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Binary fragmentations of '°F + 2°°Bi (E, = 491 MeV) and %*Ni + ***Ho (E, = 778 MeV) leading
to compound nuclei with E* &~ 400 MeV and similar masses were investigated by measuring fission
coincident neutrons and « particles. The neutron field was decomposed into contributions from
preequilibrium (PE), prescission, and the two fragment sources with a moving source analysis. It
was performed for separate excitation energy classes deduced with the folding angle technique from
the linear momentum transfer. The angular distribution of the PE neutrons from the '°F 4 2°°Bj
reaction indicates a pronounced out-of-plane anisotropy that would result in an overestimation of the
PE multiplicity by 37% for a measurement only in plane. The PE multiplicities and temperatures are
interpreted by a delay in formation for the more symmetric entrance channel *Ni 4+ 1%*Ho, which is
typical for quasifission and in line with the enliancement of asymmetric mass splits. Prescission times
derived from the neutron clock method extend from 30 x 1072?s for ®*Ni 4 '%°Ho to 160 x 107 2?5
for '°F + 2°°Bi. Here, a constant level density parameter of A/10 MeV ™' was used which is an
outcome of the simultaneous measurement of o emission temperatures. The prescission times are
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Entrance-channel dependence of the fission dynamics in °F42%°Bj vs Ni+1%Ho

qualitatively discussed in terms of the reaction dynamics.

PACS number(s): 25.70.Jj, 24.60.—k

I. INTRODUCTION

The mechanism of heavy ion induced binary fission
gives valuable insights into the process of distortion of
nuclear matter [1]. It is now well established that the fis-
sion process is distinctly slower than particle evaporation
for excitation energies above approximately 50 MeV, be-
cause nuclear matter must be rearranged during fission.
This delay becomes experimentally accessibie by the en-
hancement of neutron [3,4], charged particle [2] emission,
or 7 decay modes [5] prior to scission. Prescission times
deduced with these methods seem to be approximately
independent of initial excitation energies [3,6,7] and fis-
sility [4,1].

Conventionally, one has to distinguish between three
different time intervals contributing to the dynamical
time scale, namely the equilibration time 7pg for com-
pound nucleus (CN) thermalization, the transit time 7
to reach a constant probability flow across the saddle
point, and the saddle-to-scission time 745 to develop from
the saddle point to the scission point configuration.

Calculations with a Boltzmann master equation
(BME) approach [8], together with preequilibrium neu-
tron multiplicities, reveal equilibration times 7pg on the
order of 5 x 10722 s,

The experimental separation of prescission and
postscission neutrons based on their different kinemat-
ical focusing, i.e., the neutron clock method, provides
only the sum 7, + 755 of the transit and saddle-to-scission
times. For heavy systems of mass A =~ 200 u, typical
prescission times Tpre = 7y + Tss between 5 x 10~2's and
3 x 1072%5 are anticipated [9]. However, it is an un-
solved problem whether 7, or 755 dominates the prescis-

0556-2813/95/51(4)/1908(18)/$06.00 51

sion time. A simultaneous measurement of prescission
neutrons and charged particles indicates a dominating
saddle-to-scission time [10,11]. It has also been argued
that fission excitation probabilities are indicative for the
bulk of the prescission emissions to occur prior to the
saddle point [12]; this argumentation, however, is incon-
clusive [13].

Concerning the entrance channel impact [14,15], it has
been suggested that the formation process during heavy
ion collisions is hindered for more mass symmetric en-
trance channels. Whereas statistical model calculations
can describe v spectra from the %0 + %8Sm reactions,
they fail to reproduce the v spectra for the more sym-
metric entrance channel ®4Ni + *°°Mo [16], and the total
neutron multiplicity observed for the system ¢Ni 4+ 92Zr
was smaller than predicted by the statistical model [17].
It has also been shown that the mass splits of the reaction
products from 4°Ar 4+ 232Th are preferentially asymmet-
ric, whereas the mass split distribution of 32S + 238U is
symmetric [18]. Together, these observations indicate a
longer formation time for more symmetric entrance chan-
nels. However, for the reactions quoted in this paragraph,
the formation times overlap with those corresponding to
evaporation from an equilibrated compound nucleus.

To further pursue the influence of the entrance channel
on reaction systems, reactions have been chosen which
lead to comparable masses A > 200 and excitation ener-
gies E* > 200 MeV of the compound nuclei. Comparison
of the data is expected to yield information on the in-
fluence of the formation mechanism and of the fission
barrier on the temporal evolution of heavy ion induced
fission. Furthermore, it can be expected that formation
times overlap with the preequilibrium phase because of
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the higher projectile velocities.

In order to investigate the prescission time accurately
by means of the neutron clock, it is necessary to deter-
mine the energy balance of the whole deexcitation cas-
cade and in particular to fix the level density parame-
ter a, which is not well known for the excitation ener-
gies under discussion. Holub et al. [19] and Hilscher
et al. [20] have deduced a level density parameter a =
A/(10.5+1)MeV~! for CN with mass numbers A ~ 180
by comparing the slope of neutron energy spectra with
statistical model calculations. This result was confirmed
by Chbihi et al. [21] from a comparison between proton
and deuteron spectra for A ~ 110 and excitation en-
ergies between 1.3 and 3.0 MeV /nucleon. On the other
hand, Nebbia et al. [22] deduced level density parame-
ters for neutrons and charged particles, which increase
from A/13 to A/10MeV~! for initial excitation energies
between 2 to 4.3 MeV/nucleon. Hence, in this work the
determination of the level density parameter is performed
by exploiting both o and neutron emission spectra.

The paper is organized as follows: Sec. II explains the
experimental procedure and Sec. III describes the data
reduction for the fragments, the coincident neutrons, and
« particles. In Sec. IV the results for the preequilibrium
(PE) source parameters are discussed. Sec.V is devoted
to an interpretation of the prescission and postscission
source parameters. In Sec. VI the prescission neutron
multiplicities together with a statistical model calcula-
tion are interpreted in terms of prescission time scales.
Section VII summarizes our work.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with ®¢Ni and 1°F
projectiles with energies of 778 MeV (12.2 MeV /nucleon)
and 491 MeV (26.1 MeV /nucleon), respectively, from the
VICKSI accelerator at the Hahn-Meitner Institut Berlin.
The self-supporting, monoisotopic metallic targets of
500 ug/cm? thickness were mounted inside a thin walled
scattering chamber. The accelerator was operated with
burst repetitions of 17.1 MHz (18.5 MHz), widths At ~
1.2ns (0.9ns) (FWHM) for the ®*Ni (°F ) beam and
time-averaged beam currents of typically 0.33 particlenA
(0.74 particlenA) that corresponded to luminosities L of
3.4 x 10" cm™2s7! (11.4 x 102" cm™2s7!). These num-
bers, as well as the beam position monitoring, were de-
duced from the elastically scattered projectiles observed
in two small plastic scintillators at ©1,;, = +10.5° in the
reaction plane.

The detector setup inside and around the scatter-
ing chamber is shown schematically in Fig. 1(a) for the
64Ni + '%*Ho experiment we shall describe first. It con-
sists of low-pressure multiwire chambers (MWC) of ac-
tive sizes 61 mmx61mm and 122 mmXx 244 mm on both
sides of the beam, supplemented by a fourfold segmented
surface barrier detector array (SB) of 315 um thickness
and 26 cm? active area. Further data are listed in Ta-
ble I. The angular acceptance AV out of plane extended
to +£13°. The MWC’s provided two-dimensional posi-
tion (Az,y ~ 0.8 mm FWHM) and timing (At =~ 240 ps
FWHM) information , which was used for the reconstruc-
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tion of kinematic coincidences between fragmentlike re-
action products. The MWC’s were centered around the
angles Owe = =+ 42°, which correspond to the most
probable linear momentum transfer (LMT) of 95% for
symmetric fragmentation [23]. Their detection efficien-
cies extend to 20% and beyond 100% LMT, respectively.

