of the trial spectra is of this order or
smaller.

In making a more quantitative analysis of these data,
several parameters must be defined. The first is the
fusion cross section (oy,). For the 158.8 MeV '*0 reac-
tions, experimental data [39] and the predictions of the
Bass model [40] were used to determine the cross sections
given in Table V. For the 288 MeV 160 reactions, inter-
polation of experimental results for a number of targets
[41] and scaling from the measured yields for the %0
data enabled estimates of o, to be made (Table VI). The
second parameter is the initial thermalized excitation en-
ergy of the compound nucleus E, (CN), that is, after ener-
gy removal by pre-equilibrium emission and/or incom-
plete fusion. The pre-equilibrium neutron multiplicity
was measured, and with the help of the Boltzmann mas-
ter equation computer code BME [42], estimates of the
pre-equilibrium proton multiplicity and the total energy
removed by pre-equilibrium particles were made (see
Tables V and VI). No measurements were made of the
contribution due to fission following incomplete fusion
due to the massive transfer mechanism, however, an
asymmetry in the deduced center-of-mass velocities (v,)
to lower velocities was observed for the heaviest targets
when bombarded by 288 MeV !°0, so some further
reduction in excitation energy may be expected; however,
at this stage, without any quantitative information, no
correction for fission following incomplete fusion was ap-
plied. The values of E,(CN) used in calculations were as
shown in Tables V and VI.

At this stage, it is useful to show a comparison between
the measured values of v, and those calculated using a
heavily modified version of the computer code JULIAN
[27]. The calculation involved reproducing the measured
values of v, and &, as will be described later. The evalu-
ation of v, was performed as described in Ref. [27],

TABLE VI. Neutron multiplicities and statistical-model input parameters for the reactions of 288.0 MeV '¢0.

TKE O TKE
(MeV) (MeV)

Vot
(error)

e, (MeV) Vpost
(error) (error)

Vpre
(error)

E,,.
(MeV)

Vpee e
(error) (MeV)

E, (CN)?
(MeV)

Ifus

O fus
(mb)

A(CN)

Target

A(CN)
a

25.1

184

17.9

4.45
(0.20)
3.40
(0.15)
2.80
(0.15)

4.03
(0.20)
4.50
(0.11)
4.64

(0.15)

9.0
(0.5)

35 34.7

0.7)

0.95
(0.20)
0.87
(0.15)

191.9
0.

97

254 8.95 1550

238U

(0.3)

16.6

166

13.7

31.7 6.9

3.7
(0.5)

224 8.82 1600 98 187.3

208Pb

(0.2)

(0.3)

18.2

151

12.8

95 42 35.5 7.2
0.2)

191.4

101

213 8.75 1700

]97Au

0.2)

(0.5)

(0.15)

139 16.5

13.0

2.65
(0.15)

4.58
(0.12)

4.3 375 7.7
0.3)

(0.4)

13

200 8.68 1400 91 195.8 1.

1 84W

0.2)

(0.15)
0.85
(0.20)
1.00

(0.20)

111 14.5

12.1

1.85
(0.20)

43.0 8.4 4.87
(0.4) (0.16)

5.0

(1.0)

86 205.8

170 8.49 1300

1 54Sm

0.2)

6.25 77 15.0

1.13
(0.15)

4.80
(0.20)

4.0

49.2

5.0

(1.5)

80 194.1

1200

8.12

125

109Ag

(0.30)

(0.5)

-drop ground state, the calculated energy removed by pre

-equilibrium neutron multiplicity, for an effective temperature in the fitting program of

“Excitation energy above the liquid

"Pre

-equilibrium neutrons and protons (AE,,,, see column 8) is already subtracted.

Tpee.
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‘Fitted pre-equilibrium neutron temperature (see text).

YMeasured rms deviation of the fission TKE distribution, for all masses.
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with mass split and TKE chosen randomly for each of
10000 events so as to reproduce the measured distribu-
tions. The level density parameter used for the fragments
was that for a symmetric split, calculated according to
Toke and Swiatecki [43]. Figure 3 shows the comparison
between experiment and calculation, the uncertainty in
the calculation due to the systematic error in the mea-
sured TKE being larger than the statistical uncertainty in
the v, data. For the 158.8 MeV '®0-induced reactions,
the agreement is generally good, except for the heaviest
targets, where some effect of fission following incomplete
fusion is likely, and will result in a lower measured total
multiplicity than calculated. For the 288 MeV '°O reac-
tions (see Fig. 4) the results are qualitatively similar, a
discrepancy only occurring for the heaviest systems, con-
sistent with the observations of v, noted above.

Having fixed the initial excitation energy (with some
uncertainty), the next step is the interpretation of the
pre-scission data. It is now well established that fission is
a slow process, taking several 10~ 2° s. Except at low ex-
citation energies [19,26], this time is longer than the sta-
tistical model lifetime 7, which means that before the
decision to fission is made, a number of particles in addi-
tion to those predicted by the statistical model may be
evaporated. These are usually predominantly neutrons.
The number of particles of type i evaporated in a given
time can be determined if their decay widths I'; are cal-
culated, thus allowing the lifetime for particle emission
T,=h/3T;=h/ Ftolj to be calculated at each decay step

(j). Where neutrons are predominant, the pre-scission
neutrons may be thought of as a clock, measuring the
time between thermal equilibration and scission (7). The
total fission time scale 7 is made up of the dynamical time
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FIG. 2. Measured v, and 2v,,, (post-scission multiplicity
for both fragments) values for the '*'%0 reactions as a function
of the compound nucleus mass number. It is clear that almost
all of the extra energy brought in by the higher energy '®O pro-
jectile is removed by pre-scission emission, since the post-
scission multiplicity is almost unchanged.

scales, namely, the pre-saddle delay time 7, and the
saddle-to-scission time 7, and the statistical model time
T¢n- Thus for a given nucleus

Jj=®

24w,

j=1

T=Ty +Tsm+Tssc:

where ¢; are the decay times at step j randomly distribut-
ed with characteristic lifetime 7;, and appropriate
weighting of decay steps (W) reproduces the measured
Vpree W, represents the probability that scission will

0.0
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FIG. 3. The left panel shows the measured v, and v, values for the 158.85 MeV '®0-induced reactions, together with the calcu-
lated v, values discussed in the text. The right panels show the deduced values of 7, and AE,, using the initial excitation energies
given in Table V (solid points), and using a reduced value to give consistency between measured and calculated v,,, values (outline

points).
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FIG. 4. As Fig. 3, but for the reactions induced by the 288.0 MeV 'O beam.

occur at a later step than j: in the simplest approxima-
tion, and if v, is integer, W;=1 for j less than or equal
to v,. For an ensemble of nuclei, the value of v, can
then be mapped directly to 7, and as 7, is small for these
reactions, yields the dynamical time scale 7,=7,+ 7.
The time for formation of the composite system at the
equilibrium deformation, assuming that this occurs after
thermal equilibration, will be included in 7.

In the computer code JULIAN, which models the sta-
tistical decay of nuclei, it is possible to totally suppress
the fission width for a given time. During this time, par-

(25,+1) = J=l1+1

E—B,
27p(E,I) 1=01=321—1| 0

T (E,,I)= p(E—B,—

where s, is the spin, / is the orbital angular momentum
carried by the neutron, €, is the kinetic energy, and B, is
the binding energy. The uncertainty in calculating I, lies
in  determining the ratio of level densities
pl(E —B,—¢€,J)/p(E,I) and the transition coefficients
T,(e,). The level density is taken to have the form

(21 +1)

(E,])
P (E—E,,)?

exp[2Va (E —E,,)] ,

where E_, is the energy tied up in rotation of the nucleus
and a, is the level density parameter. Due to the ex-
ponential factor, the greatest uncertainties in I', are
caused by uncertainty in a, and in the thermal excitation
energy (E —E_,). During the fission process, the nu-
cleus passes over the potential energy surface (PES),
which varies substantially in height between the equilibri-

ticle evaporation is allowed, corresponding to emission
from the equilibrium deformation; thus strictly this time
should most closely correspond to the delay time 7,.
However, it will be shown that even without theoretical
knowledge of the trajectory in deformation space, 7, can
be determined to first order from v,,.. The time delay in
JULIAN will be referred to as 7.

Calculation of the “neutron clock rate” requires the
determination of the absolute decay width I', as a func-
tion of the excitation energy (E) and angular momentum
(I) of the compound system. This is given by [27]

€,JJ)T,(€,)de, ,

f

um deformation and scission; thus the thermal excitation
energy E, will vary from that at the equilibrium defor-
mation [E(CN)]. This is shown schematically in Fig. 5
for both light and heavy nuclei. Particularly for the
latter, E, may be very different from E,(CN); for the
“OAr+23U reaction, neutron lifetimes are calculated to
be ~ 10 times shorter at the scission configuration, only
considering the difference in excitation energy. The ques-
tion is, what values of E, are appropriate, and without a
priori knowledge of the trajectory over the PES, the un-
certainty in E, for heavy systems would give little chance
of reliably using the neutron clock.

Information on the nuclear temperature
(T=v E, /a,) is, however, carried by the neutron ener-
gy spectrum; it is well known that the high-energy slope
of an evaporation spectrum can be used to determine the
T of the source. In the present measurements we use the
experimental mean pre-scission neutron energy ¢, which
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FIG. 5. The potential energy surfaces (PES) of a light and heavy nucleus shown schematically as a function of an aribitrary defor-
mation coordinate which corresponds to the lowest path between equilibrium and scission. The PES for zero angular momentum
(J =0) and for a typical fissioning angular momentum (heavy line) are shown. The definition of AE, and Q, are shown. It is clear
that on the path to scission, AE, should on average be expected to be negative for the light nucleus and positive for the heavy nu-

cleus.

theoretically is given by
EV—BV
f e,T(E,,Le,)de,
W,
1 ! l"n(EJu: 71) ’

£,~

I1Ms

J

where the weighting factor W, for decay step j has al-
ready been defined. Thus by making use of both v, and
€,, more accurate conclusions regarding lifetimes should
be obtainable.

