PHYSICAL REVIEW C

VOLUME 33, NUMBER 2
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Neutron emission in coincidence with fusion-fission events and evaporation residues was mea-
sured in the heavy-ion reactions 'Pr+(316 MeV)®Ar and '’Lu+(192 MeV) '2C. Both reactions
are leading to similar composite systems and excitation energies as the previously investigated reac-
tion '*Ho+2°Ne. In order to determine the lifetimes of the composite systems prior to scission and
to study entrance channel and angular-momentum effects, the results for all three systems are com-
pared. From measured cross sections of fission and evaporation residues, the angular momentum
intervals leading to fission are deduced to be 50— 109 #i and 49—62 #i for Pr+ Ar and Lu+C, respec-
tively. The corresponding prescission neutron multiplicities are deduced to be M5 =3.6+0.6 and
6.310.8, whereas the respective postscission multiplicities are M5 =4.4+0.4 and 3.6+0.6. For
the system '"Lu+'2C it is found that 0.5+0.2 preequilibrium neutrons are emitted. In contrast to
the evaporative neutrons, a strong anisotropy af= =2.2+0.6 relative to the reaction plane defined by
one fission fragment and the beam direction is observed. From the prescission neutron multiplicities,
the evaporation time of the system prior to scission is deduced using the statistical model to
~(3—12)x10~% 5. Nucleus deformation effects and neutron emission from not fully accelerated
fission fragments are taken into account. The unexpected long prescission lifetimes can be explained
as long transition times to the scission point caused by a large two-body viscosity. Under this as-
sumption the viscosity parameter of the highly excited nuclei has been determined in a first approxi-
mation to p~0.1 TP. The results might be understood also assuming a mixture of a two-body and
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one-body friction.

I. INTRODUCTION

The dynamics of fission under extreme conditions, such
as high temperatures and angular momenta, is a most in-
teresting and yet unsolved problem in one of the oldest to-
pics of nuclear physics and chemistry. It provides an ex-
cellent testing ground for nuclear many-body theories
such as dissipation mechanisms and viscosity of nuclear
matter as a function of temperature. In the present inves-
tigation the dynamics of fission is studied as a function of
angular momentum by means of the transition time of a
fissioning nucleus on its way to the scission point. This
time is deduced from the number of neutrons evaporated
from the composite system prior to scission.

Experimentally,' ~® as well as theoretically,”~!? heavy-
ion induced fission has received, in recent years, consider-
able attention by many investigators. The angular distri-
butions of fission fragments are essentially symmetric to
90° and consequently a long-lived equilibrated composite
system must exist with lifetimes longer than one rotation
time at least for asymmetric systems.!> This time can be
used to yield only a lower limit for the lifetime of the
composite system if we know the equilibrium shape and
thus the respective moments of inertia. A better means to
deduce lifetimes of composite systems is to measure the
number of evaporated light particles. Experimentally,
these particles have to be separated from those emitted
from the partially or fully accelerated fission fragments.
This is done by employing the spatial correlation of light-
particle yield in the laboratory frame with the direction
and magnitude of the velocity vectors of either the com-
posite system or the two fully accelerated fission frag-
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ments. This technique was already extensively used to
determine the prefission neutrons from multiple-chance
fission in light-ion induced fission.'*!> Provided that we
know the particle decay widths as a function of tempera-
ture, we can associate with the measured number of light
particles an evaporation time and thus a lifetime of the
composite system. Whereas the dynamics of fission is de-
duced from the number of light particles which are
evaporated after the system has decided to fission and
moves towards the scission point. The true prefission
light-particle multiplicity of multiple-chance fission con-
tains'*!® only static information on the relative phase
space for fission and light-particle evaporation. In the
following we will refer to light particles evaporated prior
to scission as prescission particles.

In heavy-ion induced fission a considerable amount of
cross section can be due to partial waves larger than the
angular momentum at which the fission barrier van-
ishes.!®17 In this case the final exit channel will consist of
two fragments independent of the number of evaporated
light particles. For such a system the light particle emis-
sion does not compete with, but rather accompanies fis-
sion until the system reaches the scission point.

The fusion time depends very strongly on the mass
asymmetry of the initial two fragments. For systems with
small mass asymmetry as Ho + Ar, Grégoire et al.’
predict fusion times in the order of (1—3)x 10~ s, Such
long times are consistent with the experimental findings
that in such systems a considerable amount of charged
particles, in particular a particles, were observed.®~® For
instance Schad et al.® deduced for the systems Ag + Cl a
lifetime of (1—3)X10~2° s. However, for systems where
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the mass asymmetry of projectile and target such as
Ho + Ne is larger, and thus the theoretical fusion time
(10~2! 5) is smaller, unexpectedly large prescission neu-
tron multiplicities! 3 were observed. The deduced life-
times were also in the order of (2—4)X 10~ s (Ref. 3).
Measured prescission neutron multiplicities are at least a
factor of 20 to 50 larger than the observed a-particle mul-
tiplicities due to Coulomb barrier effects. The multiplici-
ties and spectral shapes of emitted a particles sensitively
depend also on the deformation and angular momentum
of the composite system. This can yield, of course, addi-
tional information such as shielding effects of emitted
particles by the two fission fragments in close proximity,’
but can also be a disadvantage in deducing nuclear tem-
peratures and calculating decay widths for charged parti-
cles. These problems do not exist for neutron emission
which is essentially independent from the shape degree of
freedom and does not show any anisotropy with respect to
the spin of the composite system as does the a-particle
emission.

The present investigation was undertaken to provide
systematic data on prescission neutron emission from al-
most the same composite system at the same excitation
energy but different entrance channel mass asymmetries,
and in particular for different angular momenta. To this
purpose we have studied in addition to the previously in-
vestigated system Ho + Ne (Ref. 3) the systems Pr + Ar
and Lu + C leading to '8%18:-187[r, respectively, at an exci-
tation energy of 164 MeV assuming complete fusion. In
order to study in detail anisotropies with respect to the
spin direction of the fissioning nucleus special geometries
were chosen in the present investigation. In order to pro-
vide also the necessary information for interpretation of
the data the inclusive angular distributions of fission frag-
ments and evaporation residues were measured. In Sec. II
the experimental procedure is briefly described, in Sec. III
the data analysis and the results are presented, and in Sec.
IV the lifetimes of the composite systems are deduced
from the present data employing various assumptions on
nuclear dissipation mechanisms.

II. EXPERIMENTAL PROCEDURE

The experiments were performed at the VICKSI ac-
celerator of the Hahn-Meitner-Institut in Berlin. Neutron
emission was studied in the reactions *!'Pr + *°Ar at 316

TABLE I. Heavy-ion detector positions in the neutron time-
of-flight experiments. For definitions of 8., @, see the text, [
is the distance from target to heavy-ion detector.

Pr + Ar Lu+C

61ap Dy 1 61ap Dy I
(deg) (deg) (cm) (deg) (deg) (cm)
—15.0 —9.5 41.2 —15.0 —8.6 15.7
15.0 —8.7 414 15.0 —8.6 16.3
—55.0 -93 41.6 —40.0 —8.6 15.7
0.0 —33.5 36.6 40.0 —8.6 16.3
—73.0 —14.7 15.6
—140.0 —14.7 15.6
0.0 —539 25.8

FIG. 1. Schematic diagram of the experimental setup for the
time-of-flight experiment. The scintillator paddles “p” were
only used in the measurement of Lu + C.