Time and pulse height measurements made with the
surface barrier detectors in coincidence with the large
MWC allowed an independent determination of binary
fission events. The pulse height calibration was per-
formed with a 252Cf source brought in target position;
pulse height defects were accounted for [24,25] as well as
the energy loss of charged particles in the target [7,9].
Charged particle velocities were determined with an ab-
solute time scale derived from symmetric fragmentations
for which the total kinetic energy (TKE) was known from
the pulse height measured with the SB’s 1,2 [7,9,26]. The
overall time resolution received contributions from the
burst width and the detector resolution, including, for
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FIG. 1. Experimental setup consisting of neutron detec-

tors N; (some with veto paddles VP), position sensitive multi-
wire chambers MWC,; and surface barrier detectors SB; for (a)
the reaction %*Ni+ ®*Ho and (b) the reaction °F + 2°°Bi.
Inset (c) shows the setup of the position sensitive scintillator
bars SCB; from a side view.
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TABLE I. Geometry of fragment detectors.
Reaction Detector TOF path P v
(mm) (deg) (deg)
84Ni 4 '%*Ho MWC1 272 -31.5 / -78.9 -12.6 / 12.6
MWC2 270 30.0 / 41.7 -6.4 / 6.4
MWC3 270 57.1 / 68.8 -6.4 / 6.4
SB1 236 42.9 / 55.3 -6.6 / 6.4
19F 4 299Bj MWC1 264 -44.7 / 93.3 -13.1 / 13.1
MWC2 276 70.6 / 83.3 -6.4 / 6.4
SB1 257 51.8 / 63.3 -5.7 /5.7
SB2 255 92.0 / 104.1 -6.1 /6.1
SB. 407 143.5 / 150.8 -3.6 /3.6

the SB’s 1,2, the uncertainties in the plasma delay cor-
rection [27].

For neutron time-of-flight (TOF) spectroscopy we used
ten cylindrical cells, typically of 25 cm diameter and
10 cm thickness, filled with liquid scintillator materials
NE213 or BC501. They had n-y pulse shape discrimi-
nation capabilities and were arranged around the reac-
tion chamber within as well as outside of the reaction
plane, with distances varying from 1.0m to 2.3m and
reaction angles Ojap,, between 0° and 163°. The scin-
tillator cells were equipped in front with 3mm lead to
suppress excessive vy radiation. Most of them (see Fig. 1)
also had a scintillator veto paddle in front for discrimi-
nation against energetic charged reaction particles. The
neutron detection efficiencies n(E",E,,) were calculated
for E, < 20MeV with the code NEFF4 [28]; for higher
neutron energies they were obtained with the CECIL code
[29]. The thresholds E!* were on the order of 1 MeV
equivalent neutron energy; they were derived from the
90% points of the Compton edges observed for several
v sources. For each individual neutron detector we ob-
tained the overall time resolution from the prompt target
~ peak of up to 240.4 ns for the full dynamic range above
threshold.

The neutron flux attenuation due to construction ma-
terial in the TOF paths was accounted for with the
code ATTENE [30]. The estimated uncertainties of the
efficiency determination (< 8%), the absorption correc-
tion (< 10%), and the background subtraction (< 10%)
yielded an overall uncertainty of less than 15%. Un-
certainties in the resulting total neutron multiplicities
Mot tend to be smaller; this is the outcome of an inde-
pendent and supplementary experiment performed with
a 47 scintillator tank for the reaction 32S 4+ 97Au at
26.2 MeV /nucleon [31]. The uncertainties in partial neu-
tron multiplicities resulting from moving source fits to
the fission coincident neutron TOF data are quoted in
Sec. III B.

Data collection was triggered by a coincidence of two
fission fragments on either side of the beam direction;
it also allowed us to identify unambiguously the correct
cyclotron RF signal needed for all TOF measurements.

The 9F + 299Bi experiment was performed with de-
tector elements of the type used for the 84Ni + 65Ho
study, but in a geometry schematically shown in Fig. 1(b)

and with the geometrical data listed in Table I. Compar-
ison of Fig. 1(b) with Fig. 1(a) exhibits differences that
fall essentially into three categories:

(i) Due to the smaller linear momentum transferred
with 1°F and the accordingly lower velocity of the cen-
ter of mass, the folding angle for the anticipated [23]
most probable LMT of about 78% is larger than in the
64Ni + 165Ho study. The fragment detectors were there-
fore centered around Oywe = + 68°. The target was
tilted to minimize the energy loss of the fragments; the
effective target thickness corresponded to an average en-
ergy loss of 3.4MeV per fragment for symmetric frag-
mentations.

(ii) In order to facilitate the spectroscopy of fragment
energies, one of the two MWC’s on the left arm was re-
placed by a fourfold segmented surface barrier detector
(SB2); a third, twofold one (SB,) was placed at a back-
ward angle so that it would be particularly sensitive to
a particles from equilibrium processes.

(iii) Most important, four plastic scintillator bars
SCB1-SCB4 of size 10cmx10cmx100cm made from
BC408 were added for neutron detection in the forward
hemisphere. Details of their performance are discussed
in [32]. They were read out on both sides for position-
sensitive neutron TOF spectroscopy by the time differ-
ence technique. The position resolution was Az < 5cm
(FWHM) along the axis for deposited energies a fac-
tor two and more above typical threshold values EPr =~
4MeV. With such thresholds, v background could effec-
tively be suppressed. Since they were installed perpen-
dicular to the reaction plane [see Fig. 1(c)] the scintillator
bars covered out-of-plane angles ¥ up to 45°, and thus
allowed us to measure relative neutron angular distri-
butions in this direction with a minimum of systematic
errors. The SCB neutron detection efficiencies as a func-
tion of E, were determined with the CECIL code [29];
absolute values were derived from a comparison of detec-
tor N3 and its well-known efficiency to the homologous
segment of SCB2. Additional efficiency checks were per-
formed with the fission coincident neutrons from a 252Cf
source [32]. For experimental reasons [32], the usable
detector length was restricted to 5cm< z < 95cm. The
detector data were analyzed for nine bins of 10 cm, which
were grouped in some cases to segments of 30 cm length
to improve the statistics.
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III. DATA REDUCTION AND
EXPERIMENTAL RESULTS

A. Fission fragments

The general reaction model used as a starting point for
the analysis is that of a binary fragmentation following an
incomplete fusion with a linear momentum transfer LMT
whose determination is based on the spectator model.

The composite system CN which later undergoes fis-
sion has a recoil velocity v in projectile direction that is
calculated from the observed fragment velocities (vy, vs),
the laboratory angles ®;, ®, relative to the beam direc-
tion (i.e., cos ®; = cos ©; cos ¥;), and their folding angle
(q>1 + @2) :

v1v2sin(P; + P2)
v15in®; + vosin®,

1)

If m{y is the mass of the system remaining after particle
evaporation, then the fragment masses m;,my = mgy —
m; are given by

v =

vosin®,

(2)

The ratio m;/mgy will be referred to as the normalized
mass My . In the massive transfer model, the spectator
part of the projectile proceeds in the projectile direction
with a velocity vp, such that the linear momentum trans-
ferred is

!
my = m, - - .
CN v185in®; + vosin®,

’U” 1

IMT =41 ———~
v01+%§(1—;g)’

®3)

where vy equals v) for complete fusion and m, is the
projectile mass.

Application of Eq. (2) requires mgy as input; it is
calculated as

men = mr + LMT X mp — Mevap (4)
where the correction mevap for particle evaporation from
the composite system and the fragments is calculated

with a statistical model starting at the excitation energy
E¢(LMT) remaining after equilibration [9]:

TABLE II.

mr
mg + LMT x m,

E&n(LMT) = E, x LMT

x4 /1 — (’-’62)2 + Q(LMT). (5)

Here, the first term denotes the part of the kinetic energy
E, of the projectile in the laboratory frame that is trans-
ferred and dissipated. Based on the arguments given in
[9], no correction for preequilibrium particle emission is
included in Eq. (5) beyond the amount carried away by
the spectator part. The ground state values Q(LMT) for
incomplete fusion were calculated from mass tables [33].