Within the code JULIAN, where it is assumed that a
cascade of neutrons originates from a given initial E,,
that value was adjusted from the calculated E? (deter-
mined by the fusion Q value) by an energy shift AE,,
such that E, =E2+AE,. Alternatively, variation of a,
would have the same effect on T, and thus on € ; howev-
er, because of the uncertainty in E, due to the PES, a,
was fixed, the equation of Ref. [43] being used to define it
for each compound nucleus (thus it varied over the range
a,=A/8.12 to a,= A/9.15). Extensive calculations
have been made for the reaction of 158.8 MeV
30+ 15%Sm to explore quantitatively the above ideas.
For a given AE,, values of v, and ¢, were calculated
for 7,=0,10,20,50,100,200 X10°'s; a, and a/a, took
values calculated using the expressions of Ref. [43]. The
result is shown in Fig. 6, where lines connecting the
points show the locus of constant AE, and constant 7,
values. The experimental limits to v, and ¢, are shown
by the vertical and horizontal lines, with the intersection
area shaded. Clearly, severe bounds are placed on 7 r and
AE,, mnamely, 30X107%'<z,<55%X107%'s = and
—11<AE, <—2MeV. The use of a fixed value of a;/a,
of 1.05, and a value of a, =A/8.5 (the value of Ref. [43]
for the spherical '"°Yb compound nucleus) for 7,=20
and AE, =0, results in a small shift to the circled point,
giving a time shift of <20%. The effect of using
a,= A /7.5 (square point) is to shift AE, by 9 MeV, but

there is no time shift; the point lies on the same line of
constant 7 as the circled point with a, = 4 /8.5. In con-
clusion, there is a slight sensitivity to a,/a,, through the
dependence of v, on a,/a, in the statistical model
(7,=0), and through the effect of a;/a, on fission proba-
bilities. Variation of a, alone is equivalent to changing
AE,, within the statistical uncertainty of the Monte Car-
lo calculation. Thus if one of the three parameters AE,,
a,, and Tr is fixed, the other two can be determined by a
measurement of v, and €,. Most importantly, as 7 is of
greatest interest, any reasonable combination of AE, and
a, used will give the correct 7, if the measured values of
both €, and v, are reproduced. The effect of the varia-
tion of optical model parameters on T;(e,) and subse-
quently on €, and 7, is beyond the scope of this paper,

T T T T T T T T T

158.8 Mev 180 + 154gn

S
o

I\

w
o

MEAN ENERGY (MeV)

3.0

MULTIPLICITY

FIG. 6. Calculated correlated values of v, and €, for the re-
action indicated, for a variation of 7, between 0 and 200X 1072
s, and for AE, between —20 and + 10 MeV. The experimental
datum is indicated by the black rectangle. Using different level
density prescriptions shifts the point at 7,=20, AE, =0 to the
outlined circle, and to the outlined square; however, there is lit-
tle shift in 7, (see text).



45 NEUTRON EMISSION AS A PROBE OF FUSION-FISSION . . .

but for neutrons is not expected to be greater than other
uncertainties mentioned.

The other experimental data points have been analyzed
in a similar way, using the angular momentum dependent
a, and ay/a, of Ref. [43]. In principle, through the
dependence of a,, on deformation, there will be a relation-
ship between AE, and a,; however, for simplicity we
have initially fixed a, to the value appropriate for a
spherical emitter. It was decided to fix a,, rather than
AE,, because in the fission process, the nucleus moves to
the saddle point, losing thermal energy AE, (1) <0, then
descends to scission, generally with AE_(¢) >0, as is illus-
trated in Fig. 5. Thus it is not clear which is the ap-
propriate excitation energy to use in a simple simulation
of particle decay during fission (such as in JuLIAN), where
there is no change in deformation energy with time. It
may be expected that AE, will carry some information
on this aspect of fission.

Applying this procedure to the experimental values of
Vpre and €, for the 158.8 MeV 'O reactions gave values of
7, and AE, shown in Fig. 3 as a function of the com-
pound nucleus mass number A(CN). The former are
closely grouped around 40X 10~ 2! s, appearing to be in-
dependent of mass (fissility). For the nuclei below
A(CN)=220, AE, is centered at —4 MeV. This would
be consistent with neutron emission at deformations
larger than equilibrium. For the heaviest system,
AE, =20 MeV. For this reaction, the fission barrier is
insignificant, and larger deformations will result in an in-
crease in excitation energy, up to a maximum possible
value of 49 MeV at scission if all energy is dissipated into
heat. This change in E, may be called the effective
fission Q value, given by the masses of the compound nu-
cleus M(CN), of the two fission fragments
[M(F,),M(F,)] and the TKE, thus

Q=M (CN)—[M(F,)+M (F,)+TKE] .

Thus the increase in E, can be interpreted as evidence for
the decreasing role of the fission barrier as it becomes
small and moves closer to the equilibrium configuration,
and may also indicate the presence of fast fission (fission
without barrier) and/or quasifission.

Referring back to Fig. 3, for the reaction of '®0 with
238y, the measured v,, was lower than that calculated,
probably due to incomplete fusion resulting in a lower ex-
citation energy of the compound nucleus. Reducing the
initial E, by 18 MeV gives good agreement in v,,, but
reduces both v, and €,. In order to regain the previous
fit, AE, must be increased by 18 MeV to compensate.
This results in the hollow data point. Of course the value
of 7, is unchanged. The same procedure was carried out
for the %0+ 1%’ Au data point.

From this' example, it is clear that the value of AE,
determined depends both on the level density parameter
used and on reliable calculations of v,,,. In contrast, the
value of 7, is not subject to these uncertainties.

Turning to the 288.0 MeV 'O data shown in Fig. 4,
the results are quantitatively similar to those discussed
above, with the average 7,~30X107?' 5, and AE, near
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zero (within error) for lighter nuclei, increasing above
A (CN)~210, when the effect of incomplete fusion is ac-
counted for (hollow points). There seems to be a trend to
shorter times as the fissility increases, which may be real,
reflecting the increasing importance of fission without
barrier (fast fission).

Within this model, which assumes total suppression of
the fission probability for a fixed time, and a neutron eva-
poration cascade where AE, does not change with time,
these two sets of reactions show that the fusion-fission
time scale is within the range (35+15)X 102! 5, indepen-
dent of uncertainties in the level density parameter and
the excitation energy after the fusion process. Remaining
uncertainties lie only in the details of the neutron
transmission coefficients, and in the deformation depen-
dence of the neutron binding energy [34]. These prob-
lems will not be addressed in this paper. The values of
AE_ for each set of reactions are consistent; the depen-
dence on A(CN) can be explained qualitatively in terms
of the decreasing importance of the fission barrier and the
increase in the effective fission Q value. In reality AE,
will be different at the time of emission (¢;) of each neu-
tron emitted, thus in our simple picture AE, is an aver-
age over these values:

1

AE,=——[AE,(t,)+AE (t,)+ - - +AE (t,)] .

pre

A more quantitative interpretation of deduced AE,
values will be given in Sec. V.

The use of both the mean pre-scission neutron kinetic
energy and the multiplicity in deducing fission charac-
teristics is clearly an advance on the original neutron
clock concept; by extension, this may be called the neu-
tron clock thermometer.

2. Mass-asymmetry dependence

For the 158.8 MeV %0 data, sufficient statistics were
obtained in the reactions with 233U, "7Au, 1>%1%Sm to al-
low the extraction of neutron angular correlations for up
to nine mass gates. The measured characteristics of the
fragments for each mass gate were used in the neutron
multiple source fitting program, neglecting recoil effects.
This has been shown [29] to cause no appreciable error.

The neutron multiplicities for these reactions are given
in Tables VII to X, derived using the pre-equilibrium
source characteristics determined for the full mass distri-
bution. The multiplicities for 0+!'"Au and
130+ 154Sm are shown in Fig. 7, together with a contour
plot of the singles fission yields, showing the mass gates
applied and the TKE according to the Viola systematics
as calculated using the denominator of Eq. (1). Several
features are of note. The post-scission multiplicities from
fragment 2 (hollow triangles) have been plotted not at the
mass of fragment 1 (hollow squares), but at their actual
masses [ A,=A(CN)— 4,] in our approximation). The
fact that there is a very small systematic difference most
likely represents an error in the mass calibration of
~2%, or less likely, a discrepancy in the relative neutron
detector efficiencies of ~5% between those sensitive to
Vpost, and t0 Vi, respectively. The multiplicity within
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TABLE VII. Mass-split dependence of neutron multiplicities for the reaction 158.8 MeV 30+ 2%U.
The mean fragment mass 4, observed at laboratory angle ©, is associated with post-scission neutron
multiplicity Vpost,» while Vpost, is associated with the complementary fragment of mass

A4,= A(CN)— 4,. The mean pre-scission neutron kinetic energy is given by €,, in MeV.

A, 78 104 120 130 140 158 182
Vore 1.35 3.95 4.80 4.90 5.00 4.20 3.60
(error) (1.25) (0.30) (0.50) (0.50) (0.60) (0.30) (1.20)
£, 2.8 3.25 3.35 3.25 3.12 3.18
(error) (1.2) (0.20) (0.15) (0.20) (0.15) (0.20)

Vpost, 2.35 3.05 3.70 4.35 4.80 5.40 6.20
(error) (0.35) (0.20) (0.30) (0.35) (0.25) (0.30) (1.15)
Viost, 6.90 5.25 4.55 425 3.65 3.10 2.10
(error) (0.60) (0.25) (0.25) (0.30) (0.20) (0.10) (0.30)
Viot 10.60 12.25 13.05 13.50 13.45 12.70 11.90
(error) (0.30) (0.20) (0.30) (0.25) (0.20) (0.20) (0.15)

TABLE VIIL. Mass-split dependence of neutron multiplicities for the reaction 158.8 MeV *0+'"’Au. Symbol meanings are as
described for Table VII.

4, 69 81 90 100 110 120 130 140 151
Vpre 2.40 3.35 3.45 3.90 4.00 4.00 3.85 3.45 2.90
(error) (0.70) (0.45) 0.22) (0.18) (0.20) (0.30) (0.30) (0.35) (1.00)
€, 3.16 3.19 3.31 3.34 3.45 3.34 3.32 3.19 3.18
(error) (0.50) (0.23) 0.17) (0.15) (0.12) 0.11 (0.13) 0.27 (0.69)
Vpost, 1.35 1.65 2.20 2.50 2.85 3.10 3.70 3.90 4.50
(error) (0.25) 0.22) (0.18) (0.15) (0.20) (0.20) (0.25) 0.25) (1.00)
Vpost, 4.70 4.20 3.60 3.10 2.75 2.50 2.00 1.60 1.30
(error) (0.50) (0.30) (0.20) (0.15) (0.15) (0.15) (0.18) (0.20) (0.25)
Viot 8.45 9.20 9.25 9.50 9.60 9.60 9.55 8.95 8.70
(error) (0.30) (0.25) (0.20) (0.18) (0.20) (0.20) (0.20) (0.25) (0.35)

TABLE IX. Mass-split dependence of neutron multiplicities for the reaction 158.8 MeV 30+ !3*Sm. Symbol meanings are as de-
scribed for Table VII.