MeV “Ar bombarding energy and ’Lu + '2C at 192
MeV "2C energy leading to the composite systems '$'Ir
and "¥'Ir similar to '®Ir in the reaction '>Ho + 2°Ne at
220 MeV *°Ne bombarding energy which was investigated
previously.}

A. Neutron time-of-flight arrangement

In the center of an evacuated scattering chamber with a
diameter of 1 m and a 3 mm thick steel wall self-
supporting targets were used with thicknesses of 1
mg/cm? Pr or 520 ug/cm? Lu. Natural praseodymium is
monoisotopic '*'Pr, whereas natural lutetium contains
97.4% '>Lu and 2.6% '"®Lu. In the discussions and cal-
culations we will, however, neglect the contribution from
6Lu. The beam was dumped 5.4 m downstream from
the target in a lead-, iron-, and paraffin-shielded Faraday
cup. The setup of the experiment is schematically shown
in Fig. 1. The heavy reaction products were identified by
measuring their energy and time of flight with solid-state
detectors positioned inside the chamber. To investigate
out-of-plane neutron emission anisotropies the heavy-ion
detectors were placed at different positions out of the
plane defined by the beam and the neutron detectors. The
detector positions for the different measurements are
given in Tables I and II. Here 6 represents the projection

TABLE II. Neutron detector positions in the neutron time-
of-flight experiments (®,=0°). The distance from the target to
the neutron detector is /,.

Pr + Ar Lu+C

onl.lb In enlab Iu
(deg) (cm) (deg) (cm)
—-11.0 83.8 —10.0 85.1
—39.5 84.7 —40.0 84.2
—65.0 82.9 —70.0 85.5
—1235 834 —100.0 84.5
—149.5 83.6 —135.0 85.1
—165.0 84.0 —165.0 84.5
13.0 85.4 13.0 85.3
40.0 84.7 40.0 83.6
65.0 87.2 70.0 87.6
111.5 81.8 100.0 82.7
135.0 83.6 130.0 83.3
159.0 85.1 159.0 86.2
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FIG. 2. Two-dimensional raw data plot of the heavy
reaction-product flight time versus energy in a 500 um thick
solid-state detector for the reaction Pr + Ar.

of the angle of the solid-state detector with respect to the
beam direction onto the plane defined by the beam and
the neutron detectors, and & is the angle of the detector
with respect to this plane. Hence Oy,,=0°, ®)p,= —53.9°
in Table I corresponds, e.g., to a geometry, where the
plane defined by the detected fission fragment and the
beam is perpendicular to the plane defined by the neutron
detectors and the fission fragment is detected at 53.9° with
respect to the beam below the neutron detector plane.

The time of flight of the heavy reaction products was
measured relative to the rf of the cyclotron with a time
separation between two bunches of about 60 ns. The
separation of fission fragments from other reaction prod-
ucts was done according to their masses and velocities

YIPr+ Y0Ar — F, +n

T T T I
L .
N4 ~
n .
2+
20 60 100 140
th(ns)
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determined by the energy and the flight time as shown in
Fig. 2.

Neutrons in coincidence with heavy reaction products
were detected with twelve 5 cm thick NE213 liquid scin-
tillators having a diameter of 12.7 cm. All neutron detec-
tors were positioned around the scattering chamber at 12
different angles. Neutrons were detected by measuring
the proton recoil energy inside the scintillator and the
time of flight relative to the solid-state detector signals.
To avoid the detection of low energetic ¥ rays each neu-
tron detector had a 2 mm thick lead shielding. In order to
distinguish neutrons from delayed y rays at higher ener-
gies, v-n pulse-shape discrimination was employed. Mea-
sured time-of-flight spectra for neutrons and y rays in
coincidence with fusion-fission events are shown in Fig. 3.
The hardware neutron-detection thresholds were set be-
tween 0.3 and 0.4 MeV neutron energy. It is shown in
Fig. 3 that without y-n discrimination delayed y rays
from other reactions and (n,y) processes of the surround-
ing material would contaminate the neutron time-of-flight
(TOF) distribution. Gammas not rejected (small peak at
22 ns) were separated off line from the TOF spectrum.

The neutron detection efficiencies were calculated as a
function of neutron energies and hardware thresholds
with a Monte Carlo code from Cecil et al.'® for neutron
energies up to 300 MeV. The scintillator light output was
calibrated using Compton-edge energies of various ra-
dioactive y-ray sources. Highly energetic charged parti-
cles, notably protons with energies larger than 35 MeV
may penetrate the 3 mm thick steel wall of the scattering
chamber and the scintillator shielding. In order to reject
these particles 2 mm thick 15.5 cm times 15.5 cm NE104
plastic scintillator paddles (p in Fig. 1) were placed in
front of the forward neutron detectors for the measure-
ment of the reaction Lu + C where highly energetic pre-
equilibrium particles are expected.’ These paddles were
set off line in anticoincidence to the neutron detectors.

E,.= 316MeV
9, =0° b =-34°
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102_ 2 i
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FIG. 3. Two-dimensional plots of the proton recoil energy inside the NE213 scintillator for neutrons and y rays versus flight time
and the respective projections onto the time-of-flight axis for the reaction Pr 4 Ar.
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B. The 4m-scintillator tank

The above-described setup yields information on neu-
tron energy and angular correlations between heavy ions
and neutrons which can be used to determine nuclear tem-
peratures and to separate between different neutron
sources. The total neutron multiplicities must be extract-
ed indirectly by calculations using the measured parame-
ters because only 2% of the 47 neutron emission is mea-
sured with the time-of-flight arrangement. To check the
thus deduced total neutron multiplicities experimentally,
both reactions were also investigated in a 47 neutron
detector!® which allows the measurement of neutron mul-
tiplicities with high efficiency of ~85% for a single neu-
tron. This detector consists of a spherical tank of two
halves with a diameter of 1 m which is filled with 500 /
NE323 scintillator liquid. A schematic setup is shown in
Fig. 4. The beam tube is crossing the center of the tank
where a 540 ug/cm? Pr or a 560 pug/cm? Lu target was
positioned. The emitted neutrons were detected inside the
tank by (n,y) capture processes in Gd nuclei (Gd is added
to the scintillator liquid by 0.5% by weight). The capture
v rays result in light flashes inside the scintillator tank,
which are counted. A detailed description of the 4w
detector and the neutron detection process is given in Ref.
19. The heavy reaction products were identified by
measuring their energy and time of flight with solid-state
detectors positioned around the target at different angles.

III. DATA ANALYSIS AND RESULTS

A. Fission-fragment angular distributions

A detailed analysis of the neutron emission in coin-
cidence with fusion-fission events and evaporation resi-
dues requires the knowledge of reaction parameters like
fusion cross sections and transferred angular momenta.
To obtain these parameters we analyzed the measured fis-
sion fragment and evaporation-residue angular distribu-
tions. The results are compared with those obtained from
the reaction Ho + Ne at Ej,;, =220 MeV (Ref. 20). The
experimental fission fragment angular distributions for
both systems (Pr + Ar and Lu + C) are shown in Fig. 5
together with model calculations explained below. The
observed anisotropy W (10°)/W(90°) for all three reac-
tions are the same as can be seen from Table III. Obvi-
ously there is no dependence of the anisotropy on the
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FIG. 4. Schematic setup of the 47 scintillator tank used for
total neutron multiplicity measurements.

entrance-channel mass asymmetry which is different from
the observation of Back et al.?!