For further analysis the events were subdivided into
classes corresponding to symmetric (0.4 < My < 0.6)
and asymmetric fragmentations, and into the intervals
ALMT listed in Table II. The assumed projectile frag-
mentations given there include a correction for the exper-
imentally observed PE neutron multiplicity Mpg(LMT),
cf. Sec. IV.

A total of about 5 x 107 binary fragmentations were
analyzed in the framework of this model. The resulting
LMT distributions in Figs. 2(c) and 2(d) show clearly
distinctive patterns. The majority of the ¢4Ni 4+ %5Ho
events occurs with an almost complete LMT, i.e., as a
central collision. These events are well separated from a
small group of peripheral collisions at LMT ~30%, which
are cut off by the finite solid angle coverage of the de-
tector system. The most probable LMT of 98% is in
good agreement with recent compilations of this quan-
tity as a function of the entrance channel energy above
the Coulomb barrier [23]. The two-dimensional contour
diagram of the LMT vs My plane [Fig. 2(f)] shows that
in the central collisions, despite the high excitation en-
ergy E&y > 300 MeV (cf. Table II), the asymmetric
fragmentations prevail. They occur with total kinetic
energies (TKE) far above the values anticipated for sys-
tems developing towards scission after total dissipation of
the kinetic energy in the entrance channel. This is visible
in Fig. 2(b), where the asymmetric fragmentations carry
TKE up to twice as high as observed for fusion-fission
events. Both fragmentation as well as TKE therefore in-
dicate a fast, deep inelastic reaction mechanism like in
quasifission, where the composite system breaks apart
before mass equilibration is completed. In contrast, the

LMT windows with centroids (LMT) applied in the analysis of the reactions

54Ni+1%5Ho, 1°F42%°Bi. They are referred to as 1(a)-2(d). For each window are given the fragmen-
tation into PE nucleons, spectator, and CN following participant absorption, and Eg&y resulting

from Eq. (5).

Reaction LMT window (LMT) E&n (MeV) Fragmentation

$4Ni + 1%°Ho 1(a) 20% - 65% 47% 220 19THg +2*Mg + 3p + 5n
1(b) 66% — 89% 80% 320 218 Ac +°Be + 2p + 3n
1(c) 90% — 100% 96% 360 27Pu +1p + 1n
1(d) 101% - 110% 100% 370 229 Am

19F 4 209B; 2(a) 20% ~ 50% 35% 130 218y +-8Be + 1p + 3n
2(b) 51% — 69% 60% 240 220Ac +*He + 1p + 3n
2(c) 70% — 90% 80% 300 224Pa +1p + 3n
2(d) 91% - 110% 100% 390 228y
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symmetric fragmentations My = 0.5 correlate with TKE
in complete agreement with the fusion-fission systemat-
ics, in particular if the mass depletion by particle evapo-
ration prior to scission is taken care of with a statistical
model calculation, details of which are given in Sec.V.

The fusion of 1°F with 2°°Bi follows a different pat-
tern, one that is much more like 32S + 1%7Au at the
same projectile energy per nucleon [9]. The most prob-
able LMT is 78% and the preferred fission mode is the
symmetric one [Figs. 2(a) and 2(e)]. The TKE values for
the mass symmetric and most of the asymmetric fission
events are in line with the systematics for equilibrated
systems; deep inelastic contributions are visible, too, but
do not prevail.

The LMT distribution found for °F 4 2%°Bi in
Fig. 2(c) is obviously broader and less pronounced than
that for ®4Ni + 65Ho. This is not necessarily a feature
of the reaction mechanism, but may rather be an artifact
of the mode of analysis. The determination of the LMT
with Eq. (3) hinges on the velocity component vy. It is
derived from the fragment velocities vy, ve after parti-
cle emission [Eq. (1)]. These velocities are therefore not
necessarily coplanar any more, and even the compound
nucleus at scission has experienced recoils from particle
evaporation and incomplete linear momentum transfer.
A measure for such distortions perpendicular to the re-
action plane is the out-of-plane angle A¥ = ¥, — ¥,
of the two fragments [31]. Analysis of the MWC posi-
tion informations reveals Gaussian distributions for A¥
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centered in the reaction plane. Their widths §(A¥) are
about 12° (FWHM) for the central collision peaks of both
reactions. Assuming in-plane the same distortions, we
get variations of the LMT that are considerably smaller
for Ni+Ho (22%) than for F+Bi (39%), because the %*Ni
projectiles with 9630 MeV /c carry a much higher ab-
solute linear momentum into the reaction than the °F
projectiles (4170 MeV/c) do. The former’s LMT distri-
butions therefore tend to be less smeared out.

It should be mentioned that the populations presented
in Figs. 2(e) and 2(f) are corrected for the detector ef-
ficiency. For this purpose, a Monte Carlo simulation of
binary fragmentations with a (sin ©.ms)~! angular dis-
tribution was performed for the actual detector geome-
try. The calculation of the total kinetic energy (TKE)
of both fragments was based on the systematics given in
[34], with corrections for the mass asymmetry [35] and
for prescission particle emission to the extent indicated
[9] by the LMT value. With this input, the fraction of
detected fission events can be calculated for each bin in
the LMT vs My plane and applied to experimental data
parametrized in this way.

The fusion-fission cross section og4s for both reactions
can be estimated from limiting angular momenta. The
fusion potentials based on the Bass nuclear potential [36]
are shown in Fig. 3 for I = 0 and lgit, where the lat-
ter denotes the partial wave with vanishing potential
pocket. Their values lgit = 120# (82h) for 64Nj + 165Ho
(19F + 299Bi ) represent an upper limit for fusion-fission,
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FIG. 3. Fusion potentials from Bass [36] as a function of

the distances between projectile and target for I = 0 (dotted)
and ! = I3, (dash-dotted). The arrows point to the equi-
librium shape (R1) and interaction (R2) radius, respectively.

because the compound nuclei resulting after the most
probable linear momentum transfer are of high fissility
= 0.81 (0.78). Their fission barriers as calculated in the
rotating liquid drop model [37] vanish for I, = 67k (74H).
Therefore, even if fusion with [ < Iy is assumed to always
lead to subsequent fission, the associated compound nu-
cleus fission cross section ogss represents only a fraction
of the total fusion cross section og,s = (A2/4m) (18, +1)3?,
namely 0.32 (0.82).

For comparison, the experimental cross sections for fu-
sion were derived by putting together the luminosities
L obtained from the elastic scattering monitors and the
number of binary fission events N, occurring in the cen-
tral collision (cc) peaks around the most probable LMT
[cf. Figs. 2(c) and (d)] with corrections for detection
efficiency and extrapolation into the full 27 solid an-
gle coverage in the center-of-mass system. Conversion
of o into the corresponding I yields 134h (123h) for
64Ni + 1%5Ho ('°F + 2°°Bi). These are, however, not
the angular momenta found in the fused systems, because
angular momentum is carried away in the preequilibrium
reaction phase to an extent reflected in the linear mo-
mentum not transferred. The corresponding loss of an-
gular momentum Al can be derived from the simple ap-
proximation [8], Al(k) & 0.34(1 — LMTump)/ApEpAg.
Here, LM Ty, is the most probable LMT for central col-

lisions, 4/ ApFE, is proportional to the absolute projec-

. 1/3 . .
tile momentum, and AC/N is a measure of the radius

of the CN formed. One finds a reduction of [.. by
Al = 9h (40R) for ®4Ni+ %Ho (I°F + 209Bi), lead-
ing to leriy = lcc — Al = 125k (83h). These values are
in good agreement with those obtained for IB;, and show
the same excess over the fission barrier limits Iy.
Central collisions in %¢Ni+ ®*Ho are therefore ex-
pected to proceed primarily through exit channels with
no fission barrier, i.e., as fast fission [38,39] without to-
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tal dissipation of the initial kinetic energy into intrinsic
excitation; for 1°F 4 299Bi , the sequential fusion-fission
mode dominates.