A, 52 61 7 80 90 100 110 119
Vore 2.30 3.35 4.05 4.00 4.30 3.90 3.50 2.80
(error) (0.70) (0.30) (0.30) (0.30) (0.25) (0.40) (0.37) (0.90)
e, 3.58 3.42 3.53 3.45 3.45 3.53 345
(error) (0.88) 0.21) (0.16) (0.10) (0.10) (0.16) (0.26)

Viost, 0.75 1.20 1.37 1.72 2.20 2.65 2.90 3.30
(error) (0.30) (0.20) (0.20) (0.15) (0.15) (0.30) (0.40) (1.00)
Viost, 3.50 3.00 2.75 2.60 1.85 1.70 1.40 1.30
(error) (0.80) (0.35) (0.18) (0.20) (0.15) (0.18) 0.17) (0.30)
Vied 6.50 7.55 8.20 8.30 8.35 8.20 7.85 7.45

(error) (0.45) (0.30) (0.20) (0.15) (0.15) (0.20) (0.27) (0.42)
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TABLE X. Mass-split dependence of neutron multiplicities for the reaction 158.8 MeV '*O+'*Sm.

Symbol meanings are as described for Table VII.

A, 50 60 70 80 90 100 110
Vore 1.25 2.10 2.25 2.60 2.40 2.00 1.75
(error) (0.30) (0.20) (0.20) (0.20) (0.20) (0.35) (0.60)
€, 3.36 3.50 3.53 3.61 3.60 3.45 2.92
(error) (0.55) (0.35) 0.17) (0.15) (0.18) (0.25) (0.80)
Viost, 0.85 1.05 1.30 1.50 2.00 2.65 2.85
(error) (0.10) (0.15) (0.10) 0.15) (0.20) (0.20) (0.60)
Vpost, 3.25 2.85 2.30 1.70 1.55 1.30 1.10
(error) (0.25) (0.20) (0.15) (0.15) (0.10) (0.15) (0.20)
Viot 5.35 6.00 5.85 5.80 5.95 5.95 5.70
(error) (0.50) (0.25) (0.20) (0.20) (0.15) (0.20) (0.40)

error increases linearly with fragment mass. This is a
reflection of the perhaps surprising dependence of v, on
mass split. Indeed, comparing the variation of v, and
Vior With mass, the variation of v, is at least as large as
that of v,,. The variation of the latter is simply a Q value
or energy balance effect, so the question is raised whether
this is also the explanation for the v, results.

Three effects seem likely to contribute to the observed
variation in v,.. If we assume that in order to observe a
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given mass asymmetry, the system passed over the
relevant conditional saddle point (which is of course
higher than for a symmetric split) then a phase-space ar-
gument may be applied. At any given time, an ensemble
of nuclei will have a distribution of excitation energies
due to the random nature of decay, and those with the
highest energy (smallest v,.) will be more likely to pass
over the higher conditional barriers. The second effect is
due to the fact that the system may possibly spend an ap-
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FIG. 7. The lower panels show the singles fission yield in terms of the observed fragment mass and TKE, which were determined
assuming no evaporated particles (see text). Contour lines represent a factor 2 change in yield. The curved line shows the calculated
TKE according to the Viola systematics. Vertical lines show the mass gates applied. The upper panels show the projected mass dis-
tribution, and the neutron multiplicities, v, (filled circles), v, (filled squares), and Vpost,» Vpost, (outlined squares and triangles, respec-

tively).
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preciable part of 7, close to its final mass asymmetry, ei-
ther near the (higher) barrier or between the saddle
configuration and the scission configuration, also higher
in energy for asymmetric splits. Thus such nuclei will
have less thermal energy, and will emit fewer neutrons in
a given time. These two effects would tend to reduce ¢,
for asymmetric splits. The third and most interesting
possibility is simply that the fission time scale 7, is indeed
shorter for asymmetric mass splits. If this were the only
effect, €, should be higher for asymmetric splits. The ex-
perimental data show that ¢, is within error independent
of mass split (see Tables VII to X), which could be inter-
preted to support a combination of effects. A quantita-
tive analysis based on these effects is in preparation.

For the 288 MeV '°O-induced data, the variation of
Vpre With mass asymmetry could only be extracted from
the reactions on *’Au and 109Ag. In the latter case, due
to the high excitation energy and low mass of the system,
there was a considerable broadening of the fragment-
fragment correlation due to evaporation. This made it
difficult to apply gates to the data which did not result in
cuts in the angular range of the fragment due to the ac-
ceptance of the large MWPC. Such cuts would perturb
the angular correlation of neutrons, and must be avoided.
By applying gates with limited acceptance in TKE, sym-
metric about the peak [see Fig. 9(a)], such effects were
minimized, but not totally eliminated, resulting in greater
uncertainty in multiplicities for this projectile-target
combination. Such problems were not present in the re-
action with '7Au.

The neutron multiplicities for these reactions are given
in Tables XI and XII; for the '"’Au target, the pre-
equilibrium multiplicity was fitted for each mass bin. It
is notable that for the '®Ag target, it was found that
there was an out-of-plane anisotropy in the pre-scission
yield, sufficient to reduce the multiplicity by ~20% com-
pared to assuming isotropic emission. This is presumably
related to the very high rotational frequency required to
make the compound nucleus undergo fission. This is a
subject for further experimental study. The experimental
data for the '"’Au target are shown in Fig. 8, together
with the mass-TKE contour diagram of the fission yield
and the gates applied. The variation of all components
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TABLE XI. Mass-split dependence of neutron multiplicities
for the reaction 288.0 MeV %0+ '’Au. Symbol meanings are
as described for Table VII.

A, 60 80 100 120 140
Vore 4.6 5.9 6.3 6.55 6.2
(error) (1.0) (0.5) (0.4) (0.4) (0.6)
€, 4.16 447 4.52 445 4.39
(error) (0.58) (0.28) (0.20) 0.27) (0.35)
Vpost, 1.4 2.05 2.90 3.75 4.50
(error) (0.4) (0.3) (0.3) (0.3) (0.6)
Viost, 5.9 4.8 3.6 29 2.1
(error) (1.0) (0.5) (0.3) (0.3) 0.4)
Vet 11.9 12.8 12.8 13.2 12.8
(error) (0.6) (0.3) (0.3) (0.3) (0.5)

with mass is essentially identical to that seen at the lower
bombarding energy, the only difference being that v, is
raised by 2.5 to 3 neutrons. This similarity is emphasized
by the inclusion of the v, results for that reaction, indi-
cated by the stars. This result is consistent with the pic-
ture [26] that due to decreasing neutron lifetimes, in-
creased excitation energy is removed before large-scale
collective motion occurs, and the information on dynam-
ics is contained in the last neutrons emitted, not the first.
The experimental data for the reaction on the '“Ag
target are shown in Figs. 9(a) and (b), in the familiar for-
mat. Considerable time was taken to collect a large num-
ber of the rare fission-neutron coincidences from this re-
action. The reason was that the compound nucleus '2°Cs
is near the Businaro-Gallone point [44,45], and so the
variation with mass asymmetry of the heights of the con-
ditional (mass asymmetry constrained) saddle points is
very small. This leads to a fission mass distribution
which is not strongly peaked at symmetry, but is rather
flat, or even peaked at asymmetric mass splits. The pro-
jected mass yield for the TKE cut shown in the figure
proves that there is indeed little variation of fission bar-
rier height with mass asymmetry. The effect of this is to
essentially eliminate the phase-space arguments (made in
the case of a symmetric fission yield) which would lead to

TABLE XII. Mass-split dependence of neutron multiplicities for the reaction 288.0 MeV
10+ '%Ag. Symbol meanings are as described for Table VII.

A, 22 30 40 50 60 70 80
Vore 2.4 3.2 4.2 4.1 4.0 4.55 3.2
(error) (1.2) (1.2) (0.8) (0.8) 0.5) (0.8) (1.0
€, 4.5 4.7 4.75 5.05 5.15 48 5.0
(error) (1.1) 0.3) 0.4) 0.4) (0.4) 0.4) 0.5)
Voo, 0.4 0.55 0.35 0.65 0.95 0.90 1.50
(error) (0.25) (0.30) (0.25) (0.30) (0.50) (0.40) (0.50)
Vpost, 2.0 1.9 1.3 1.3 1.3 1.0 1.0
(error) (0.8) (0.8) 0.7 (0.5) (0.5) (0.5) (0.4)
Vit 4.8 5.65 5.85 6.05 6.25 6.45 5.7
(error) (0.4) (0.4) (0.3) (0.3) (0.3) (0.35) (0.3)
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the expectation of a reduction in v, for asymmetric
splits. This leaves only the effect of a reduction in the
dynamical time scale for asymmetric fission. The experi-
mental data do show a reduction in v, for large asym-
metry. This is illustrated more clearly in Fig. 9(c), where
Vpre is plotted as a function of the mass of the light frag-
ment. Experimental evidence [46] from mass yields of
similar systems suggests that there is no unique boundary
between fission and evaporation. Extending this idea to
its limit, it is clear that for a light fragment of mass num-
ber one, charge zero, v, is zero by definition, and the
dynamical time scale is very short (~1072?s). The prob-
lem of converting the measured v, and €, into a time
scale is complicated in this case by the multiplicity of
Z =1 and Z =2 particles of ~1 each. Since these are
not measured, one must rely on the statistical model code
to model the widths correctly. Another problem may be
the variation of mass yield with angular momentum [47]
introducing a correlation between charged particle com-
petition and mass asymmetry which is not accounted for.
A third problem is the possibility of contamination by
deep inelastic products.