The fusion cross section oy, is obtained by the sum of
the integrated differential cross sections for evaporation
residues opg and fission fragments oge and is listed in
Table III. The angular-momentum intervals contributing
to evaporation-residue formation and fission are deduced
from the corresponding cross sections applying the sharp
cutoff model. The orbital angular momentum windows
contributing to fission (/gg, /. ) are given in Table IIIL

In the case of a well-defined saddle point, the shape of
the fissioning nucleus at that configuration can be deter-
mined from the anisotropy of the fission fragment angu-
lar distribution applying the transition state mode]?*22
(TSM). In this semiclassical model the fission fragment
angular distribution is completely determined by the
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FIG. 5. (a) Fission-fragment angular distribution for the re-
action Pr + Ar and comparison with TSM calculations (see the
text). The best fit K3 calculation is done according to Eq. (3) for
a spin independent K3. (b) Fission fragment angular distribu-
tion for the reaction Lu + C and comparison with TSM calcula-
tions under the assumption of complete (TSM) and incomplete
fusion [TSM(IC)]. The best fit K3 is again considered to be in-
dependent of the spin.
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TABLE III. Results from evaporation-residue and fission-fragment angular-distribution measurements.

OER O fiss T fus IER Icrit Wi 10")

. 2
Reaction (mb) (mb) (mb) (#) (%) K35 W)
4ipr 4 ©AF 220+50 811+30 10314130 5016 10947 363164 4.6+0.3
YSLu + 2C 11624260 663+70 18254340 5949 7417 258+52 4.5+0.4
S u + 1°B 11624260 663+70 1825+340 49+6 62+6 258452 4.5+0.4
165Ho + Ne® 620+60 1070+110 1690+170 5743 9445 285+15 4.840.1

*Reference 20.

quantum numbers I, K, and M. Here KX is the projection
of the total spin I onto the nuclear symmetry axis which
is identical with the fission axis in this model, and M is
the projection of I onto a space fixed axis. The K distri-
bution function is taken as exp{ — K2/K(I,K)} with

sph T(I K)

depends on the onentatlon of the fission axis with respect
to the spin axis** and can be written as

Bp(I,LK)~Bp(1,0)+EX(1,LK)—EQ(1,K) ,

2

K3(LK)= # Ton/Jar LK)’ ) Here Br(1,0), ES, ES, J,(IK), and J (LK) are,
respectively, the rotating liquid drop model (RLDM) (Ref.
where 24) fission barrier at K=0, the rotation energy at the sad-

T(ILK)={[E* —Bp(I,K)—E(I,K)] /(4 /8)}'/*

is the nuclear temperature at the saddle point (SP) and
Jsph is the rigid-body moment of inertia of a sphere. The

fission barrier By and the effective moment of inertia J ¢
|

dle point, the ground-state configuration, and the moment
of inertia of the rotating liquid drop parallel and perpen-
dicular__to the nuclear symmetry axis at spin
R =V'I*—K?. The fission fragment angular distribution
is given by*?

I K2
(I 4+0.5) | Dir—0,x(0) | %exp | —— ——
K=2—I + | Dag =0, (6) | “exp 2KALK) l
W(0)~ E(ZI—}-I)TI , (3)
1 L K?
> exp|——5
K= 2K4(1LK)

where T is the transmission coefficient and the D}f,, K are
the normalized rigid-rotor functions.

In Fig. 5 the experimental fission-fragment angular dis-
tributions are compared with predictions of the TSM. At
high spin values where the fission barrier vanishes, the ef-
fective moment of inertia cannot be computed by the
RLDM. In this case we arbitrarily assumed Jpp, /J e =0.
For the fusion-fission reaction of Lu + C the agreement
between measured and calculated anisotropies is improved
when the effects of incomplete fusion are taken into ac-
count. Computations for incomplete fusion assuming
multiple a breakup of carbon are also shown in Fig. 5(b).
The respective maximum orbital angular momentum for
fusion of a partlcl&s, 8Be or 2C, respectively, is assumed
to be?® I ,Np, where N, is the number of I waves
with a pocket in the mteractlon potential of the fusing
system and the factor + accounts for the loss of angular
momentum due to friction. An approximate determina-
tion of the incomplete fusion by the experimental eva-
poration residue velocity spectrum is given in Sec. IV. In
addition, the experimental angular dlstnbutlons were fit-
ted with a spm-mdependent value of K3 in Eq. (3). The
best-fit values of K3 are given in Table III and the corre-
sponding calculated angular distributions are shown in
Figs. 5(a) and (b). With the assumption that the shape of

the fissioning nucleus is a spheroid with ratio d =c/a of
the principal half axis ¢ and aq, it is possible to estimate
the shape of the fissioning nucleus which determmes the
K distribution. The relation between d and K3 is given by

d¥34d =43 ﬁZKO
d¥3_d-3 "~ T on :

(4)

Using a radius parameter of r,=1.2249 fm and the ex-
perimentally determined nuclear temperatures T (see Sec.
III B), one obtains d=1.5, d=1.7, and d=1.9 for the re-
actions Pr + Ar, Ho + Ne, and Lu + C, respectively. The
deduced deformation increases with decreasing mean spin
(I), which indicates that the K distribution is frozen in
at shapes that are less compact for smaller (I). The de-
formation parameters d are used in Sec. IV A to calculate
the prescission neutron multiplicities.

B. Neutron evaporation in coincidence
with fission products

Neutron emission in coincidence with fusion-fission
events and evaporation residues was measured for the
above-discussed two systems Pr + Ar at 316 MeV and
Lu + C at 192 MeV bombarding energy.

In the reaction Pr + Ar central heavy-ion collisions
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lead to the composite system '8'Ir with a fissility parame-
ter of x=0.67. It is assumed that this system fissions for
lgr <! <Ip,—o~80# via a saddle point and for
Ip,—o<! <1l =109% via a symmetric*?¢ fragmentation
process, sometimes also called “fast fission.” Both the
highly excited composite system prior to scission as well
as the two fission fragments deexcite mainly by neutron
evaporation. Thus we have three neutron evaporation
sources, if we neglect evaporation during the acceleration
phase of the fission fragments, which will be discussed in
Sec. IV: (i) the composite system prior to scission, (ii) the
detected fully accelerated fission fragment, and (iii) the
correlated fully accelerated fission fragment.

All neutron energy spectra were measured in coin-
cidence with fission fragments detected at four fixed
trigger angles (see Table I). In order to parametrize the
experimental spectra we applied a three-source least-
squares-fit analysis to the data assuming complete fusion,
symmetric fission, and isotropic neutron emission in the
rest frame of each source. The spectral shape of the fit
function in the laboratory frame is given by a Watt distri-
bution:?

n Mi Vv En
dEdQ, 2 2AwT,; )

i=1
E,—2V'€;-E,cosY; +¢;

X exp

Among all variables used in Eq. (5) we take, as known, the
energy per nucleon ¢; of the source and the neutron emis-
sion angle ¥; relative to the source i. The nuclear tem-
peratures T; and the neutron multiplicities M; were taken
as free parameters, determined by the least-squares fit of
the measured neutron spectra at all 12 different neutron
detection angles. For the two symmetric fission frag-
ments we assumed the same temperature and neutron
multiplicity after we found that these parameters were
equal if they were searched for independently. One exam-
ple for experimental neutron energy spectra measured in
coincidence with fission fragments is shown in Fig. 6 to-
gether with the results of the fit for all three neutron
emission sources. It was possible to fit the data under the
assumption of isotropic emission in the rest frame even
for the case where the neutrons were detected in a plane
perpendicular to the reaction plane defined by the fission
fragments as shown in Figs. 6 and 7(a). As expected for
evaporated neutrons, no out-of-plane anisotropy is ob-
served. We will return to this point in more detail in this
section when discussing the preequilibrium emission (PE)
from the system Lu + C. The neutron yield integrated
over neutron energies between 2 and 10 MeV together
with the obtained best fits are shown as a function of the
neutron detection angle in Fig. 7(a) for all measured frag-
ment trigger angles. The corresponding reaction
geometries are shown in Fig. 7(b). All results of the fit
procedure are given in Table IV. As can be seen from
Fig. 7(a) it is possible to reproduce quite well different
neutron angular correlations at different trigger angles by