B. Fission coincident neutrons

The analysis of the measured double differential neu-
tron multiplicities M, (E,,®,) was performed for the
different LMT and My classes, respectively. For each
fragmentation class the multiplicities were decomposed
into the contributions of four moving sources, namely a
preequilibrium (PE) source, a compound nucleus (CN)
source, and two sources of fully accelerated fragments
(F1,F2). Each source is assumed to emit its neutrons
isotropically in its own rest frame with a spectral shape
of a Watt distribution. After transformation into the
laboratory frame and normalization, one obtains for the
total double differential neutron multiplicities

dthot (En, @n) 4 Mn,i /
dE,dQ(©,) ; 2(nT,;)3/2 En
{ E, + ¢ — 2/E,¢; cos @i]
X exp | — T .

(6)

Here M, ; is the neutron multiplicity and ¢; the source
velocity of the ith source. The temperature parameters
T; are the averages over the whole deexcitation cascade
and are related to the initial temperature of each source
by To,; = 12/11-T;. The emission angle ©; was measured
with respect to the momentum direction of each source.
The free fit parameters were the multiplicities M; and
temperatures T; for the four sources, and the source ve-
locity of the PE source. The source velocities of the CN
and the fragment sources were averaged over the frag-
ment events under consideration. Here, special attention
was given to the spectra of the liquid scintillators that are
most sensitive to the fragment source F'1, i.e., N7 and N8
for ®4Ni 4 1%5Ho, and N1 and N2 for °F + 299Bj. For
F2 these are N1, N2, and N9 for 64Ni + %Ho, and N5
for 1°F + 209Bi. The spectra of the former reaction were
divided into four subgroups, depending on the segment
of MWC1 in which the coincident fragment was detected
and those of the latter one into three subgroups corre-
sponding to the three fragment detectors.

In a first step, the right-hand side of Eq. (6) was eval-
uated by performing a least squares fit that included all
liquid scintillators simultaneously. In the next step the
resulting parameter sets were used to deduce the multi-
plicity and temperature of the CN source from a fit to
the spectra of the most backward liquid scintillators, be-
cause these spectra are least sensitive to contributions
from sources other than the CN. In a third step the re-
sulting CN temperature parameter was fixed and the re-
maining parameters released for all scintillators. Steps 2
and 3 were repeated until convergence was reached after
2 or 3 iterations. The individual uncertainty of one pa-
rameter was estimated by changing it until x? increased
by 10% over its minimum value.

Figures 4 and 5 show the « spectra to be discussed in
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FIG. 4. Representative double differential neutron multi-
plicities (open circles) measured with liquid scintillators for
symmetric fragmentations of *°F + 2°°Bi in the LMT win-
dow around the most probable (LMT) = 78%. The detector
angle ® is measured with respect to the beam direction in the
horizontal plane and ¥ the perpendicular angle, cf. Fig. 7.
Also shown are the best fit results.

Sec. III C together with the fit results for the fragment
class of the most probable LMT and symmetrical frag-
mentation. For the 1°F + 20°Bi reaction the PE and the
CN sources are clearly separated, as one can see from
the most forward spectra. On the other hand, the neu-
tron yield is not visibly increased in the direction of the
fragment motion. The postscission neutron multiplic-
ity is small and the decomposition into prescission and

TABLE IIL.
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FIG. 5. Same as Fig. 4 for the reaction %*Ni+ '®*Ho.
Only 6 out of 10 spectra are presented. The underlying frag-
mentation class is again the one for the most probable LMT,
i.e., 98%, and symmetric fragmentations.

postscission contributions is correspondingly uncertain.
For the ®4Ni + °Ho reaction, the PE and CN sources
are not as clearly separated, but the fragment sources
are more pronounced. The small enhancement in for-
ward directions corresponding to a low PE multiplicity
makes the decomposition into PE and CN neutrons dif-
ficult, whereas the strong correlation with the fragment
flight direction indicates a large postscission multiplicity.

Preequilibrium neutron multiplicities Mpg, temperatures Tpg, and source velocities

€ obtained from the moving source fits. The parameter a, describes the PE anisotropy out of the

reaction plane (see Sec. IV A).

LMT Mpg Tre (MeV) € (MeV /nucleon) an
1(a) 6.3+1.0 3.8+0.4 3.9(57%) + 0.9

1(b) 3.34+0.6 4.0+0.6 3.8(56%) % 1.0 —
1(c) 1.1+0.3 52413 3.7(55%) + 1.9 —
1(d) 0.540.4 6.0 + 3.6 4.0(57%) + 2.3

2(a) 3.4£0.5 5.1£0.6 6.2(49%) + 1.5 1.4+0.4
2(b) 34405 6.44+0.8 4.6(42%) £ 1.3 1.1+0.5
2(c) 3.0+ 0.5 8.1+1.3 4.6(42%) + 1.6 1.1+05
2(d) 1.8+0.5 12.0 £ 3.2 4.4(41%) + 2.3 14+1.1
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TABLE IV. Temperature and multiplicity parameters for the prescission and postscission neu-
tron sources obtained from the moving source analysis for symmetrical fragmentations.

LMT Mpre Tpre Mpost,l Mpost,z Tpost
(MeV) (MeV)

1(a) 4.3+1.0 3.2+0.6 4.4+07 4.5+0.7 1.7+0.2
1(b) 5.3*+1.0 3.4%+0.5 6.11+0.9 6.4 +0.7 2.14+0.2
1(c) 7.3x1.1 3.5+05 6.4+0.9 6.4 +0.8 2.3+0.2
1(d) 8.1+1.1 3.7+04 6.4+0.9 6.24+0.8 2.24+0.2
2(a) 6.9+ 0.5 2.5+0.1 3.3+05 3.2+03 1.24+0.1
2(b) 8.5+ 0.6 3.01+0.8 3.4+0.8 3.5+0.5 1.44+0.2
2(c) 11.74+0.7 3.2%+0.2 3.51+0.8 3.7+0.5 1.5 +£0.2
2(d) 14.9+0.9 3.41+0.2 3.2+£0.9 3.7+0.6 1.6 0.3

The results from the moving source fits are listed sepa-
rately for the PE source parameters in Table III and the
equilibrium sources, i.e., the CN and the fragments, in
Table IV.

C. Fission coincident a particles

In the experiment °F + 299Bi, the spectroscopy of
fission-coincident o particles was done using the sup-
plementary twofold segmented surface barrier detector
(SB.) positioned at ©® = 145° and 149° in the reaction
plane. At these backward angles the a yield should be
described by the compound nucleus source only, whereas
the contributions of other sources should be negligible
[2].

The double differential « distributions are shown in
Fig. 6 for the three highest classes of excitation ener-
gies. Events with ranges corresponding to the detector
thickness could not accurately be reconstructed in energy
and were omitted in the spectra; this explains the gaps.
For the lowest excitation energy class, only the average
o multiplicity per fission event could be determined be-
cause of the low a yield.

The analysis of the high energy part of the a spec-
tra above the Coulomb barrier Vo was performed with a
modified [40] Watt distribution in order to guarantee a
comparison with the corresponding results of the neutron
analysis, in particular the CN temperature. Transforma-
tion to the laboratory frame yields the expression

d*MoN,o(Ea, Oa) _ _ Mona VEaexp |- E, + 4ecn — 4V Eq€ecn cos Ocn (7)
dBad(0,)  2(aTcna)2 ¥ =P ToN ’
UE4+ B @ =145 ° 0=149° which was applied to the high energy part. Here, the
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FIG. 6. Double differential a multiplicities (squares) for
1F + 2%9Bi and the three highest LMT windows (see Table
II). The moving source fit includes only a CN source (solid
line).

a energy in the laboratory system is reduced by the
Coulomb energy, i.e.,

Eoz = Ekin - VC (8)

in order to take into account the Coulomb acceleration of
the a particles in the field of the emitting nucleus. Hence,
in a first approach the rising parts of the spectra below
Ve were fitted by Gaussian distributions and the maxima
identified with Vg, resulting in Vo = 23 + 2 MeV in the
center-of-mass frame. This result is in good agreement
with corresponding fusion barriers of the inverse process
for Z = 92 [41]. There is no clear trend for V¢ versus
excitation energy as opposed to recently reported results
by [42]. The data indicate neither a stronger deformation
nor modified density distributions for the hotter nucleus.