Bearing in mind these problems in interpreting the
data for 288 MeV %O+ 1%Ag, the results of an analysis

of the v, and ¢, data as a function of the mass of the
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light fragment are shown in Fig. 9(d). There is a strong
dependence of 7, on the mass asymmetry. For the reac-
tion of 80 with "Ag at a bombarding energy of 1512
MeV, the delay time between emission of intermediate
mass fragments (IMF), or before IMF emission, for frag-
ments of mean mass around 20 was determined by the
Coulomb correlation method or from the multiplicity dis-
tributions [48] respectively, to be between 250 and 500
fm/c, or (0.8-1.7)X 102! s. These points are shown by
the hollow triangles. Considering the uncertainties in
both methods, the agreement of the points is gratifying,
and gives additional weight to the hypothesis that fission
and evaporation are the extremes of a unified binary de-
cay mechanism [47], whose different characteristics are
due to the different time scales associted with the
emission/fission process.

This exciting result should prompt further such mea-
surements, in particular including the charged-particle
decay channels.

3. TKE dependence

For the 158.8 MeV '®0-induced reactions, TKE gates
were applied for the reactions with ’Au and '**Sm. As
already explained, they were applied as linear cuts in
RTKE to maintain the same mass spectrum in each gate.
Their appearance in the mass-TKE matrix is shown in
Fig. 10. RTKE cuts were also applied to the data for 288
MeV °O+197Au. As in the case of the mass cuts, initial-
ly recoil effects due to the post-scission neutrons were
neglected. For each reaction, the same phenomenon was
observed, which had previously been noted [26,27],
namely, that v, showed a strong gradient, increasing
with increasing TKE. The present '©'*0+'Au v,
data, those for 36Ar+'®Tm [27] and those for
“0Ar+19Ho [26], which will also be described later, all
form compound nuclei with Z =85 or 87. A compilation
of these recoil-uncorrected values of v, has been made,
and is shown in Fig. 11. Although each reaction results
in a different E, (CN), the absolute change in v, as the
TKE changes is similar. The lack of a physical mecha-
nism for this effect led us to question the neglect of the
recoil effect due to the detection of post-scission neu-
trons. Detection of such a neutron, for instance on axis
with the fragment which emitted it, will result in the ob-
servation of a lower TKE. The coincident neutron yield
is divided by the singles fission yield in the same RTKE
gate, but detection of a post-scission neutron leads to
division by the wrong singles fission counts. This effect
was corrected for in the multiple-source-fitting program,
and reduces the variation of v, with TKE very substan-
tially, but not completely as shown by the solid circles in
Fig. 10. The second effect of the recoil imparted by the
neutron is to change the source velocity in the fitting pro-
cedure, however, this effect causes only a small change in
Vpres typically $0.1 neutron. The fact that the gradient
is not eliminated may reflect a physical effect; however,
the fact that fitting computer-generated data, for the re-
action *Ar+!Tm, with no initial dependence on Vpre O
TKE still leaves a gradient when the recoil effect is in-
cluded [27] makes an explanation based on the fission
process itself rather unlikely. Assuming that there are
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still uncorrected kinematic effects, the change in v, at
each point has been increased by 40% (this results in no
gradient in the fit to the computer-generated data), and
gives a dependence of v, on TKE shown by crosses in
Fig. 10. Clearly, further detailed investigation of the
fitting procedure is required before this effect can be con-
clusively explained.

B. *Ar-induced reactions

The data for reactions of “°Ar on 233U, 2%%pp, P7Au,
181, 165Ho, and '*'Pr will be presented in the same or-
der as the '®'30-induced reactions. A neutron angular
correlation for symmetric fission of “°Ar+23U is shown
in Fig. 12, and illustrates the high quality of data ob-
tained.

1. All fissions

For the reactions with 2*U and ?®Pb, the mass distri-
butions were very wide, extending almost to the projectile
and target masses, so in presenting multiplicities, those
corresponding to a mass cut around symmetric fission
will be given. Properties of the fission fragments and the
neutron multiplicities are given in Table XIII. Figure 13
shows the measured values of v, and v, as a function of
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A(CN). The pre-scission multiplicity rises up to
A (CN)=221 (Ta target), then falls, but again rises for
the 28U target [ 4 (CN)=278]. Values of v, increase
monotonically, due to Q values. (Here v,,,, typically 0.4,
is included in v,y,.)

The fusion cross sections were determined by extrapo-
lation from the wealth of experimental data existing for
“0Ar fusion reactions [49]. In making calculations with
JULIAN, Viola TKE values were used, and the full excita-
tion energy for complete fusion was taken, level density
parameters being based on the equations of Ref. [43]. To-
tal neutron multiplicities so calculated are shown in Fig.
13 as hollow points, which are in excellent agreement
with the measurement.

The measured v, and ¢, values were fitted by adjust-
ing 7, and AE,, as previously described for the '*'*0
data, and the results are shown in the right panels of Fig.
13. Times very similar to those determined for the
16,180 induced fission can be seen, ~40X 107 %' s, while
the trend in AE, is also similar. These results will be dis-
cussed in more detail in Sec. V, but it is notable that, for
the reactions where quasifission is not expected to be
dominant [i.e., excluding *°’Ar+2%U, 4 (CN)=278], the
agreement in both 7, and €, perhaps suggests that the
fusion time (expected to be longer for more symmetric
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FIG. 9. Results for the reaction 288.0 MeV %O+ 1%Ag. Panel (a) shows the gates applied to the mass-TKE matrix corresponding
to the data points given in panel (b), where the projected mass distribution is shown, together with the neutron multiplicities, using
the same convention as in Fig. 7. Panel (c) shows v,,. only, as a function of the light fragment mass, while panel (d) shows 7, values
deduced from the neutron multiplicities (filled squares), and from measurements of the fragments themselves in reactions at higher

energies [48] (outlined triangles). For more details, see text.
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projectile-target combinations) is not as long as the time
required for fission.

2. Mass-asymmetry dependence

Sufficient statistics were obtained for the “°Ar+2%¢Pb,
238U reactions to allow gates to be applied to the frag-
ment mass. For the former reaction, fission fragments
were detected at —24°, —46°, and for the latter, at —24°,
—34°, —46°, —56°. Experimental results for the latter
are given in Table XIV and the neutron multiplicities at
—24° and —46° for each reaction are shown in Figs. 14
and 15, together with a projection of the mass yield. In
both cases, the mass distribution at —24° is asymmetric,
slightly for the 2°®Pb target, and grossly for the 2**U tar-
get. This is consistent with previous measurements [7]
for similar projectiles on a 2**U target, and indicates that
a small %®Pb) or large (***U) fraction of fission occurs be-
fore memory of the beam direction is lost, in other words
before a half rotation of the composite nucleus. This in-
formation can be used to estimate the lifetime before scis-
sion, depending on the moment of inertia (compactness)
of the composite system. From the data of Ref. [7], a
time of $10X 107 %' s may be expected for the reaction
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with 238U, and longer on average for the reaction with
ZOSPb-

Turning to the neutron multiplicities in Figs. 14 and
15, within error there is no change with fission detector
angle, and also no dependence on whether the heavy frag-
ment or the light complementary fragment is detected.
As has previously been discussed [26], so long as v,
reflects the pre-scission time, this last observation sug-
gests that the correlation of mass split with reaction time
is not strong, supporting the suggestion that the correla-
tion which might initially be expected [7] is almost lost
due to strong fluctuations independently in both reaction
time and mass split [13].

Having observed that for a given fragment mass, v, is
within error independent of the detection angle, it is also
of interest to apply the analysis of both v, and ¢, to all
the ““Ar+7®*U data. Values of 7, and AE, so deter-
mined are shown in Fig. 16, grouped according to the
detection angle of the fission fragments in the laboratory
frame. Here the error bars shown represent relative un-
certainties, which are smaller than the absolute uncer-
tainties tabulated; this subject is discussed in Sec. IV A 1.
These results show some very interesting features. First,
7, is within error independent of mass split at any given
angle. AE, shows a strong dependence on mass split,
reflecting the variation of Q, (shown by the dashed
curves). The average value of 7, increases with angle,
while the average value of AE, decreases. These trends
have been summarized in the right-most panels, where 7,
is shown as a function of center-of-mass angle for each
data point in the lower panel, while the difference be-
tween AE, and Q, is shown versus the center-of-mass an-
gle in the upper panel. We believe that these data may be
interpreted as follows. Suppose that in the collisions of
the two nuclei, the composite nuclei (mononuclei) are
formed at various elongations, due to fluctuations and/or
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FIG. 12. Measured neutron velocity spectra for a symmetric
mass split, for the reaction and the angles indicated. The com-
ponents of the fit comprise pre-scission (dotted lines), post-
scission from fragment 1 (thin lines), and post-scission from
fragment 2 (thick lines). The total (indicated by the upper
curves) is a good representation of the data except for the —35°
data, which was not included in the fit due to a possible normal-
ization error. The peaking of the post-scission neutron yield in
the direction of the fragments (O, and Op,) is clear.

TABLE XIII. Neutron multiplicities and statistical model input parameters for the reactions of 249.0 MeV “°Ar.

Mass-

Viot

range® 04

(error)

Vpost
(error)

e, (MeV)

(error)

E,(CN)* Vore
(error)

(MeV)

T fys

(error)

l fus

(mb)

A(CN)

Target

A(CN)
a

100-175

14.75

5.75
(0.25)
4.45
(0.20)
3.15
(0.20)
2.50
(0.15)
2.90
(0.20)
3.00
(0.20)
1.90
(0.20)

3.15
(0.10)

3.25
(0.20)
2.00
(0.15)
295
(0.30)
3.68
(0.28)
3.00
(0.30)
2.85
(0.30)
2.65
(0.30)

69 74.5 0.3
0.2)

278 9.06 450

238U

(0.25)
10.90

30

94-154

3.01
(0.16)

0.3
(0.2)

74.3

78

248 8.94

208Pb

(0.20)
9.25
(0.20)
8.68
(0.20)
8.80
(0.30)
8.85
(0.20)
6.45
(0.20)

28

All

3.25
(0.20)

0.4
0.2)

83.0

84

237 8.88 700

197Au

23

All

3.34
(0.14)

95.7 0.3
0.2)

94

221 8.79 900

lSITa

225

All

3.34
(0.30)

0.3
0.2)

101.2

100

1050

73

209 8.

169Tm

22

All

3.37
(0.20)

105.6

102

205 8.70 1100

léSHo

(0.2)

All

3.58
(0.20)

0.3
(0.2)

108.8

103

181 8.56 1200

141Pr

Excitation energy above the liquid-drop ground state, without subtracting the calculated energy removed by pre-equilibrium neutrons and protons.

®Pre-equilibrium neutron multiplicity, for an effective temperature in the fitting program of 3.5 MeV (see text).