6F,=0° & =-34°

0.06
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0.02

T T

9,=13° 9,=40° 8,265°
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0.02

d?M,/dE, dQ, [neutrons/(fragment MeV sr)]

0.00 ™+

10

10

En_lab (MeV)

FIG. 6. One example for experimental double differential neutron multiplicities as a function of the neutron energy in coincidence
with fusion-fission events in the reaction Pr + Ar. The solid lines represent the sum of the evaporative components of the composite
system prior to scission (— — — ), the detected (—.—.—. ), and the correlated (. . . .) fission fragment.



TABLE IV. Mean parameters obtained by the least-squares fit of neutron energy spectra in coincidence with fusion-fission events for all three reactions. The affix “presc” and

“post” stands for prescission and postscission neutrons.

Preequilibrium (PE)

Evaporation

M

(neutrons)
44+0.4

ePE

(MeV /nucleon)

PE
n

M

(neutrons)

T
(MeV)

1.7£0.3

presc

M

(neutrons)
3.61+0.6

al®

(MeV)

(MeV)
2.240.3
2.61+0.3

Reaction
Pr + Ar

2.610.2 0.0

5.940.3
7.31+0.1

0.41+0.1
0.4+0.1

1.5+0.3

5.6+0.5 3.710.7

Ho + Née*
Lu+C

FF
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2.210.6

2.2+0.8

3.0+£0.4 2.3+0.1 1.310.2

5.210.6

(0.5+0.2)°

(3.610.5)°

(6.3+0.8)°

7.510.6 3.1+0.4 0.0

0.5£0.1

2.110.1

6.7+0.3

Lu+C

ER

(0.6+0.2)®

(8.5+0.4)°

*Reference 3.

®Renormalized values according to the measurement of total neutron multiplicity (cf. Sec. III D).

using one set of fit parameters although the correlations
are completely different due to the different kinematical
situations. This can be taken as an additional proof that
the employed parametrization is indeed correct. However,
there are small deviations between the calculation and the
data for some neutron detection angles as shown in Fig. 6
which can also be seen in Fig. 7(a). A more detailed con-
sideration of the deviations gave no evidence for the as-
sumption that these differences are due to shadowing of
neutrons by fission fragments or to neutron emission from
the elongated neck at the moment of rupture, which could
give an additional yield of neutrons not taken into account
by the multiple source fit.

(@) '#'Pr + %%Ar ——> F, + n

T T T —T

(0,=0°)

—5501 0° 1
—340°

1.21 8 =

dM,/dQ, [neutrons/(fragment sr)]

FIG. 7. (a) All measured angular correlations for neutrons
detected in coincidence with fission-fragments detected at dif-
ferent fixed trigger angles OF],d:'pl in the reaction Pr 4+ Ar. The

neutron energies are integrated between 2 and 10 MeV. The
solid curves denote the sum of the contributions from the three
evaporation sources (see Fig. 6). (b) The respective reaction
geometries. The reaction plane F is defined by the heavy-ion
detector (direction of the fission fragment) and the beam axis.
The neutron detection plane n is defined by the various neutron
detectors and the beam axis. The polar angle & (angle between
the beam direction and the heavy-ion detector) and the azimu-
thal angle ¢ (angle between the two planes n and F) are shown.
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175Lu+12c - F1+n

eF1=_15°

Op,=-8.6°

- [neutrons/(fragment MeV sr)]

NG
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L\ j
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FIG. 8. One example of the measured neutron energy spectra in coincidence with fusion-fission events in the reaction Lu + C. In
addition to the three evaporative components (see Fig. 6) a highly energetic preequilibrium neutron component (— — —) is present.

We now turn to the neutron emission in coincidence
with fusion-fission events for the reaction Lu + C. As
calculated from the measured og, under the assumption
of complete fusion, the critical angular momentum lead-
ing to fusion is .5 =74#i<Ip,_o~80f so that we can
consider this system as a “normal fission system.” Be-
cause of the high projectile energy of 16 MeV/nucleon we
expect preequilibrium neutron emission.’ To take this
into account, we parametrized the experimental neutron
energy spectra by adding a fourth source to the above-
described least-squares-fit analysis of the data. The spec-
tral shape is again given by Eq. (5) with epg, Mpg, and
Tpg as additional fit parameters. One example for experi-
mental neutron energy spectra measured in coincidence
with fission fragments is shown in Fig. 8 together with
the fit results for all neutron emission sources. The re-
sults of the fit procedure are given and compared with
those obtained from the reactions Pr + Ar and Ho + He
(Ref. 3) in Table IV. The energy-integrated angular corre-
lations for all measured trigger angles and the obtained
best fits are shown in Fig. 9. All three systems considered
in Table IV show relatively large prescission neutron mul-
tiplicities. It is interesting to note that for the two very
asymmetric systems Lu + C and Ho + Ne about 60% of
the evaporated neutrons are emitted prior to scission,
whereas for the system Pr 4+ Ar the same quantity is only
45%. The small value for Pr + Ar is probably due to the
larger angular momentum brought into the system. A de-
tailed interpretation of the large neutron multiplicities pri-
or to scission and its correlation to the lifetimes of these
systems prior to scission is given in Sec. IV.

1751u + 23C —> F, + n
1

dM, /d4q, [neutrons/(fragment sr)]

FIG. 9. All measured angular correlations for neutrons
detected in coincidence with fission fragments at different fixed
trigger angles Bpl,d)pl in the reaction Lu + C. The neutron en-

ergies are integrated between 2 and 10 MeV. The solid curves
denote the sum of the contribution from the three evaporative
and one preequilibrium source.
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FIG. 10. Two different reaction geometries for an “in-plane
measurement” where the neutrons are detected in a plane n ro-
tated only 15° against the fission plane F and for an “out-of-
plane measurement” where F and n are perpendicular to each
other.

C. Preequilibrium neutron emission

We now want to consider the preequilibrium neutron
emission in the reaction Lu + C. The fit results given in
Table IV are obtained by applying the four-source fit pro-
cedure to the experimental neutron energy spectra mea-
sured in coincidence with fission fragments and evapora-
tion residues. In Fig. 10 two different reaction geometries
are shown schematically. In this figure the polar angle &
of the solid state detector, with respect to the beam direc-
tion and the azimuthal angle @ between the fission plane
F and the neutron detector plane n, is shown. It was not
possible to achieve a reasonable good fit of the high ener-

PPLus+ 70— Fy+n

gy component in the neutron spectra in coincidence with
fission fragments, under the assumption of isotropic emis-
sion of this component in the rest frame for the case in
which the planes F and n were perpendicular to each oth-
er.