In the next approach the high energy part is fitted
using Eq. (7) with a fixed V¢ in order to obtain the tem-
perature parameter T,,. The multiplicities M, imply an
isotropic emission in the CN rest frame. The results of
the fitting procedure are listed in Table V. A possible
anisotropy in the CN « emission out of the reaction plane
due to the angular momentum as reported by [2] would
reduce M, by approximately the same fraction for all
fragmentation classes.
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TABLE V. o« multiplicities and temperatures for the CN
source. Vg,cms the Coulomb barrier for o emission is obtained
from the rising part of the spectra (see Fig. 6) and transformed
into the cm system. The poor a statistics do not allow a fit
of the spectral shape for the lowest LMT window.

LMT Ma Talpha VC,CmS
(MeV) (MeV)
2(a) 0.01 + 0.001 —_ —
2(b) 0.3 +0.03 3.3+0.3 22
2(c) 1.24+0.1 3.6 £0.1 25
2(d) 3.24+0.3 4.0+0.1 25

IV. NEUTRON PREEQUILIBRIUM EMISSION

A. PE angular distribution

The angular distribution of the PE neutrons in the
19p 4 209B; experiment was measured with high accu-
racy by means of the position-sensitive plastic scintilla-
tor bars (SCB). In the reaction plane, which is defined
by the flight directions of the fission fragments and is
perpendicular to the spin of the CN (cf. Fig. 7), the
PE angular distribution is well described; the PE source

eV sr)
—
o .

(n/M

d’M /dE dQ
o|
N

-
on

w
T T

(n/MeV sr)

d’M /[dEdQ

100

40 60 80
Neutron energy (MeV)

FIG. 7. Double differential neutron multiplicities mea-
sured with the position sensitive scintillator bars (squares)
for the reaction °F + 2°°Bi ((LMT) = 78% and symmet-
ric fragmentation). Top: spectrum at the maximum out-of-
plane position under ¥ = 43°. Bottom: spectrum at the
most downward position under ¥ = 11°. Fits are performed
with and without the assumption of an additional out of plane
anisotropy (see text).
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velocity epg is the only free fit parameter. As expected
[43], the best fit leads to epg corresponding to half the
projectile velocity with a tendency towards higher values
for more peripheral collisions. However, the fit is unsat-
isfactory for the spectra accumulated out of the reaction
plane. One observes a stronger reduction in the PE mul-
tiplicity with increasing angle with respect to the beam
than in the reaction plane. This is shown qualitatively in
Fig. 7 for two bins associated with the extreme positions
¥ = 11° and 43° covered by the SCB.

In order to describe this anisotropy quantitatively, one
introduces a fit ansatz for the PE emission that factorizes
the in-plane from the out-of-plane distribution [43], the
latter being described by the polar angle A (cf. Fig. 7)

Mpg(0,A) = Mpg(©) exp [—a, cos® (A)]. 9)

‘The anisotropy parameter a,, is a measure of the strength

of the deviation from isotropy (a, = 0). Transformation
into the laboratory frame leads to

d*M,, M, —
(dE dQ) lab w72 V P

~ N(xT)
( Eiap + € — 2 /Ejpe€ cos (®)>
xexp | —
T
an Elap cos? A
xexp | —
Ejp + € — 2y/Ejap€ cos (O)
(10)
with the normalization constant
N = / sin A exp (—a,, cos? A)dA (11)
0

depending on a,,.

The best fit to the data in-plane as well as out-of-plane
is included in Fig. 7, yielding a value a,, = 1.1 £ 0.5. An
anisotropy parameter a, = 1.1 is synonymous with an
overestimation of the PE multiplicity by 37% in a mea-
surement restricted to the reaction plane. The parameter
a, shows no dependence on the underlying fragmenta-
tion class. Hence, the observed anisotropy cannot be at-
tributed to an enhanced contribution of neutrons emitted

- by the projectile spectator.

The value for a, is clearly smaller than the one re-
ported by Zank et al. [43] of a, = 2.2 £+ 0.6 for
12C + SLu (Ep = 192MeV) determined by the same
method. However, for the reaction °F + 29°Bi the ab-
solute PE multiplicity Mpg = 3.0 £ 0.5 as well as its
relative contribution to the total multiplicity of 14%
is distinctly higher than for the reaction *2C + 7°Lu
(Mpg = 0.4 + 0.1 or 5%, respectively). This makes the
system °F + 29°Bi more suitable for analyzing the PE
component. Tsang et al. reported a reduction of 50% for
protons with kinetic energies above 30 MeV correspond-
ing to an a, of 0.7 [44]. However, this result is based on
one out-of-plane measurement only.

The measured anisotropy exhibits the relation between
incomplete fusion, PE emission and angular momentum
reduction. As discussed in Sec. III A, the cross section for
central collisions estimated with a sharp-cutoff approxi-
mation leads to partial waves up to 40k above the critical
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angular momentum lgﬁt) = 82# of the Bass model for the

reaction °F + 20°Bi. This demonstrates that the fused
nucleus might reduce its angular momentum during the
early stages of its evolution towards this stability limit.
This can be done effectively by PE emission, but only if
the emission occurs in the reaction plane perpendicular
to the spin of the CN fissioning later on.

B. PE emission and dissipation

In this section the observed PE parameters, i.e., the
multiplicities and most probable LMT values [whose un-
certainties can be estimated from Figs. 2(c) and 2(d)]
on the one hand and the temperature parameters on the
other, will be compared to a Boltzmann master equation
(BME) calculation with the code RELAX [8]. Here, the
analysis is restricted to the fragmentation class centered
on the most probable LMT.

The experimental results, including those for the
329 4 197Au system from [9], are listed in Table VI. One
has to keep in mind that the PE multiplicities for the
84Ni + 165Ho as well as for the 328 + 197Au systems are
only upper limits, due to the restriction to the reaction
plane.

An essential parameter of the BME model is the ini-
tial number of excitons, ng. In a first approach, ny was
set to the number of projectile nucleons. The resulting
PE multiplicities and most probable LMT values are in
reasonable agreement with our data, cf. Table VI. The
temperature parameters, however, tend to deviate in all
three cases, though partly within the experimental uncer-
tainties stated. Whereas the calculated temperature pa-
rameter exceeds the experimentally observed one for the
reactions 19F + 209Bi and 32S + 1°7Au, the more sym-
metric entrance channel ®4Ni + °Ho with the heaviest
projectile shows a trend in the opposite direction.

Therefore, a second approach was to modify accord-
ingly the parameter ng, which relates the excitation en-
ergy to the PE temperature via E* = (ng — 1)Tpg
[51]. The results of this approach are also listed in Ta-
ble VI. These values ng lead by construction to the cor-
rect PE temperature parameters. In addition, they show
the same trend to $maller ng for more symmetric en-
trance channels as reported by [45] for inclusive proton
spectra and systems with comparable projectile energy.
The same trend in no was observed [19] for the reaction
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20Ne +1%% Ho with E, = 402 MeV (i.e., E* = 325 MeV)
yielding M, pg = 2.3 and Tpg = 7.7 MeV; this spectral
data could be best reproduced with ng = 24 — 28, and
with no = 23 [8], respectively. However, this calculation
fails to describe the PE multiplicities and therefore also
the most probable LMT. In particular, the linear momen-
tum loss, which was measured with an accuracy better
than 2%, deviates by a factor of more than 2.

The description of the PE emission in the framework of
the BME model thus deteriorates with increasing projec-
tile mass number. This may be due to a longer injection
time Tiy; for reactions with heavier projectiles. In the
BME model, projectile injection is treated with the frac-
tional volume of the projectile, which passes through a
plane in a single time increment at a constant velocity,
namely the relative velocity in the center-of-mass sys-
tem above the Coulomb barrier [8]. Due to the lower
projectile velocity and the larger projectile volume, the
injection of ®*Ni 4 °Ho should therefore take longer
than for the systems 1°F + 29°Bi and 32S + °7Au. If
there were now an additional delay for the formation,
this would lead to higher calculated PE temperatures and
smaller PE multiplicities. This is shown qualitatively in
Fig. 8. Figure 8(a) shows the kinetic energy released in
PE neutron emission as a function of time.