“Mass cut applied to the fission fragments for the results tabulated.
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different radial velocities at contact resulting from the
range of angular momenta involved. Those formed in the
most compact configuration will presumably have the
longest pre-scission time, and will also feel the smallest
effect of Qf, while those formed at an elongation close to
that of scission will have the shortest lifetimes and will
feel practically the full effect of Q. Because of the short
pre-scission time of the latter, they will be observed at an-
gles close to the beam, whereas the former will be distri-
buted more evenly over a wide angular range. Thus at
angles close to 90° in the center-of-mass frame, fission
from the long-lived composite nuclei will be observed,
whereas at forward angles there will be observed a mix-
ture of short- and long-lived. It must be noted that the
arbitrary reduction of all Vpre values by one, to account
for acceleration neutrons, would reduce all times by ap-
proximately a factor of 2, and it is almost certain that a
correction of this order must be made. It is, however,
hard to see how the trends of 7, and AE, could be ex-
plained by emission during acceleration. In order to
prove or disprove this interpretation, further investiga-
tion of the effect of neutrons emitted during acceleration
of the fragments (see later) and of the angular distribution
of the fragments as a function of mass should be under-
taken.

The larger relative errors of the **Ar+2%Pb data made
the presentation of a similar analysis of dubious value,
the conclusion being that within error all the data are
consistent with 7,~20X107?! s and AE, ~10-20 MeV.

3. TKE dependence

The data for **Ar+2%U, *Ho were analyzed as a
function of TKE, using the same gates based on linear
cuts in RTKE as applied to the '!®0O-induced fission.
The results for “°Ar+ !9Ho have already been shown in

18 T T T T T T 1 1T 7 T
- 249.0 Mev 40ar + x 1
16 o pRE-scISSION ]
14 | O CALC. TOTAL ]
| = TOTAL |
E 12 i
= L |

-

810 | -
%’ L ]
Bl _
B 6 ]
e 4
L 9//\/ i

0 1 | 1 { 1 1 T 1 1

100 140 180 220 260 300

A(CN)
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Fig. 11, fitted without correcting for the post-scission
neutron recoil effect. As discussed in the ¢80 section, it
seems likely that the increase in v, with TKE is solely a
spurious kinematic effect, and there is probably no depen-
dence of v,,. on TKE for these cases.

For the “°Ar+2%8U data, five RTKE cuts were applied
to the full mass distributions at each of the four angles at
which fragments were detected. Also, for the data at
0r=—34°, six RTKE cuts were applied to each of the
five mass bins. These 50 neutron angular correlations
were then decomposed, using the multiple-source-fitting
program without neutron recoil corrections, into their
components. In all cases, v, increases with TKE in a
similar way, and there was no apparent dependence on
6p. The results for all masses at 8= —34° is shown in
Fig. 17. The trend is the same as was observed in Fig. 11
for reactions leading to less-fissile compound nuclei.

C. %Ni-induced reactions

In these reactions, the mass distributions were so wide
that the data can only be interpreted as a function of
mass split. Fusion cross sections were estimated using
evidence from three sources; the extrapolation of the few
experimental measurements [7,50,51] with ®Ni beams,
extrapolation using the ratio of observed fissions to elas-
tics in the £11° monitor detectors, and calculations of an
extra-push code [52]. Again, level density parameters
were calculated using the formula of Ref. [43]. In the
neutron spectra, there was no evidence for a pre-
equilibrium source within experimental uncertainty; this
is probably partly due to the low velocity of the projectile
at contact, and perhaps also because of the high center-
of-mass velocities, which may cause any pre-equilibrium
component to be concealed in the equilibrium emission.

60.0

T T T T T
| 249.0 Mev 40ar + X

T T T

t

0.0 1 { i 1 ! | 1 1 L 1
100 140 180 220 260 300
A(CN)

FIG. 13. The left panel shows the measured v, and v,,, values for the **Ar-induced reactions, together with the calculated v,,,
values. The right panel shows the deduced values of 7, and AE,, determined from the experimental v, and ¢, results.
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1. Fragment mass yields

The contour plots of the yield of binary fragments as a
function of fragment masses and TKE, shown in the
lower panels of Figs. 18 and 19, reveal that the reaction
mechanism in the *Ni-induced reactions is very different
from those discussed previously. The mass distributions
extend from below the projectile mass to above the target
mass. They were so wide that the angular range of the
large MWPC was insufficient, and for the heaviest frag-
ments with lowest TKE detected in the small MWPC, the
complementary fragment was not registered. This region
is indicated in the figures by shading. A strong peak due
to elastic scattering is present at TKE values ranging be-
tween 323 MeV (2®U target) and 292 MeV (!**Sm). Sys-
tem resolution generated apparent energies higher than
this; each contour line corresponds to a factor of 2
change in cross section, so the relative yield above the
true TKE drops very rapidly. Angular steps in the con-
tour lines, visible for high masses, are an artifact of the
contouring program. Deep-inelastic reaction products
are seen, with about the same masses as the projectile and
target, but TKE lower than for elastic scattering. These
merge rather abruptly, but without interruption, into the
quasifission events, in the same manner as observed in
Refs. [7] and [51] and, as in those works, the mass yield
actually has a minimum at symmetry for ®Ni+ 238U,
208pb and also for '7Au. These reactions clearly belong
to the category of quasifission, in which the interaction of
projectile and target results in a composite nucleus (or
mononucleus) which rapidly breaks apart, before full
mass equilibration occurs. For the %Ni+23%U reaction at
a slightly lower energy, it was concluded [7] that the
sticking time, or reaction time was in the range
5.5X 1072 to 7.5X 107 %' 5. Because of the rapid break-
up, it was proposed that the mononucleus never becomes
more compact than the configuration of the fission saddle
point, however, just how compact or extended the
mononucleus is in any particular reaction has not been
determined. For the %Ni+!"Lu, **Sm reactions, the
data look qualitatively similar to the reactions on heavier
targets, except for the peaking of the fragment mass yield
at symmetry; this may partly be a reflection of a longer
reaction time (see, however, the conclusions in the next
section), possibly due to the greater energy above the
Coulomb barrier. Alternatively, it may be related to the
fission dynamics in a way not yet clear to us.

2. Mass-asymmetry dependence of neutron multiplicity

The properties of the pre-scission and post-scission
neutrons were determined in the multiple-source fits to
the neutron angular correlations for each mass gate ap-
plied. As for the reactions with lighter projectiles, a com-
parison of total multiplicities will be made, however, in
this case it will be for the symmetric mass gate only. Cal-
culations were performed using the same input conditions
for JULIAN as previously described. The calculated v,
are in good agreement with the measurements, as shown
in Fig. 20, even in the case of the 2*8U target, despite the
relatively poor quality of fit to the neutron data for that

TABLE XIV. Neutron multiplicities for mass cuts at different laboratory angles ©, for the reaction 249.0 MeV “Ar+ 2%,

—56
196
22

—56
167
2.8

—56
139
3.3

—56
110

3.1
(0.4)

—56
80
2.4

(0.5)

—46
196

—46

—46
139
3.4

0.4)

—46
110

—46
2.8

—34
196
2.6

(0.4)

—34
167
3.5

(0.4)

~34 34 -3
110
2.9
0.3)

—24

—24
167
3.1

-2 -2

110
3.0

(0.5)

—24

O (deg)

167
29

(0.5)

80
23
(0.5)

139

80
22
(0.4)

196
2.7
0.7

139

80
2.5

1.8
(0.8)

3.55
(0.3)

3.4
(0.5)

Vpre

(0.5)  (0.6)

(0.3)

(0.5)

(0.5)

(0.5)

(error)

2.63
(0.5)

2.63
(0.4)

2.81
6.5

(0.3)

3.17
(0.3)

2.32
(0.4)

2.51
(0.3)

3.17
(0.3)

3.09
(0.2)

342
0.2)

2.92
(0.3)

2.97
(0.2)

3.19
0.2)

3.16
0.2)

2.75
0.2)

292
(0.2)

2.97
(0.3)

3.46
(0.2)

3.50
(0.2)

3.00

0.2)

3.15
(0.2)

(error)

6.7

5.6
(0.3)

3.8

(0.2)

2.65
(0.3)

6.9

6.2
(0.5)

5.2
0.3)

4.0
(0.4)

2.6
(0.3)

6.9
(0.6)

5.6 7.0 6.9 245 4.1 5.4 6.3
03 (©4 (©6) (02 0.2)

4.1

2.6

Vpost,

(0.5)

(0.4)
4.1

(0.6)

(0.3)

0.2)

0.2)

(0.2)

(error)

2.7
(0.3)

5.4
(0.3)

5.8
(0.5)
12.7

6.15
(0.5)

2.7

(0.3)

3.9
0.3)

53
0.3)

6.4
(0.5)

6.3
(0.5)

2.7

0.2)

3.85
0.2)

5.2
0.2)

6.25
(0.4)

6.2

2.6
(0.4)

3.9
(0.3)

5.9 53
(0.3)

(0.4)

6.1

Vpost 2

(0.3)

(0.4)

0.4)

(error)

13.4 11.6

14.3

13.0 14.3 14.0 12.2 10.9 13.3 14.2 13.6 12.2 11.2 13.2 13.9 13.0 11.4 11.2
(0.3)

11.2

Vot

03 (03 (03 (03

(0.3)

03) (03 (03 (04 (©3) (03 (©3 (©3 (03 (03 (03 (03 (0.3

(0.3)

(error)

2Mean fragment mass observed at laboratory angle O.

®Post-scission neutron multiplicity associated with mass A4,.

Post-scission neutron multiplicity associated with mass 4,= A4 (CN)— 4,.

9Not including pre-equilibrium multiplicity of 0.3.
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FIG. 14. Observed mass yields for the “°Ar+2**U reaction at
the laboratory angles indicated, together with the deduced
values of v, shown by the filled squares. Vpost, data are shown

as a function of the mass of the fragment observed at the angle
indicated [ 4(1)], and Vpost, @8 & function of the mass of the com-

plementary fragment [ A(2)], by the outlined circles and outlined
squares, respectively.

reaction (discussed later). Turning to the pre-scission
neutron multiplicities shown in the upper panels of Figs.
18 and 19, they show the same feature as in all previous
reactions, namely, a parabolic shape peaked at symmetric
mass splits. As in the explanation for the “°Ar-+23%U
data, no arguments based on the probability of surmount-
ing the fission barrier apply to these quasifission reac-
tions, yields must be only a function of the trajectory
over the potential energy surface and the reaction time.
Clearly, the excitation energy is maximized for sym-
metric fragmentation, which is reflected in €,. Applying
the analysis, described previously, of v,,. and ¢, to the
4Ni+ 238U, 2%®Pb data results in deduced values of 7, and
AE, which are shown in Fig. 21. The results for the

249.0 Mev 40ar + 238y

FIG. 15. As Fig. 14, but for the **Ar+2%Pb reaction.