Under the assumption of K=0 and M=0 (cf. Sec.
III A), the spin is perpendicular to the beam and to the
fission axis. Consequently, the spin vector lies in the neu-
tron detector plane n only for geometries in which the two
planes F and n are perpendicular to each other. Since for
this geometry we observed deviations between the data
and the best fit calculations, as shown in Fig. 11, under
the assumption of isotropic neutron emission in the rest
frame of the preequilibrium source, we included in the fit
function the following anisotropic?’ neutron emission in
the rest frame of this source:

d*M, d*M?
dE,dQ, dE,dQ,

exp(—aPE cos?A) . (6)

Here A is the angle between the spin vector of the com-
posite system and the direction of the emitted neutron
(d*M? /dE dQ,) is the expression of the double differen-
tial neutron multiplicity in the rest frame of the source for
isotropic neutron emission, and aFE is the anisotropy pa-
rameter. Renormalization and transformation into the
laboratory frame leads to the fit function:

©F,=0° p =-539°

E.dQ, [neutrons/(fragment MeV sr)]

20 40 20 &40

FIG. 11. Experimental neutron energy spectra measured in coincidence with fission fragments detected in a plane F perpendicular
to the neutron detector plane n in the reaction Lu + C. The fit calculation for the highly energetic preequilibrium neutron emission
was performed assuming isotropic emission in the rest frame of the source.
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FIG. 12. Comparison between experimental neutron energy spectra measured “in plane” and “out of plane” in coincidence with
fission fragments according to geometries shown in Fig. 10 in the reaction Lu + C. The calculation (solid line) for the “in-plane mea-
surement” (O O O ) was done assuming isotopic emission in the rest frame of each source. The calculation (dashed line) for the “out-
of-plane measurement” (AAA) was obtained by assuming anisotropic preequilibrium neutron emission according to Eq. (7).

with the renormalization factor

d’M, MVE, E,—2Ve-E,cos¥+¢€
dE,dQ, 2T NP | T
a EEE o Sin?W¥
Xexp | —
E,+e—2VE ecos¥

. [neutrons/(fragment MeV sr)]

75 4+ — ER+n

N= [ exp(—al® cos™¥)sin¥ d¥ .

The fit results for the preequilibrium neutron emission us-
ing Eq. (7) are given in Table IV. The fitted asymmetry
parameter of afE=2.2 describes a very strong anisotropy

@)

eER=15° ¢ER=_8.6°

T T T Al

On=13° ©n=40°

%C 10-2 1
5 1073 1
PR I N A TR A\ IR\ . )
20 40 20 40 20 40 20 40 20 40 20 &40

En_tap (MeV)

FIG. 13. Experimental neutron energy spectra measured in coincidence with evaporation residues in the reaction Lu + C. The fit
calculation for the preequilibrium neutron emission was done under the assumption of isotropic emission in the rest frame of the

source according to Eq. (5).
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FIG. 14. Typical total neutron multiplicity distributions mea-
sured with the 4 scintillator tank in coincidence with fission
fragments and evaporation residues (ER) for the reactions
Pr+ Arand Lu + C.

of the preequilibrium emission with respect to the spin
direction of the composite system, whereas for the eva-
poration of low energetic neutrons from the fully equili-
brated system no anisotropy was observed.

The effect of the anisotropic preequilibrium neutron
emission is evident in Fig. 12 where the experimental neu-
tron energy spectra in coincidence with fission fragments
are compared for the two reaction geometries shown in
Fig. 10. In Fig. 12 the observed out-of-plane emission is
denoted by triangles, and the results of the in-plane mea-
surements are denoted by circles. The lines are fit calcula-
tions using Egs. (5) and (7) denoted by the solid and the
dashed curve, respectively. The reduction of the emission
out of plane is clearly visible. For the preequilibrium
emission of charged particles a similar anisotropy was re-
ported by Tsang et al.8

The observed enhancement of preequilibrium neutron
emission in the reaction plane might be understood in a
model*>? in which complete fusion is limited by the an-
gular momentum. The excess angular momentum
brought into the system is then carried away by light par-
ticles with approximate beam velocity and preferential
emission perpendicular to the spin. Also the Harvey-
Homeyer model*® of direct massive transfer implies such
a behavior.

For the system Lu+ C we have also investigated the

neutron emission in coincidence with evaporation resi-
dues. The heavy recoils were measured at about 17° in the
laboratory frame. At this relative large angle the heavy
recoils are not necessarily evaporation residues, but can be
contaminated with targetlike recoils due to massive
transfer reactions. Therefore it was necessary to gate the
neutrons only with the high velocity part of the heavy
recoils. We have considered all heavy recoil (HR) prod-
ucts having a velocity Vyg >0.25 cm/ns as evaporation
residues, but there might still be a small contamination by
targetlike recoils even for higher velocities. The mean
VEr is 0.3 cm/ns whereas the velocity corresponding to
full momentum transfer is ¥zg =0.36 cm/ns. The exper-
imental values, however, are uncertain to about 10% be-
cause of the plasma delay®! associated with the detection
of heavy fragments.

In order to correct for the asymmetry>? introduced into
the neutron spectrum and angular distribution by the
recoil of the detected neutron on the ER, we averaged the
neutron spectra measured in coincidence with evaporation
residues at 17° over symmetric neutron angles left and
right to the beam axis. The averaged experimental spectra
were parametrized by applying a two-source least-
squares-fit analysis assuming one evaporation and one
preequilibrium source both emitting isotropically in their
rest frames. The experimental data together with the best
fits are shown in Fig. 13 and the parameters are given in
Table IV.

D. Total neutron multiplicities

To check the neutron multiplicities in coincidence with
fusion-fission events and evaporation residues obtained by
the applied fit procedure to the neutron energy spectra,
the total multiplicities were also measured directly with
the 4mr-neutron detector described in Sec. II. For both re-
actions Pr + Ar and Lu + C the neutron multiplicities
were measured in coincidence with fusion-fission events at
different trigger angles and evaporation residues at
Ogr=2.2° and 6°. The experimental multiplicity spectra
were corrected for the background and the efficiency of
the detector determined by a 252Cf calibration measure-
ment. Typical corrected multiplicity spectra are shown in
Fig. 14 and the results are compared with those obtained
by the neutron time-of-flight measurement and the ap-
plied fit procedure in Table V. There is good agreement
for the reaction Pr + Ar but a difference of 19%, corre-
sponding to 1.6 standard deviations for the reaction

TABLE V. Total neutron multiplicities measured in coincidence with evaporation residues and
fusion-fission events with a 4 scintillator tank and comparison with those obtained by the least-squares

fit procedure.
47 tank TOF measurement

Coincident M M
Reaction fragment (neutrons) (neutrons)
Pr+ Ar ER 7.8610.09
Pr + Ar FF 8.45+0.04 8.0+1.0
Lu+C ER 9.141+0.07 7.2+0.4
Lu+C FF 10.36+0.04 8.6+1.1
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Lu + C. Assuming that the difference is originating from
a systematic error made in the fit procedure applied to the
neutron energy spectra as described in Sec. III B, one has
to renormalize the neutron multiplicities of each source by
the factor 10.4/8.6 leading to ME™°=6.3 for the prescis-
sion neutron multiplicity. The difference between the re-
sults of both measurements for the neutrons in coin-
cidence with evaporation residues can be due to the con-
tamination of evaporation residues with targetlike recoils
at the detection angle of ~17° at the time-of-flight mea-
surement, whereas for Ogg =2.2° and 6° at the total multi-
plicity measurement the contribution of heavy recoils with
a smaller neutron multiplicity can be excluded.