The injection is completed at Teorm = 1.4 x 107225
and 3.4 x 10722 for the '°F and ®‘Ni induced system,
respectively. The definition of the preequilibrium time
is more subjective. According to [8], the equilibration
time 7pg is taken as the time the rate of neutron emis-
sion ceases to accelerate. For both systems 7pg is (6—
8)x107225. Thus for °F + 209Bj | T¢orm is considerably
smaller than 7pg (cf. Fig. 8), and the BME model leads
to a steeper temporal evolution of the PE multiplicity as
well as PE temperature. This indicates that any addi-
tional delay in the injection time for the ®4Ni+ ®°Ho
system would lead to higher PE temperatures and smaller
PE multiplicities at the end of the preequilibrium time,
which shows only little variation with projectile target
combination and relative projectile velocity [8].

Evidence for a delayed formation for the more symmet-
ric entrance channel is indeed found in the enhancement
of asymmetric mass splits for the ®¢Ni induced reaction.
Obviously, for the system ®4Ni+ 1%Ho the kinetic en-
ergy of the entrance channel is dissipated before the com-
posite system becomes spherical (if at all), i.e., the mass

TABLE VI. Comparison of experimental data with results of a BME calculation with different

choices for no.

Reaction M., pE LMT Tre (MeV)

54Ni + '%°Ho Experiment 1.14+0.9 98% 52+1.3
BME no = 64 1.4 96% 4.3
BME no = 52 2.7 93% 5.0

829 1+ 197Au Experiment 4.14+0.3 74% 8.0+ 0.5
BME no = 32 4.6 79% 9.5
BME no = 41 3.1 87% 7.8

19F 4 209B; Experiment 3.0+0.5 78% 8.1+1.3
BME ng =19 3.0 81% 10.0
BME no = 24 2.2 88% 8.3
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FIG. 8. Evolution of the kinetic energy dE,pg/dt re-
moved by PE neutrons (top), PE neutron multiplicity M, pg
(middle), and average kinetic energy emitted by PE neutrons
E.pe = 3Tpg (bottom). The quantities are calculated with
2x107%* s increments in the framework of the BME model for
a no = Ap (solid lines). For dE, pe/dt a calculation with the
modified no is shown, too. The end of the formation phase
Tform as well as the end of the thermalization phase T7pg are
indicated by arrows.

asymmetry degree of freedom is not equilibrated. On
the other hand, the neutron source fit yields the same
temperature parameters for the lighter as well as for the
heavier fragment source; this demonstrates that the en-
ergy is fully equilibrated at the scission point.

V. EMISSION FROM THE
EQUILIBRIUM SOURCES

A. Neutron multiplicities

From the observed most probable LMT values it fol-
lows that a large part of the initial excitation energy is
already carried away during the preequilibrium phase,
namely 4% and 23% for the *Ni- and %F-induced re-
actions and the most probable fragmentation classes, re-
spectively. The subsequent evolution for the compound
nuclei and the nascent fragments will be discussed in this
section.

The discussion starts with the multiplicities of neu-
trons from the CN (Mp..) and the fragments (Mpost),
which were obtained for the different excitation energies
of the underlying fragmentation classes.

The total multiplicities My without PE contributions
are plotted in Fig. 9 and show the same dependence on
the excitation energy for both reactions. For each addi-
tional AE* of 26 MeV, they increase by one neutron for
excitation energies up to 400 MeV. However, a neutron
typically carries away an excitation energy of approxi-
mately 10 MeV-13 MeV, indicating that only about half
of the additional excitation energy is carried away by
neutrons in this energy region.

The two reactions under study show distinct differ-
ences if Mo is split into My and Mpos and consid-

bution of PE neutrons vs excitation energy for °F + 2°°Bi
(squares), 328 4 '°"Au (dots) [9], and ®*Ni+ '®*Ho (tri-
angles). The solid line represents the results of an inde-
pendent 4w neutron scintillator tank measurement [31] for
323 4 197Au with approximately half of the PE multiplicity
contributing to M,.

ered in its dependence on E* (Fig. 10). For the reaction
19F 4 209Bj, My, increases with E* in the same way
as the total multiplicity, whereas the postscission multi-
plicity does not vary with E*. The same trend was ob-
served for the systems 328 4 144154Gm 197G and 232Th
[6,9]. Hence, independent of the underlying partial wave
distribution for these systems, additional excitation en-
ergy is carried away before scission occurs, and the CN
at the scission point is cold compared to the initial exci-
tation energy. This familiar behavior is attributed to a
slow fission process.

For the reaction %¢Ni+ 6Ho, the situation is com-
pletely different. Here both My, and M. increase
slightly with E* and, more important, the major part
of the total multiplicity stems from the fragments, i.e.,
the postscission sources. The latter indicates that the
64Ni-induced reaction generates a clearly more excited
system than °F 4 299Bj, and its quasifission process is
relatively fast. The quantitative discussion of the time
scales for both reactions is deferred to Sec.VI.

For energies above 400 MeV (here one has only mea-
surements for the system 32S + ®7Au with the neu-
tron time-of-flight technique [9] as well as with the 4 -
scintillator tank [31]), the total multiplicities level off.
This trend is indicative of competition with charged par-
ticle evaporation, which increases with the excitation en-
ergy and will be discussed next.

B. Fragment and CN temperatures

The postscission multiplicities suggest that the com-
posite nucleus from the ®4Ni 4+ 165Ho reaction is more
excited at scission than the one from the °F induced
reaction. This would be in line with the higher
fragment temperatures Tpos¢ plotted versus E* in Fig. 11
and shall be quantified now. For the fragmentation class
around the most probable LMT value of 98% (78%) for
the 64Ni- (*°F-)induced reaction, the neutron source fit
yields a fragment temperature of 2.3 + 0.2MeV (1.5 +
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FIG. 10. Prescission and postscission neutron multiplici-

ties (open symbols) for the reactions '°F + 2°°Bi (left) and
54Ni + '%5Ho (right) vs initial excitation energy.

0.2MeV). The excitation energy at the beginning of the
fragment cascade can be estimated from these tempera-
tures Thost as

8 11
_{ 32+ 8 MeV for

1]

A‘ ragin

Ef);agm = a'T%lit = frog (liT 05'1)2

19F + 209Bi ,
83+ 13 MeV for ONi+ 165Ho. (12)
Here a value Agagm/8 MeV~! with the fragment mass
number Afagm = 100 has been used for the level density
parameter a. This choice of the level density is reliable
for excitation energies below 100 MeV [46]. On the other
hand, the fragment excitation energy carried away by
neutrons is given by

Eaagm(n) = Mpost(%Tpost + Sn)

_J 38+£5MeV for
T 176+ 10MeV for

19F + 209Bi ,

64Ni+ 165H0 , (13)
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FIG. 11. Prescission and postscission neutron tem-
peratures (open symbols) for °F + 2°Bi (squares) and
84Ni + '%Ho (triangles) vs initial excitation energy. The
lines show the expected increase of the CN temperature
T(E&y) for a constant level density parameter A/10 MeV ™!
(dotted), A/9MeV~' (dashed), and A/8 MeV ™ (solid).

with a separation energy S, = 8.3MeV of a fragment
neutron. A comparison of Eq. (13) with Eq. (12) shows
that neutron emission totally exhausts the accessible ex-
citation energy.