%4Ni+2%8Pb reaction can be compared directly with those
for “°Ar+2%8U, since the composite system in both reac-
tions has Z =110. The deduced values of both AE, and
Ty are very similar to the values deduced from the Y0Ar-
induced reaction data for fission observed at forward an-
gles (see Fig. 16).

The most notable features in the *Ni+23%U results
shown in Fig. 21 are the very large values of AE,, up to
+90 MeV, which corresponds to ~80% of the Q-value
limit. Taking account of the deformation energy of the
system, it seems clear that these data indicate that the
neutrons are emitted close to the scission configuration.
The deduced times 7, are within error independent of
fragment mass, with a mean value of ~20X 107! s,

Turning to the v, €, data for the other reactions, it is
clear that in some cases there is contamination of the
mass cuts close to the mass of the target in particular (for
instance, in the %*Ni+ !">Lu case, see Fig. 18), presumably
by deep-inelastic products, resulting in low multiplicities,
and poor fits to the data (due to the use in the fitting pro-

80 AT T T LI S T T T 0
; . -340 Ao F % -560
% 40 / [ o/ oA g H-40 =
94 ot + + S e ++ 4+ 1-80 g
t
e . i S B e e I =t
wl 240 | -340 | -460 | H 560 | | + 1w _
i 60 - + + + - +++ 4+ _ %, 60 i
e bbbl T e
<20 + W . ¢ — 4+ ¢ 420 *
0 1 | i | | 1 1 | 1 | 1 L 1 1
0 70 140 210 O 70 140 210 O 70 140 210 0 70 140 210 0 30 60 90
A(F) 6 () (Deg)

FIG. 16. Deduced values of 7, and AE, as a function of the fragment mass, each panel corresponding to the indicated mean labo-
ratory detection angle of the fragments. Within experimental uncertainty, there is no dependence of 7, on mass (indicated by the
dashed lines), but a strong dependence on angle. The right-most panel summarizes this dependence, showing each data point at the
appropriate center-of-mass angle. The dashed line guides the eye. There is, however, a strong dependence of AE, on mass (upper
panels), mirroring the dependence of Q; on mass (shown by the fine dotted lines). The difference between AE, and Q, increases with

angle; this is summarized in the right-most upper panel, again the dashed line guides the eye.



1250

gram of the wrong source velocities). The remaining data
points for more central mass splits cluster closely in AE,
and 7,4, and so can be presented as a single data point.
This is done in the right-most panels of Fig. 20, where de-
duced values of AE, and 7, are shown averaged over the
central two or three mass gates for each reaction, as a
function of A(CN). The same trends are seen as previ-
ously, namely a slight decrease of 7, with A(CN) (al-
though the values are smaller than for the lighter projec-
tiles) and a rapid increase in AE, above 4 (CN)=220.
The values of *rf~20><10_21 s are in disagreement
with reaction times for symmetric splitting of the
#4Ni+ 233U system deduced [7] to be ~6X 102! s from
the rotation angle of the composite system. This time is
of the same order as the acceleration time of the frag-
ments and suggests that emission during acceleration
may contribute substantially to the measured v, and
thus explains the discrepancy in reaction times noted
above. If this is the case, the apparent v, deduced from
the multiple-source fit should show a strong dependence
on the TKE, since a high TKE leaves little thermal ener-
gy, and results in long neutron lifetimes and a small prob-
ability of emission during acceleration. Conversely, a low
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FIG. 17. Singles TKE distribution for “°Ar+2*®U. Applying
cuts in RTKE, as are shown in Fig.10, allowed the TKE depen-
dence of v, (filled circles) and v,, (outlined squares) to be
determined. No correction has been made for the effect on the
fragment TKE due to the recoil imparted by the observed neu-
tron, thus these results do not reflect the true variation of v,
with TKE. It is important to note that there is an upward gra-
dient with TKE, as in the case of the uncorrected ®0 data (Fig.
10), and unlike the *Ni data (Fig. 22).
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FIG. 20. The left panel shows the measured v, and v,,, values for the *Ni-induced reactions, together with the calculated v,
values discussed in the text. The right panels show the deduced values of 7, and AE,.
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TKE should result in a higher deduced value of v, than

average.

3. TKE dependence of neutron multiplicity

Gates on RTKE were applied to a restricted range of
masses around symmetry, shown in Fig. 22 for the
%Ni+1%*Sm, 2*U reactions (the other reactions show
similar behavior). The projected TKE distributions for
these mass reactions are presented in the upper panels,
and illustrate the tremendous widths of the distributions,
which allow a wide range of fragment excitation energies
to be sampled. The variation of v, with TKE is shown
both for fits without neutron recoil correction (hollow
points) and with (solid points) as for the other reactions.
The quality of fit to these data was noticeably worse than
in the reactions induced by lighter projectiles, in particu-
lar for low RTKE cuts. This may be a reflection of as yet
unrecognized differences in the emission patterns of the
neutrons, and this possibility should be borne in mind
during the following discussion of the data.

Returning to the deduced multiplicities, it is immedi-
ately obvious that the rapid decrease of v, with TKE is
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completely different from the results for lighter projec-
tiles, and initially suggests that the neutrons identified as
pre-scission are emitted after the TKE is decided, in oth-
er words close to and after scission. The incomplete
focusing of neutrons emitted before the fission fragments
approach their asymptotic velocity (“acceleration neu-
trons™) causes the multiple-source fit to assign a certain
fraction to the pre-scission source. Empirically, it was
found [17] that the number of neutrons emitted before
the fragments reach 80% of their final velocity is
equivalent to the number misidentified as pre-scission in
the multiple-source fit. If the lifetime of the composite
system before scission is long, the excitation energy is re-
duced by evaporation, and “acceleration neutrons” will
not make a large contribution [19,20,27]. If, however,
the lifetime is short, as seems to be the case in these reac-
tions, the converse may be expected [17]. It is possible to
argue that the observed TKE dependence could be ex-
plained in other ways. For instance, it might be expected
that in order to observe a high TKE (compact
configuration), the neck must rupture early, while to ob-
serve a low TKE (elongated configuration) it must rup-
ture late. The effect of angular momentum could also
make a small contribution, since high angular momenta
may be associated with shorter lifetimes and with slightly
higher TKE values, due to the larger tangential velocity
at scission. Also a high velocity at scission may be corre-
lated with both higher TKE and shorter lifetimes. The
disagreement between 7, of ~20X1072! s and the
“sticking time” of 6 X 10 2! s, estimated from the rota-
tion angle of the composite system, in conjunction with
the poorer quality of the fit to the neutron spectra, indi-
cates that acceleration neutrons must play a major part.
Quantitative calculations have been made, using the
computer code JULIAN, of the time dependence of the
emission of post-scission neutrons. The parameters used
in the calculations were those that resulted in the v
values shown in Fig. 20. At scission, it was assumed that
the fragments were stationary (thus the time to reach
80% of the final velocity is probably slightly overestimat-
ed) and spherical (the neglect of any deformation energy
of the fragments during acceleration results in higher ex-
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citation energies than will prevail in reality). The actual
deformation energy during acceleration will depend in
detail on subtle aspects of nuclear viscosity, such as the
possible dependence on deformation, and its estimation is
beyond the scope of this paper. The two approximations
noted above will both result in slightly higher calculated
acceleration neutron multiplicities than would prevail in
nature. The most important variable determining the
neutron lifetimes is a,, in the fragments, and as in the rest
of this work, the expression of Ref. [43] was used, result-
ing in a, between A4 /8.35 and 4 /7.95. For the reaction
#Ni+2%U, it was assumed that the reaction time 7, was
5X1072! 5, and the energy shift AE, was 50 MeV, in-
dependent of TKE. This resulted in a “true” v, value of
1.2. Then, the ‘“acceleration multiplicity,” up to
2.5X 107 2! s after scission was added to this, to represent
the apparent v, determined in the multiple-source fit to
the data. The sum of these multiplicities is given by the
concentric circles in Fig. 22. Although not exactly repro-
ducing the data, the agreement is remarkably good, and
gives credence to the argued importance of neutron emis-
sion during acceleration. The fact that the gradient is not
as steep as that of the data could be taken as support for
the suggested mechanisms leading to an increase of 7, as
the TKE is reduced. However, the measured TKE
dependence of v, is substantially different from that cal-
culated, with the measured multiplicity at the lowest
TKE values showing a considerable deficit. This may be
associated with the large acceleration multiplicity, and
simply reflect the fact that the multiple-source-fitting
program, which does not account for neutron emission
during acceleration, is simply not capable of adequately
fitting the measured neutron angular correlation. Also,
the locations of the neutron detectors were not optimized
to be sensitive to neutrons focused at angles intermediate
between the compound system velocity and the asymptot-
ic fragment velocities. These potential problems mean
that the measured values of v, contain substantial sys-
tematic uncertainties, and quantitative conclusions about
absolute multiplicities are probably premature. Never-
theless, it is undoubtedly the case that the TKE depen-
dence of the neutron angular correlations is very different

TABLE XV. Neutron multiplicities and statistical model input parameters for the reactions of 417.7 MeV *Ni.

A(CN)

Mass TKE®

O fus Ex (CN)a Vprc €y (MCV) Vpost Viot OTKE
Target  A(CN) a, (mb) Itus (MeV) (error) (error) (error)  (error) range’ (MeV)  (MeV)
38y 302 9.15 320 87 75.9 4.00 3.97 5.40 14.80 135-165 266 31.2
(0.80) (0.22) (0.60) (0.35)
208pp 272 9.05 290 81 81.6 3.25 3.51 4.68 12.60 105-165 237
(0.60) (0.21) (0.40) (0.25)
97Au 261 9.00 350 88 95.3 3.15 3.86 4,58 12.30 120-140 231
(0.60) (0.22) (0.40) (0.30)
Lu 239 8.90 600 113 113.5 3.30 3.98 4.08 11.45 105-130 201 24.6
(0.50) (0.25) (0.25) (0.25)
134Sm 218 8.80 850 118 136.0 3.90 3.97 4.20 12.3 95-123 174 22.0
(0.35) (0.24) (0.25) (0.20)

*Excitation energy above the liquid-drop ground state, no pre-equilibrium energy subtracted.