As described in Sec. II the neutron energy thresholds
used in the neutron time-of-flight experiment were
0.3—0.4 MeV. Due to possible uncertainties or instabili-
ties in these thresholds the efficiencies of the neutron
detector can vary drastically for energies close to the
threshold. That is why all least-squares fits were per-
formed for neutron energies larger than 1.6 MeV. Conse-
quently, it is necessary to extrapolate the neutron energy
spectra to zero energy in order to obtain absolute neutron
multiplicities. This uncertainty could have also caused
the above-observed discrepancy between the neutron mul-
tiplicities as measured with the time-of-flight arrangement
and the 47 neutron tank. In the following discussion we
will only use the renormalized value.

As a conclusion of this section we point out that for
both measured reactions which lead to composite systems
with similar excitation energy E* ~164 MeV as the previ-
ously measured reaction’ Ho + Ne at 220 MeV *Ne bom-
barding energy a considerable neutron emission occurs be-
fore the system fissions even for so-called “fast fission sys-
tems”%26 like Pr + Ar. Furthermore, a strong anisotropy
was observed for the preequilibrium neutron emission
with respect to the spin of the composite system formed
in the reaction Lu + C, whereas no such anisotropy was
observed for evaporative neutrons.

In the next section the results concerning the high pres-
cission neutron multiplicities are discussed by comparing
the results with modified statistical model calculations.

IV. DISCUSSION AND COMPARISON
WITH MODELS

A. Evaporative neutron emission
of the composite systems prior to scission

To obtain information about the fission dynamics of
highly excited nuclei the experimental prescission neutron
multiplicity is compared in the following with statistical
model calculations (code JULIAN) (Ref. 33) performed for
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FIG. 15. Galilean invariant velocity distribution of evapora-
tion residues for the reaction Lu + C.

different steps of the fission process.

The code calculates nuclear evaporation of neutrons,
protons, and a particles in competition to fission taking
into account angular momenta and using optical-model
transmission coefficients and Fermi-gas level densities.
The following parameters were used in the calculations.
The level density parameter of the compound nucleus a,
(Refs. 34 and 35) and of the transition state nucleus af

were set to ay=a,=A4/10. The RLDM fission barrier?*
was lowered by the factor 0.8 (Ref. 36) and set to zero for
angular momenta I >Ip _o. Transmission coefficients of

the evaporated particles were computed from optical
model potentials of Wilmore and Hodgson®” for neutrons,
of Perey’® for protons, and of Huizenga and Igo for al-
pha particles. We further assumed complete fusion for
the systems Pr+ Ar and Ho + Ne. For the reaction
Lu + C an approximation for the amount of incomplete
fusion was made using the velocity spectrum of evapora-
tion residues as measured in the neutron-sphere experi-
ment over a flight path of 70 cm at 2.2°. The Galilean in-
variant cross section (1/v%)do/dv is shown in Fig. 15.
The mean value of this distribution is 0.30 cm/ns which
corresponds to a linear momentum transfer of 85% and
thus complete fusion of '°B and °Lu on the average at
E(1°B)=159 MeV. Fission probabilities og/0g,s cal-
culated with these assumptions are in good agreement
with the experimental ones and given in Table VI.

This can be taken as an indication that the chosen pa-
rameters are correct because there is a strong dependence
of the calculated fission probabilities on the input parame-

TABLE VI. Comparison between experimental fission probabilities (0ge/0s)*P and the calculated
ones (0 /05us)"UHAN using the statistical model code JULIAN.

System (O fiss /T gus) ™ (O fiss/Ofus )JULIAN
165Ho + *Ne (Ref. 20) 63.3+5% 68.9%
W4lpy 4 4OAF 78.7+6 % 78.9%
7SLu + '°B(2C) 36.319% 30.7% (52.9%)
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ters a and ay/a,. By changing, e.g., a, by about 20% or
as/a, by about 3—5 %, the calculated fission probabili-
ties vary by about 15%.

As noted in Refs. 40 and 41 the radius parameter r(
used to calculate transmission coefficients for evaporated
particles can be deduced from the experimental energy
spectra. However, within our measured energy range, the
neutron spectra are not sensitive enough to determine this
parameter. Employing several evaporation calculations, a
rather weak dependence of the prefission neutron multi-
plicity on ry has been observed. For instance, by increas-
ing the radius by 20% and decreasing the fission barrier
by 50% in order to keep the fission probability o/ 0 sy
close to the observed value, one obtains for the reaction
Ho + Ne 04 /05,s=60%, a neutron multiplicity for eva-
poration residues of MER=6.4 and a prefission neutron
multiplicity of ME®*=1.8. The quantities 0/ and
ME™! are similar to the results obtained by our standard
parameters whereas the value of M ER is lowered by 30%
which does not agree with the experimental result.

The mean prefission neutron multiplicities ME™ cal-
culated by JULIAN are 1.1, 1.9, and 4.5 for the systems
Pr + Ar, Ho + Ne, and Lu + B, respectively. The experi-
mentally deduced prescission neutron multiplicities are
3.6+0.6, 5.6+0.5, and 6.3+0.8, respectively, which are
clearly larger. However, the relative discrepancy is de-
creasing with decreasing critical angular momentum.

There are three possibilities for the emission of the
remaining prescission neutrons not predicted by JULIAN as
prefission neutrons. The first one is the evaporation of
neutrons during the formation phase of the composite sys-
tem. The underlying assumption is that the relaxation
time for the mass asymmetry degree of freedom is longer
than that for the excitation energy. Otherwise these neu-
trons would be preequilibrium neutrons, which are not ob-
served in the reaction Pr + Ar. The formation time de-
pends on the mass asymmetry of the entrance channel’
and should be larger for the system Pr + Ar (small mass
asymmetry) than for the reactions Ho + Ne and Lu + C
(larger mass asymmetry). If there would be neutron eva-
poration during the formation time of the composite sys-
tem the difference between the measured prescission and
calculated prefission neutron multiplicities should in-
crease with decreasing mass asymmetry. This expecta-
tion, however, does not agree with the obtained values for
these excess neutrons of 1.8+0.2, 3.7+0.3, and 2.5+0.4
for the systems Lu + C, Ho + Ne, and Pr + Ar, respec-
tively. This seems to indicate that there is no considerable
neutron evaporation during the formation of the compos-
ite system and the excess neutrons must be due to another
process.

The second possibility to understand the high experi-
mental prescission neutron multiplicities is the evapora-
tion of neutrons from not fully accelerated fission frag-
ments.>® As long as the velocities of the accelerating
fragments are small, neutrons emitted from these frag-
ments will be considered experimentally as prescission
neutrons focused kinematically into the same forward
direction as the neutrons emitted from the composite sys-
tem. Model calculations of angular correlations of eva-
porated neutrons from fission fragments as a function of

fragment kinetic energies can show® for which kinetic en-
ergies during the acceleration phase the neutron angular
correlation becomes sufficiently distinguishable from the
angular correlation of the composite system. Such calcu-
lated angular correlations are shown in Fig. 16 for sym-
metric trigger angles assuming two spheres with a charge
Z/2=38 which are accelerated in their mutual Coulomb
field and start with zero relative energy at the moment of
separation. We find that for kinetic energies between 60
and 80 MeV for the system Pr + Ar and 30 and 60 MeV
for the systems Ho + Ne and Lu + C, the neutron angular
correlation becomes double peaked and well distinguish-
able from the angular correlations of the composite sys-
tem. These kinetic energies correspond to acceleration
times of (1—3)x10~2! s. Neutrons emitted from both
fission fragments during these times would be considered
experimentally as prescission neutrons.