Starting from the initial excitation energy of one frag-
ment the excitation energy of the composite system at
the scission point can be reconstructed as

scission = 2E;ragm + <TKE> — Qsiss

[ 50MeV for 19F + 209Bi,
= {170 MeV for ONi+ 5Ho.  (14)
Here, B¢, is taken from Eq. (12), the measured aver-
age total kinetic energies (TKE) are 165 MeV (156 MeV),
and the fission @ values taken from [33] are 163 MeV
(170 MeV) for the 84Ni- (1°F-)induced reaction. Equa-
tion (14) confirms that the reaction with ®4Ni indeed
results in a reaction system that is a factor of 3 more
excited at scission than through the °F channel.
Figure 11 shows that the temperatures T}, for neutron
emission from the compound nucleus do not increase as
steeply with increasing excitation energy as one would
expect from i—f Tpre = 4/ E*/a with a constant level den-
sity parameter between a = Acn/10 and Acn/8 MeV ™1,
This becomes more obvious if one compares the neu-
tron emission temperatures in Fig. 12 with those for o
emission from the reaction °F + 2°°Bi. The a temper-
atures are higher in all cases. The difference is approxi-
mately described by the factor i—f, which is the relation
between the apparent temperature over the whole deex-
citation cascade and the initial temperature at the be-
ginning of the cascade [47], if one kind of particles, here
neutrons, covers the whole deexcitation cascade and the
level density parameter is constant. It indicates that the
neutron temperatures describe the average temperature,
whereas the a temperatures can be identified with the
initial temperatures. Hence, the o particles are emit-
ted at the beginning of the cascade. At this time the
excitation energy and the angular. momentum are still
high enough to favor, and the deformation is not too
strong to hinder, the emission of a particles. Further-
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FIG. 12. Prescission a temperatures (diamonds) and neu-
tron temperatures (squares) for the reaction *°F + 2°°Bi vs
initial E*. The lines T'(E¢&y) correspond to those in Fig. 11.
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more, Fig. 12 demonstrates that o temperatures are in
agreement with a constant level density parameter a be-
tween Acn/10 and Acn/9 MeV~1. We will make use of
this value for the statistical model calculation, which will
be discussed in Sec. VI.

As already mentioned, the excitation cascade of the
fragments is dominated by neutron emission. For
the composite system with excitation energies between
200 MeV and 400 MeV, however, only less than half of
the excitation energy is carried away by neutrons. For
E* > 400MeV, the total neutron multiplicity even be-
gins to saturate with increasing E*. This trend reflects
the increasingly dominant competition with charged par-
ticle evaporation. As an example we measured the o
multiplicity for the system °F + 2°°Bi. The dependence
M (E*) (Fig. 13) confirms our interpretation of the sat-
uration of neutron multiplicity and of the neutron tem-
perature. Below E* =~ 200 MeV, there is no noticeable o
particle evaporation. Above this energy, o emission sets
in and rises quickly with an average increase of 46 MeV
per additional o particle. One can assume a typical en-
ergy (Eaxin) + {(Sa) of 22MeV carried away by one «
particle. Hence, above E* = 200 MeV about half of the
excitation energy is carried away by « particles.

VI. FISSION TIME SCALES

A. The neutron clock

So far it has been emphasized that for the 1°F + 2°°Bi
reaction most of the initial excitation energy is carried
away before scission, whereas for the ®4Ni 4 %5Ho re-
action a large amount of excitation energy is removed
after scission. This exhibits distinctly a longer prescis-
sion lifetime for the °F -induced reaction than for the
84Ni-induced one. The prescission lifetimes for the sys-
tems under study will now be discussed quantitatively
with reference to the neutron clock method [1]. This
method assumes that the statistical model, with appro-
priate parametrization, describes correctly the emission
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rates of light particles such as n, p, d, t, and «, but
excludes the description of the competing fission chan-
nel, because it cannot take into account the time needed
for the rearrangement of nuclear matter. For excitation
energies above approximately 50 MeV, this delay time
becomes longer than the entire statistical lifetime. The
particle emission time 7 is defined by the corresponding
decay width I' via 7 = A/I" with I'(E*, I), e.g., for neu-
trons given by

(28, + 1)

2wp(E*,I)
oo J=I+l E*—S,

x ) > / p(E* — 8p —€n,J)
I=0 j=1-1"Y0

xTi(€n) den. (15)

T, (E*I)=

Here, s, denotes the spin of the emitted particle, [ its
angular momentum, €, its kinetic energy, and S,, its sep-
aration energy. The transmission coefficients Tj(e,) are
calculated from optical model potentials.

With Eq. (15) the fission lifetime is traced back to the
ratio of the level densities p(E*, I) of the final nucleus and
the decaying nucleus, depending on the excitation energy
and spin of the nuclei. The level densities are not well
known for high excitation energies, because the assump-
tion of emission from an equilibrated system becomes
questionable. For high excitation energies the emission
time becomes shorter than typical relaxation times [48],
which leads to uncertainties concerning the underlying
level density parameter. Hence, the calculated absolute
time scales are sensitive to the choice of the level den-
sity parameter. However, the relative time differences
for the systems under study are not affected, as long as
one takes the same level density parameter for all calcula-
tions. Here, a level density parameter a = A/10 MeV 1
was selected, first, to guarantee the compatibility of the
results with the results for the 32S + 197Au reaction and
second, to comply with the results for the o particle vs
neutron emission temperatures (cf. Sec. V).

The calculation was performed for the fragmentation
class around the most probable LMT value. As the initial
spin we took the average of the partial wave distribution
) = %lcrit, which is 55k and 80% for the °F- and ®4Ni-
induced reaction, respectively. The initial excitation en-
ergy calculated from Eq. (5) was increased by 30 MeV to
account for an average deformation energy. This value
was taken from systematics reported by Hinde [4] for CN
with masses of approximately 200 u.

In a first step, the deexcitation cascade is followed
up to the last experimentally observed prescission neu-
tron with the fission decay width I'gss being switched
off. From this point on, the full statistical decay width
is switched on. One follows the whole deexcitation cas-
cade for the remaining compound nucleus (which, be-
cause I',, = I'gys, may emit one more neutron before fis-
sion occurs), and then for those of the nascent fragments
in order to complete the energy dissipation.

The energy balance resulting from this calculation is
in good agreement with the experiment. Deviations are
of the same order of magnitude as the estimated experi-



51 ENTRANCE-CHANNEL DEPENDENCE OF THE FISSION . .. 1921

mental errors of 10%. Hence, the time scale, which will
be discussed now, seems to be reliable.

Figure 14 shows the fission time scales as a function
of the prescission neutron multiplicity. The compari-
son with the experimentally observed prescission neutron
multiplicity for symmetric fragmentations and the most
probable LMT gives the fission time. For ®4Ni 4+ 1%5Ho
it is 50 x 107225, which is considerably shorter than for
19F 4 209Bj with 160 x 10~ 22s. The difference is even
more pronounced if one takes into account the fragment
acceleration phase. It comes about through neutrons,
that are emitted after scission but before the fragment
reaches 80% of its final velocity, and which are falsely
identified as prescission neutrons [49]. For a typical frag-
ment of mass 100 u and a TKE of 160 MeV, this accelera-
tion phase lasts 20 x 10722 s for both systems. Compared
to the different neutron emission times of 10 x 1072%s
(40x 10722 ) for ®4Ni + %°Ho (*°F + 2°°Bi ) at the scis-
sion point, this leads to an actual prescission neutron
multiplicity, which is 2 (0.5) neutrons smaller than mea-
sured. If one reduces the prescission neutron multiplicity
accordingly by these neutrons, one obtains a fission life-
time of (30 & 5) x 107225 and (160 % 20) x 1072?25 for
the system %4Ni + %5Ho and '°F + 299Bi, respectively,
from Fig. 14. The former is actually a quasifission life-
time, which results under a relaxation of the mass degree
of freedom. The errors quoted were determined with an
assumed uncertainty of one neutron in both cases. This
is, however, a lower limit, because the neutron clock ticks
with the time per neutron emission and cannot work
more precisely. These uncertainties exclude systematic
errors like AMp, or the uncertainty of the underlying
level density parameter. Nevertheless, in a first approxi-
mation these absolute uncertainties do not influence the
comparison of fission times for different reactions.

In order to include the mass asymmetry degree of free-
dom in the considerations, the neutron clock method was
extended to fragmentations with asymmetric mass splits.
In Table VII the results of the different My windows for
the 84Ni- (1°F-)induced reaction are listed. The analysis
was limited to those events with LMT values centered
around the most probable one. During the fitting pro-
cedure, the preequilibrium source parameters were kept
fixed at those values, which were determined for the cor-
responding symmetric fragmentation class.