®Mass cut applied to the fission fragments for the results tabulated.

°TKE for the mass cut applied.



1254

in the ®Ni-induced reactions from all the others mea-
sured, and that the data are consistent with a consider-
able number of neutrons being emitted by the fragments
before they reach 80% of their final velocity.

Further improvements in experiments, analysis, and/or
reaction simulations should lead to the exciting prospect
that absolute neutron widths (lifetimes) may be calibrated
against the acceleration time of fission fragments. Pre-
liminary results shown here suggest that calculated life-
times may be substantially correct, and if confirmed with
better precision, will serve to underpin the entire basis
upon which fission time scales, and thus nuclear viscosity
determinations are made from pre-scission neutron multi-
plicity measurements.

Accepting the proposition that a fall in v, with TKE
is an indication that emission during acceleration of the
fragments is important, it is clear that the absence of
such a gradient in the other reactions is conversely an in-
diction that it is not a significant contributor to v, and
interpretation in terms of 7, alone is likely to be substan-
tially correct. It should also be the case that the “ac-
celeration multiplicity” contribution to v, calculated us-
ing JULIAN for other reactions is reasonably accurate,
and may be used to correct the value of v . obtained
from the multiple source fit to the data.

pre

D. Post-scission neutron multiplicity

It is clear that the primary information on the dynam-
ics of the fission process is contained in the pre-scission
neutron multiplicity. Additional and supporting infor-
mation can however be deduced from the post-scission
neutron multiplicity.

First, let us consider what physical properties will
influence v,,y. In the absence of pre-scission emission,
the bombarding energy, which determines E, (CN) of the
compound nucleus, would have a large influence. Pre-
scission emission is found experimentally to take away
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most of the extra energy, resulting in only a small in-
crease in vy with E,(CN). This means that v, is sen-
sitive to all the parameters which determine v, being
predominantly the pre-scission time 7, the energy shift
AE,, which reflects the potential energy surface (PES)
and the reaction trajectory over it, and the neutron bind-
ing energies of the compound nucleus. The latter depen-
dence leads to the paradoxical fact that a neutron
deficient system (which will have neutron deficient fission
fragments) can give a larger value of v, than a neutron
rich system, since v, will be smaller in the former case.
Of course v, Will be directly influenced by the effective
fission Q value (Q), the latter dependence is clearly seen
in the strong dependence of v, on TKE and by the
binding energies in the fragments. The latter effect can
be corrected using statistical model calculations to give
the fragment excitation energy.

1. Excitation energy of fission fragments

The post-scission neutrons will carry away the thermal
excitation energy at scission plus a certain amount of the
deformation energy at scission:

ESF=E{S B

In order to deduce Ef¥ carried by the two fragments, cal-
culations have been carried out (with JULIAN) of the neu-
tron, proton, deuteron, and a particle multiplicities, for
excitation energies 15, 30, 50, and 75 MeV, for all fission
fragments. The parameters used in the calculations were
a level density parameter a,= 4 /10 for EEF > 60 MeV,
while for lower values shell corrections were included.
The angular momentum was set to zero. It was further
assumed that E, is divided according to the mass of the
fragments, in agreement with experiment (see Figs. 7, 8,
14, 15, 18). Then from the measured v, values (Tables
V, VI, XIII and XV) and those calculated, the mean exci-

TABLE XVI. Mean total excitation energies of both fission fragments (EfF) in MeV determined
from the measured post-scission neutron multiplicities, for the reactions induced by '°O and '®0. Also
tabulated are the effective fission Q value [Q-(MeV)] and Qy, an estimate of the average change in exci-
tation energy in MeV between equilibrium and scission (see text), and the fraction (F,..) of fission frag-
ments with neutron emission lifetimes less than the time to reach 80% of the asymptotic velocity (see

text).

Projectile %0

Target 124Sn IMSm 154Sm ]69Tm 197Au ZSSU
EFF 41 59 49 57 60 88
(error) (2) (6) (2) (3) (3) (4)
Or —37.0 —16.6 —21.6 —6.0 17.2 49.3
Or -9 -3 —6 6 25 55
F,. 0.20 0.03 0.17 0.17 0.26 0.52
Projectile 150

Target 109Ag 154Sm 184w 197Au ZOBPb 238U
EFF 44 59 74 75 86 109
(error) (6) (7 (5) (5) (5) 7
Or —39.0 —19.1 2.6 154 20.4 473
0 -9 0 17 27 31 55
F, 0.04 0.06 0.15 0.21 0.34 0.42

acc
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tation energy of each fragment was determined; an aver-
age over a Gaussian distribution around the symmetric
mass (Acn—Vpe)/2 with width o /4 =0,/Z=0.1
was performed, involving =R 100 isotopes. The total exci-
tation energy carried by both fragments (EFF), as deter-
mined for each reaction, is shown in Tables XVI and
XVII, while Fig. 23 shows ELF plotted as a function of
the mass number at scission A (SCIS)= 4 (CN)—v..
First we note that most of the '¢'%0 and “°Ar data points
lie in a rather tight band with about 0.33 MeV per nu-
cleon, corresponding to a temperature of 1.6 or 1.8 MeV
for a,= A /8 or A /10, respectively. Since some of this
energy will be in the form of deformation energy at the
scission configuration, the excitation energy at scission
will be lower. The data points for °O+2%%U, for
WAr+2%y, and for all *N-induced reactions lie
significantly above this band. This can be explained by
postulating a shorter pre-scission lifetime for these reac-
tions, resulting in less energy removed by pre-scission
emission, and a higher ELF. This is in agreement with
the trends determined from the pre-scission neutron data.

It may also be instructive to show the variation of EXT
with the effective fission Q value, which ranges from over
100 MeV for the heaviest system studied, decreasing to
—40 MeV for the lightest. This means that the frag-
ments in the latter case have 40 MeV less energy than the
compound nucleus, but only for zero angular momentum.
However, we know that in order to observe measurable
yields of fission, the fission barrier height must be re-
duced to <10 MeV; thus a large angular momentum
must be given to the nucleus, with a correspondingly
large rotational energy at the equilibrium deformation.
Making use of an approximate expression for the TKE
(TKE=0.124Z2/ A7), it can be shown that the mo-
ment of inertia at scission is 2.45 times larger than for the
spherical nucleus (assuming no pre-scission velocity), and
thus a fraction 0.6 of the original rotational energy may
be translated into thermal energy. Thus it is appropriate
to plot EXF not against Qf, but against Q;+0.6E,,
where E,, is the mean rotational energy of the com-
pound system for those nuclei undergoing fission. Uncer-
tainty in E,, due to uncertainty in the mean angular
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momentum is typically less than £5 MeV. Since the sys-
tem must gain energy from saddle to scission, it follows
that the minimum realistic value of Q;+0.6E,,, is about
—10 MeV, unless extremely low probability events were
studied. To further clarify the presentation of the data,
both EXF and the quantity Q;=(Q,+0. 6E,,,) have been
divided by Agcys, and are shown in Fig. 24. Those data
points corresponding without doubt to quasifission reac-
tions are filled in. The other points show little or no dis-
cernible dependence on Q. If the pre-scission emission
were unaffected by Qf, or in the case of spontaneous
fission, where there is no pre-scission emission, there
should be a full correlation of Ex® with @/, indicated by
the diagonal line. Thus these results for fusion-fission re-
actions may be taken as indicating that the effect of Q; is
felt in the pre-scission emission, which is also the con-
clusion reached from the deduced values of AE, from g,
results, at least for A (CN)>200. There are of course
other possible reasons for this behavior, such as an in-
crease in the fission time scale with A(CN), a strong varia-
tion of the level density parameter with A, and neutron
emission during fragment acceleration, which would
cause the deduced EFF values to be too low, and result in
Vpre Values too high.

2. Neutron emission during acceleration

In order to estimate the probability that neutrons are
emitted during acceleration of the fragments, the mean
evaporation times for the first neutron from all fragments
have been calculated, taking a,= A4 /10. It has been
shown [17] that neutrons emitted before the fragments
reach 80% of their final velocity (S3X1072! s) are
misidentified as pre-scission neutrons in the multiple-
source fits. For each reaction, the fraction of fission frag-
ments having neutron emission mean lifetimes less than
3X107% s was calculated, the results being shown in
Tables XVI and XVII as F, .. This represents in many
respects an upper limit since the velocity at scission is as-
sumed to be zero, the deformation energy of the frag-
ments (unknown) is taken to be zero, and according to
the formula of Ref. [43], a level density parameter of

TABLE XVII. As Table XVI, for the *°’Ar- and *Ni-induced reactions.

Projectile AT

Target 141Pr 165Ho I69Tm 18]Ta 197Au ZOBPb 238U
E,(FF) 59 78 79 62 76 106 126
(error) (4) (1n (6) 9 )] (7 (8)

Or —2.1 13.7 16.3 25.3 42.3 50.0 75.5
Or 15 27 29 35 49 56 80

F,. 0.09 0.24 0.22 0.16 0.23 0.44 0.66
Projectile SN

Target 154Sm 175Lu 197Au 208Pb 238U

E;(FF) 134 120 125 114 122

(error) 1y (10) (15) (8) (15)

Or 23.3 48.1 67.7 76.9 106.2

Or 40 62 75 83 112

Fo. 0.41 0.27 0.39 0.43 0.67
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FIG. 23. Deduced excitation energy at scission EXT as a func-
tion of the mass number at scission. Fusion-fission data points
are shown outlined, whilst quasifission points are filled in. Ar-
rowheads at the top of error bars indicate that neutron emission
during the acceleration time of the fragments is expected to be
important, resulting in a higher EfT value than is apparent.