Because of these relatively short acceleration times neu-
tron emission from not fully accelerated fission fragments
cannot explain the difference between calculated prefis-
sion and experimental prescission neutron multiplicities.

T T T

| 17SLu+!2C—>F,+F,+n
192 MeV

0.4

0.0 } t ;
0.6} **Ho+2'Ne—>F,+F,+n
220 MeV

141pr+40Ar—>F,+F,+n
0.8 316 MeV

dM, /dQ, [neutrons/(fragment sr)]

®_ (deg)

FIG. 16. Neutron angular correlations calculated for neutron
evaporation from fission fragments at various total kinetic ener-
gies (TKE) achieved during acceleration in the mutual Coulomb
field. The calculations are made for symmetric trigger angles
according to the experimental situations and the neutron ener-
gies are integrated between 2 and 10 MeV. Solid line: TKE=0

MeV; dotted line: TKE=80

MeV.

TKE=40 MeV; dashed line:
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Therefore we have to consider neutron evaporation during
the transition time T, to the scission point from an as-
sumed transition state configuration. This additional neu-
tron yield is not taken into account by the statistical code
JULIAN which considers only the competition between dif-
ferent decay modes and does not include any dynamics.
To get an estimate on the number of neutrons evaporat-
ed during 7., We continued the evaporation calculation
without fission using the excitation energy and spin of the
nucleus after the emission of the mean prefission neu-
trons, protons, and a particles. On the way to the scission
configuration the deformation of the composite system is
a function of time. Here we approximated these time
dependent deformations by the mean values d =c/a ob-
tained from the spin independent K3 of the fission-
fragment angular distributions as discussed in Sec. III.
The resulting deformation energies*? of 12.9, 14.5, and
15.6 MeV for the three systems Pr + Ar, Ho + Ne, and
Lu + C, respectively, were subtracted from the mean total
excitation energies and the rotational energies were com-
puted for spheroids with d =c/a. From the statistical
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FIG. 17. Comparison between the experimental prescission
neutron multiplicities (EXP) and statistical model calculations
as a function of the transition time T4, to the scission point:
MEf® represents prefission neutrons, M'™® represents eva-
porated neutrons during the transition to the scission point, and
M;% represents neutrons evaporated from separated but not ful-
ly accelerated fission fragments. The heavy solid line represents
the sum of all calculated components.

model calculations the number of neutrons M*™(r,,.)
emitted during the transition time 7,,,, Was obtained as
well as the thermal excitation energy Eg (Tyqps) at the scis-
sion configuration, both as a function of 7., Then
E&(Tians) Was used to compute the average number of
neutrons M2 (Ty,ns) emitted from both fragments during
the initial acceleration time (1—3)Xx 10~2! s, taking into
account different mass splits. In Fig. 17 MPEreis,
M ™ (Tyrans), and Mo (7y,ns) are plotted versus the tran-
sition time Ty,n. The intersection of the heavy solid line,
representing the sum ME®fS 4 A8 (2 ) 4 M2 (Tyrans)
with the experimentally observed prescission multiplicity
(EXP) then yields the transition time 7y

The results of the comparison between experiment and
calculation are given in Table VII. The deduced transi-
tion times to the scission point are unexpectedly large and
will be interpreted in Sec. IVB. The total neutron multi-

plicities MEF of the fission fragments (FF) after separa-
tion were also calculated with JULIAN assuming that the
thermal excitation energy Eg (i) at the deduced transi-
tion times 7,,, is apportioned according to the mass
numbers of the fragments. Agreement with the measured
postscission neutrons is achieved if the experimental value
is increased by the calculated number of neutrons M:*
emitted during the first stages of acceleration of both fis-
sion fragments. The value of +M>° is 0.4, 0.0, and 0.0
for the systems Pr + Ar, Ho + Ne, and Lu + C, respec-
tively. The total neutron multiplicities for the evapora-
tion residues also agree quite well with the experimentally
measured ones.

In summary, we have deduced under the given assump-
tions the transition times of an iridiumlike composite sys-
tem from a transition-state configuration with a max-
imum spin of 109%, 944, and 627 to the scission point to
be larger than 0.8, 6, and 2 X 10~2° s, respectively. As one
would expect, the system with highest spin shows the
shortest transition time.

B. Interpretations of the long
transition times to the scission point

The comparison of the large experimental prescission
neutron multiplicities with statistical model calculations,
taking into account the neutron emission of the composite
system on its way to scission and the emission from not
fully accelerated fission fragments after separation, results
in long transition times to the scission point of
(2—11)X 102 5. These very long transition times can be
explained possibly by large nuclear viscosity'""**—® of the
highly excited nuclei. To investigate this possibility we
assumed a two-body friction process and Rayleigh dissipa-
tion¥* according to Davies et al.** Due to nucleon-
nucleon collisions kinetic energy of the collective motion
of the system moving to the scission point is transferred
into internal excitation energy causing the system to slow
down and increasing the temperature on its way to the
scission point. The total energy dissipated from the tran-
sition state configuration to the scission configuration is
directly proportional* to the two-body viscosity coeffi-
cient y.

For a viscous system the transition time can be very
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TABLE VII. Calculated parameters with the modified code JULIAN and comparison with the experimental results. Used

as/a,=10, Br
Reaction

Pr 4+ Ar

Ho + Ne®
Lu+4C

large*>** and the scission configuration can become very
elongated compared to a nonviscous one as shown for the
26U nucleus.**~*° By assuming such a two-body friction
process it is possible to determine the viscosity parameter
p© which can be expressed in the unit terapoise,
g 1 TP=10'2 P=10" dyns/cm?
L
=
P =6.24X 1072 MeVs/fm* .
Z)
B
8 The transition time 7i,, to the scission point can be cal-
S culated as a function of the two-body viscosity parameter
§ 4 in a macroscopic model*® as done for the system 23¢U.
° From this system we take the almost linear relation be-
4 tween the viscosity coefficient and the transition time
P Tuans- Davies et al.*’ have shown that the dissipated ener-
5 gy for systems with fissility parameters of about x=0.65
g and for a viscosity parameter u ~0.01 TP is approximate-
& ly Eg,~0.012E?, with E? being the surface energy of a
g spherical nucleus which results in E g4;~3 MeV. Assum-
2 ing a linear dependence of the dissipated energy E g on u
ha) up to u=0.15 TP and transfer of the dissipated energy
S into internal thermal excitation energy, one has to increase
-% the temperature of the mean fissioning nucleus in the sta-
g tistical model calculation as a function of 7, correlated
8 with the viscosity parameter u. We approximated the
E time dependent increase of the excitation energy up to the
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TABLE VIII. Deduced parameters with the statistical model code JULIAN taking into account two-body viscosity effects and comparison with the experimental results. For used

parameters, see Table VII. (Note that footnote indicators b—e refer to Table VIL.)

Experiment

Statistical model

MFF*

(neutrons)
2.2 £0.2

presc

M

(neutrons)

MFF¢

(neutrons)
2.71(—0.5)
1.92(—0.5)¢

c

Tptuc

Tpmﬁss"

(102 g)

Mgmﬁss

(TP)
0.09+3%7

>0.13

(1072 )

(neutrons)

Reaction

3.610.6

1418

4.1

1.1
19

Pr 4 Ar

26120

1.85+0.35

5.610.5

5.5

Ho + Ne
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scission point configuration by adding half of the total
dissipated energy Eg, to the mean excitation energy of
the fissioning nucleus.

In contrast to a nonviscous system, the temperature of
fission fragments is not necessarily lower for larger transi-
tion times T, if the added dissipation energy Eg is
larger than the cooling by particle evaporation with in-
creasing Tymn. and thus there is a larger contribution to
the prescission neutron multiplicity by the neutron emis-
sion from not fully accelerated fission fragments. The re-
sults of the statistical evaporation calculation with the
modified excitation energy Eg(7Tymns) for Pr+ Ar and
Ho + Ne are shown in Fig. 18 and given in Table VIII.
Due to the additional thermal excitation energy dissipated
by the two-body friction process the fissioning nuclei
evaporate neutrons and charged particles faster than non-
viscous nuclei. The extracted transition times of
(1—2)x10=% s for Pr + Ar and Ho + Ne, respectively,
however are related with very large two-body viscosity
coefficients pu of about 0.1 TP. This coefficient is seven
times larger than determined by Davies et al.*> As shown
in Table VIII the total neutron multiplicities of the fission
fragments after separation are in reasonable agreement
with the experimental ones.

We also compared our results with a model developed
by Hassani and Grangé*® and Grangé.?’ In this model the
fission process is considered to be a phenomenon of dif-
fusion with respect to the fission degree of freedom. For
high temperatures and angular momenta no potential
pocket is assumed to be significant anymore and the entire
fission process is considered to be predominantly by a
transient phenomena.!%*’ Here we consider the case for
which the potential pocket is nonexistent. The collective
potential can then be described by an inverse parabola
V(x) = —sugroix? where py is the reduced mass of the
composite nucleus and wj is the curvature of the harmon-
ic oscillator potential. We then assumed that the transi-
tion time Tympe~1X10"% s, as extracted for the system
Pr + Ar under the assumption of pure two-body dissipa-
tion, can be approximated by the time ¢, in formula (2-23)
in Ref. 47. In this formula ¢, is the time for which the
fission process starts to be governed essentially by the col-
lective potential of the composite system. The time is
strongly dependent on the value of w,. For instance, by
using to=1X10"% s and #iwy=1.5 or 0.8 MeV we obtain
a friction parameter of B=18Xx10%' s~! or 4x 10%! s~
respectively. The parameter S is the ratio of the two-body
viscosity coefficient and the collective mass. These two
examples show clearly the strong dependence of B on the
curvature of the oscillator potential which unfortunately
is not known.

In summary, we have studied transition times to the
scission point and two-body viscosity coefficients of high-
ly excited iridiumlike composite systems. Transition
times of >5X1072! s have been deduced by comparing
measured prescission neutron multiplicities with statistical
model calculations taking into account pure two-body dis-
sipation mechanisms during the transition to scission.
The correlated viscosity coefficients are larger than at
least 0.03 TP. The average of the deduced viscosity coef-
ficient of about 0.1 TP, however, is seven times larger
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than the value calculated by Davies et al.** from total ki-
netic energies of fission fragments. This discrepancy
might be solved by the additional consideration of one-
body dissipation mechanisms.*>*** Our main purpose was
to demonstrate the effect of a large dissipation of collec-
tive motion into internal excitation energy on the prescis-
sion neutron multiplicity. The additional heating de-
creases the emission times and consequently reduces all
deduced transition times to the scission point.

V. CONCLUSIONS

We have measured and investigated fission-fragment
angular distributions and neutron emission in coincidence
with evaporation residues and fission events in the reac-
tions Pr + Ar and Lu+ C at 316 MeV argon and 192
MeV carbon bombarding energy. The results are com-
pared with those obtained by the analysis of the previous-
ly measured reaction Ho + Ne (Refs. 3 and 20) at 220
MeV neon bombarding energy. All reactions are leading
to comparable composite systems with similar total exci-
tation energies.

From the analysis of the measured angular distribution
of evaporation residues and fission fragments of the reac-
tion Pr + Ar and Lu + C the angular momentum window
contributing to fission was deduced to be 50—1097 and
49—62 7, respectively. Together with the previously in-
vestigated system Ho + Ne, where this window is
57—94 4, it was possible to study the dynamics of fission
as a function of the spin of the composite system.

In order to obtain detailed information about the
dynamical behavior of fissioning composite systems, we
investigated the prescission and postscission neutron emis-
sion in coincidence with fusion-fission events in all three
reactions characterized by different entrance-channel
mass asymmetries. The different mass asymmetries are
correlated with different formation times of the composite
systems giving one the possibility to examine these times
by looking for emitted neutrons originating from the
fusion phase of the reaction. A comparison between the
measured prescission neutron multiplicities and statistical
model calculations seems to indicate that there is no con-
siderable neutron emission during the formation. This
would mean that the formation times are short compared
to the decay times and that all observed prescission neu-
trons are emitted by the composite system after relaxation
of the mass asymmetry. In the reaction Lu + C we ob-
served highly energetic neutrons in coincidence with
fusion-fission events which are emitted during an early
preequilibrium phase.® In contrast to the low energetic
neutron evaporation from fully equilibrated systems, a
strong anisotropy of the preequilibrium neutron emission
with respect to the reaction plane was observed. It was

shown that the number of neutrons emitted from both fis-
sion fragments during the acceleration phase in their mu-
tual Coulomb field*> and misinterpreted experimentally
as prescission neutrons is smaller than one. Furthermore,
statistical model calculations predict small numbers of
prefission neutrons (neutrons emitted up to the time at
which the system “decides” to fission) of 1.1, 1.9, and 4.5
compared to experimental measured ones of 3.6+0.6,
5.61+0.5, and 6.3+0.8 for the three reactions Pr + Ar,
Ho + Ne, and Lu + C, respectively. We assumed that the
remaining neutrons are emitted on the way to the
scission-point configuration and consequently are giving
information about the dynamics of the fission process. In
order to reproduce these additional neutrons with a sta-
tistical evaporation code it was possible to deduce the
transition time of iridiumlike composite systems from a
transition configuration to the scission point. This time
was found to be larger than 0.8, 6, and 2 X 10~ s for fis-
sion from maximum spin values of 1097, 947, and 624,
respectively. As one would expect the highest spin shows
the smallest transition time. The deduced respective mean
values are found to be very large: 2.3, 11, and 5Xx 10~
however with large error bars (Table VII).

By comparing these long transition times with dynami-
cal calculations made for the fissioning 26U nucleus*>*
under the assumption of pure two-body friction, we ex-
tracted very large two-body viscosity coefficients of about
pn~0.1 TP. These two-body viscosity coefficients are
about a factor of 7 larger than those determined by Davies
et al.®® from the analysis of total kinetic energies of fis-
sion fragments. For such high viscosity coefficients the
total kinetic energies would decrease by about 20 MeV
due to the very elongated scission configuration as shown
in Refs. 36 and 43. This discrepancy can probably be
solved by assuming not only a pure two-body viscosity but
a mixture of a relative small two-body and a large one-
body friction.!"***° One-body friction due to collisions
between nucleons and the moving wall of the nucleus
leads to a more compact scission configuration and conse-
quently to larger total kinetic energies of the fission frag-
ments.!4*

As a conclusion we can say that the large prescission
neutron multiplicities observed in all three reactions can
be understood as a result of long transition times to the
scission point due to a large dissipation of collective ener-
gy into internal excitation energy of the fissioning nuclei.
However, it would be premature to claim that this is a
proof for a strong dissipation mechanism of the fissioning
nucleus on its way to scission. There are probably some
other possibilities for one to interpret the experimental ob-
servations.’® The present data should stimulate further
activities in understanding the experimental results.
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