~ A /8 may be more appropriate for most fragments
leading to lifetimes twice as short, and thus the values in
Tables XVI and XVII may be thought as an upper limit
per fragment (a,= A4 /10) or per fission event (a, = A /8).
Taking an arbitrary limit of ~0.4 neutrons emitted dur-
ing acceleration, in general it is the case that the fusion-
fission reactions are below (except for '®130+2%U) and
the quasifission reactions are above this limit, the points
above being indicated in Figs. 23 and 24 by arrowheads
on the upper end of the error bars. Thus the effect of
neutron emission during acceleration does not substan-

0.8

O ]I.Bo
r o 16 h
0.6 L24 40a, % i
m 6dy; +
FF ;
AE'E_ 0-4 1 E'; P *’ * ’ + )
SCIS : N Jo
L o [ ® + T ]
0.2 -
0.0 L " ] n 1 L I
.2

0.0 0.2 0.4
Qf / Ascis

FIG. 24. Deduced excitation energy per nucleon at scission
as a function of the effective change in excitation energy during
fission (see text), again per nucleon. The horizontal line shows
a constant energy per nucleon, while the diagonal line
represents the expected trend if the pre-scission emission were
completely unaware of the fission Q value. Data points have the
same meaning as in Fig. 23.
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tially affect the fusion-fission results, but for quasifission,
will lead to rather higher EXF at scission than determined
from v, alone. Using the deduced Ex" at scission, it
should be possible to calculate the lifetime of the last neu-
tron emitted from the compound nucleus before scission.
Potential problems arise in estimating appropriate
transmission coefficients and binding energies, as in
analyzing pre-scission data, and also in thermal excita-
tion energies and level densities, which in the analysis of
pre-scission data are to first order fixed by using the mea-
sured pre-scission neutron kinetic energy. Using the
thermal excitation energy at scission, reduced by the ro-
tational energy of the compound nucleus with angular
momentum 60#4, compound nucleus transmission
coefficients and binding energies, and a, = A /10, results
in a lifetime of 25X 107 2! s averaged over all the fusion-
fission reactions, and 2.5X 107 2! s averaged over the fas-
ter reactions. These times are in qualitative agreement
with those expected from the discussion of reaction times
in earlier sections, and show good consistency between
interpretation of pre-scission and post-scission multiplici-
ties. The information lacking in the v, analysis is the
appropriate E, to use in calculating pre-scission lifetimes,
which is in principle carried by the pre-scission neutron
energy spectrum.

For bombarding energies higher than those used here,
when the initial excitation energy of the compound sys-
tem may be uncertain, determination of reaction times
through v, either directly (as here) or through Monte
Carlo modeling [25] is more reliable than using v, un-
less extensive data on competing pre-scission decay chan-
nels and on the initial excitation energy are available.

V.SUMMARY AND CONCLUSION

A new method for interpreting pre-scission neutron
data has been presented, based on the use not only of the
measured pre-scission neutron multiplicity (v,), but also
of the mean neutron kinetic energy (¢,). Through a sta-
tistical model analysis, the latter quantity allows the
mean neutron emission rate to be calculated independent
of uncertainties in the initial excitation energy of the
compound nucleus, the level density parameter, and with
less dependence than previously on the trajectory of the
nucleus over the potential energy surface as it moves to
scission. Thus fission time scales have been determined
without many of the systematic uncertainties which
plagued previous analyses. Using a model in which
fission is totally suppressed for a time 7, then attains its
full width, the experimental data show that for essentially
all fusion-fission reactions, 7,=(35+15)X107?' s, ap-
parently with little dependence on the compound nucleus
mass (fissility). In this model, the mean neutron kinetic
energy €, was reproduced by adjusting the initial com-
pound nucleus excitation energy E, (CN) (taken to be that
of the nucleus at its equilibrium configuration) by adding
an energy correction AE,, which represents the average
shift in the excitation energy caused by the shape changes
occurring in the passage from the most compact
configuration (equilibrium or not, depending on the reac-
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tion) to scission. It may also compensate for uncertainty
in the initial excitation energy and the level density pa-
rameter. Simultaneously reproducing v, and €, by ad-
justing both 7, and AE, for the symmetric fission com-
ponent of all reactions resulted in the data points shown
in Fig. 25, which is a compilation of all the data previ-
ously shown. Considering first the 7, results for fusion-
fission (those for measurements where quasifission was
observed and acceleration neutrons should contribute
significantly are signaled by arrowheads on the error
bars), it is very gratifying that for three different experi-
ments, with different kinematic conditions and detector
calibrations, the deduced 7, values are so consistent,
showing 7 is between 20X 107! and 50X 10™*! 5. Some
questions still remain to be discussed about the influence
of acceleration neutrons for the most neutron-rich heavy
nuclei, and the influence of fast fission (fission without
barrier); it may be that data with higher statistical accu-
racy are required to permit definitive conclusions to be
drawn from experimental data alone. It must be recalled
that the 7, is not equivalent to the pre-saddle delay time
in a model in which the fission width rises gradually to its
asymptotic value, since in the case of a low fission barrier
and thus high fission width, fission may compete equally
with neutron emission well before the full fission width is
reached.

The AE, data also show a remarkable clustering,
indeed the agreement for heavy nuclei of fusion-fission
and quasifission data points is surprising, and points to
the need for analysis of the v,,. and ¢, data by a more so-
phisticated dynamical/evaporation simulation of fission.
The slope of AE, with A(CN) follows the variation of Q¢
quite closely (the latter values are shown by the small
outlined diamond-shaped points), however, this may be
partly due to the choice of a,. It would clearly be useful

100.0 —— 1 ———————
L o 158.8 Mev 180 + x
o 288.0 Mev 160 + X
80.0 | o 249.9Mev Oar + x
I " 417.7 Mev S%Ni + X
2
& 6.0 4
z !
w
0.0 | i
20.0 %% i { { i
’.‘.: 1 I 1 4 1 1 1 n 1

0.0
100 140 180 220 260 300
A(CN)
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if the prescription used for a, were tested experimentally,
so that the interpretation of AE, could proceed with less
ambiguity. To illustrate the effect of uncertainty in a,, a
10% change in a, requires a 10% change in the thermal
excitation energy, which must be made by changing AE,;
for the heaviest systems this requires a 20% change in
AE,, while for lighter nuclei, where AE, is close to zero,
the change required is typically 10 MeV. Uncertainty in
AE, also results from lack of detailed knowledge of the
deposited excitation energy in fusion, and the mean ener-
gy tied up in rotation. Independent of these possible
problems, it is clear that €, and the neutron energy spec-
tra in general carry very useful information, which
should not be neglected.

A strong reduction of v, for asymmetric mass splits
in heavy-ion-induced fission has been clearly demonstrat-
ed for the first time. For fusion fission, this has been ex-
plained in terms of phase-space arguments and a reduc-
tion in the fission time scale for more asymmetric mass
splits; the latter effect has been demonstrated for fission
of a system near the Businaro-Gallone point, where the
phase-space effects are minimal. A dependence of the
dynamical time scale on mass asymmetry will in principle
affect the distribution of mass splits observed, favoring
asymmetric splits compared to the yields expected on the
basis of phase-space arguments alone. This effect should
be further investigated, since it seems that it may be quite
significant for lighter nuclei. For quasifission, the drop in
Vpre S€€MSs to be associated principally with the mass-
asymmetry dependence of the PES, deduced reaction
times being within error independent of asymmetry. This
conclusion may be influenced by the importance of neu-
tron emission during acceleration of the fragments for
these fast reactions.

In interpreting the TKE dependence of v recoil

pre’

T T — T T T T T T
| 0 158.8 MeV igo +X o |
o 288.0 Mev 160 + x
10007 & 49,9 Mev 40r 4 x 7
Fow o 417.7 Mev O4Ni + X 1
80.0 °o g
°
60.0 ° 4

-20.0 — :
100 140 180 220 260 300
A(N)

FIG. 25. The left panel shows the deduced values of 7, for all reactions studied in this work, as a function of the compound nu-
cleus mass number. The time for a complete rotation of a nucleus with the moment of inertia of two touching spheres and angular
momentum 707 is shown by the dashed line. Downward arrows on the error bars indicate quasifission reactions, where neutron emis-
sion during acceleration of the fragments is expected to inflate the deduced 7, values. The right-hand panel shows the deduced AE,
values, together with the values of Q; (indicated by the small rhombi). The data follow this trend quite clearly, suggesting that dur-
ing the pre-scission emission, the effect of fission Q value is clearly felt. The effect on AE, of neutron emission during acceleration is

not yet clear.
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effects must be taken into account. For fusion-fission re-
actions, as expected, it was concluded that when all
corrections are applied, v, is independent of TKE.
However, for the ®Ni-induced quasifission reactions, Vpre
was found to increase rapidly with decreasing TKE, a
trend which the recoil corrections only reinforce. The
variation in v, accounted for essentially all the increase
in energy available due to the lower TKE, since v, was
almost independent of TKE. The first explanation for
this effect is neutron emission during acceleration of the
fragments, which in the fit appears mainly in the pre-
scission component. Increasing E, by reducing the TKE
results in even shorter lifetimes, and thus an increase in
the apparent v,... Emission during acceleration would be
expected due to the very short lifetime of the composite
nuclei ( <1072 s) in the *Ni-induced reactions. A possi-
ble second cause for this experimental observation is that
there may be a correlation between the TKE and the life-
time of the composite systems in quasifission reaction,
high TKE (compact scission configuration) being corre-
lated with a short lifetime, low TKE with long. This
should be further investigated, experimentally and
theoretically. The TKE dependence of v, may lead to
the ability to calibrate neutron emission lifetimes against
the fission fragment acceleration time. Present calcula-
tions give rather good agreement; however, several sim-
plifying assumptions are used.

Making use of statistical model calculations, the post-
scission neutron multiplicities have been converted to the
excitation energy at scission. For fusion-fission reactions,
this corresponds to an excitation energy per nucleon of
approximately 0.33 MeV, independent of the compound
nucleus fissility, and increasing only slightly with excita-
tion energy. For quasifission, it is higher. From these re-
sults, the lifetime of the last neutron for each reaction has
been estimated, yielding times consistent with expecta-
tions.

In conclusion, the present series of measurements have
revealed a number of new phenomena in heavy-ion in-
duced fission. Their interpretation is not yet quantitative-
ly complete in all cases, but they will help us to under-
stand the complex phenomenon of fission. The use of
both v, and ¢, data in the interpretation of neutron
measurements in fission clearly represents a significant
advance, and in conjunction with the new results ob-
tained as a function of mass split and TKE, should act as
a spur to further measurements in this field, not only of
neutrons, but also of charged particles, ¥ rays [53] fission
probabilities [54], and mass distributions.

Statistical model calculations with the code JULIAN
were performed on the Fujitsu VP100 of the Australian
National University Supercomputer Facility. The 2*U
targets were provided by H. Folger, to whom we are
grateful.
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