In Fig. 15 the results for the prescission, postscission,

TABLE VIIL

17 lf? \+ 2()$lBi A7 (ilNi_{_ 1:;5[10
10 £ ‘ 10 [
: 1
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Neutron multiplicity Neutron multiplicity

FIG. 14. Cumulative evaporation times (lines) calculated
with a statistical model for a constant level density parameter
A/10 MeV ~!. The boxes give the experimental values of M.
with their uncertainties.

and total neutron multiplicities are shown. The total
multiplicities are in good agreement with JULIAN calcu-
lations. For asymmetric mass splits, the total neutron
multiplicities decrease due to the smaller excitation en-
ergy available. Here, the higher @ value for fission over-
compensates for the smaller TKE for asymmetric mass
splits. However, the decrease in excitation energy will
influence the particle emission only after scission. On
the other hand, as one can see in Fig. 15, the prescis-
sion neutron multiplicity decreases, whereas the postscis-
sion multiplicity increases (for °F + 2°9Bi) or remains
constant, although the excitation energy after scission is
lower. This is due to a shorter fission time for asymmetric
fragmentations. Figure 16 shows a parabolic dependence
of fission time vs mass asymmetry. For both reactions
the fission time is a factor of 2 smaller for asymmetric
mass splits (0.2 < My < 0.4,0.6 < My < 0.8) than for
symmetric mass splits (0.4 < My < 0.6) (see Table VII).

Comparison of symmetric and asymmetric fragmentation classes. The prescission

and postscission multiplicities are those of the moving source analysis; the fission lifetimes 7sm
deduced from the neutron clock method are corrected for neutrons emitted during the acceleration

phase.

Reaction My window (MnN) My:e Mpost,1 Mpost,2 Tom (10722 5)

4Ni + '®°Ho 10% — 40% 35% 6.7+1.3 83+15  3.7+0.7 20 + 10
40% - 50% 46% 74+14 68+13 56%08 30+ 10
44% - 56% 50% 73+1.1 6.4+09 6.4+08 30+ 10
60% — 80% 67% 5.5+1.3 414+£09 9.0%+1.2 10£5

19F + 2°°Bi 20% — 40% 35% 9.0+1.4 57+15 25409 80 % 20
40% - 60% 52% 11.7 £ 0.7 3.7+0.5 3.5+0.8 160 + 40

9.2+1.5 25+£07 56409 80 =+ 20

60% — 80% 67%
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FIG. 15. Prescission (black symbols), postscission (open),

and total multiplicities (gray) M vs mass split My for the re-
actions °F 4 2°°Bj (squares) and ®*Ni+ '®*Ho (triangles).
The dotted lines give the total neutron multiplicities from a
JULIAN calculation that takes the My dependence of TKE
and Q values into account. The total yield for fusion-fission
events in the LMT class around the most probable LMT is
also displayed.

The same trend was already obtained for the systems
325 4 144154Qy, 197G and 232Th (E, = 838 MeV) [6,9),
which differ in fissility and contributions from deep in-
elastic reactions.

B. Interpretation of fission time scales

A comparison of fission time scales for symmetric mass
splits as shown in Fig. 17 indicates a strong increase of
fission times with entrance channel mass asymmetry. On
the other hand, the fission time decreases with exit chan-
nel mass asymmetry. In this section it will be argued
that both trends can be traced back to a common origin,

200 R -
lf,ll_‘+ ‘ZUSIBi L“Ni—{- IMHO
60
150 -
Tsm
(10"22g)
100 | 0 1
50 | 2
0 40 60 0 40, 60
Normalized mass (%) Normalized mass (%)
FIG. 16. Fission times 7sm Vs normalized mass My

for '°F + 2°°Bi (squares, left) and °*Ni+ '%°Ho (triangles,
right). The errors are estimated by varying the prescission
multiplicities by one neutron. The parabolic lines guide the
eye.

250 =328 (838 MeV) +232Th [Mor91] o
# 19F (498 MeV) +299Bi
# 328 (838 MeV) +197Au [Mor91]
200 |- %328 (838 MeV) +144154m [Hil89]
* 325 (838 MeV) +44Sm [Ben93)
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(Ar - AR/ (A; + Ap)
FIG. 17. Fission time vs mass asymmetry of the entrance

channel for different reactions with some hundred MeV exci-
tation energy and symmetric mass splits.

namely the underlying rearrangement of nuclear matter.

First, nondynamical causes are to be excluded. The
restriction to symmetric fragmentations should exclude
the strength of deep inelastic contributions as the cause
of the different fission times.

Additionally, no clear dependence of 75, on the fissility
or mass number A,+ At is observed. This is because, due
to the high temperatures and the high angular momenta
for the reactions under comparison, one can assume that
the fission barrier vanishes in almost all cases. Figure 18
shows the dependence of the fission barrier on angular
momentum and temperature. For a neutron rich CN like
227Pu with an angular momentum of ~ 60% and a typical
temperature of 3.5 MeV, the fission barrier height is less
than 1MeV. Comparing this number with the available
E* of some hundred MeV, it is hard to believe that the fis-
sion barrier could hinder the evolution towards scission.
Hence, the origin of the different time scales is supposed
to be of dynamical nature.

The discussion starts with the development from the
contact configuration towards the point of return, i.e.,
the point where the kinetic energy of the entrance chan-
nel is dissipated and the system enters the exit channel.
The normalized mass distribution for the 84Ni + 1%5Ho
reaction (Fig. 15) together with the observed oppo-
site deviation of the PE parameters from BME calcu-
lations (Sec. IVB) lead us to assume a hindered for-
mation of a spherical CN for the more mass-symmetric
entrance channel. A delayed formation for more mass-
symmetric entrance channels was already reported for
the reactions 54Ni + Mo (E, = 232MeV) compared
to 160 + 8Sm (E, = 82MeV) [16] and ®4Ni+ 92Zr
(Ep = 233MeV) [17]. However, for these reactions PE
emission plays only a minor role and the delayed for-
mation therefore comes about through the particle emis-
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sion of the equilibrated CN. For the systems under study
in this work, the projectile energy above 10 MeV per
nucleon is considerably higher and the injection phase
overlaps with the PE phase. Therefore, one can expect
an experimental signature of a hindered injection mainly
during the PE phase.

However, a longer injection time does not lead to a
longer fission lifetime. That is because, due to the high
projectile velocity, the injection time is small compared
to the total fission lifetime in either case. On the con-
trary, the delayed injection is responsible for the fast fis-
sion process in the ezxit channel. This is shown schemati-
cally in Fig. 19. For the °F-induced reaction, the injec-
tion occurs quickly compared to the thermal equilibra-
tion time, and therefore the system in the exit channel
develops from a spherical configuration towards scission.
Due to the longer path from the spherical to the scission
configuration, the corresponding time is long. For the

0.8 - , .
Formation 'F+2°Bi

0.6 -

Formation °*Ni+'®*Ho

(A-AL)/(A+A,)
N
F=y

0.2
ol - e >
Scisgsion
1 | 1
2 4 6 8 10
Radial distance (arb. units)
FIG. 19. Schematic trajectories in the radial distance vs

mass asymmetry plane for entrance channels of different mass
asymmetry (see text).

Temperature (MeV)

54Ni-induced reaction, however, the kinetic energy of the
entrance channel is dissipated before the spherical con-
figuration is reached. The path from the deformed point
of return to the scission point is short and so the time
needed for scission is also short.

On the other hand, the development in the exit channel
is influenced by the final mass asymmetry. It was shown
that the asymmetric fragmentations are a factor of 2
faster than symmetric ones for both systems, although the
amount of deep inelastic events is distinctly higher for the
84Ni-induced reaction. This provides evidence for a con-
sistent interpretation of the delayed injection and fission
of the mass-symmetric initial and final configurations, re-
spectively. One can assume that the development from
the contact configuration towards the point of return,
i.e., the injection process, and the development from the
point of return towards the scission point, i.e., the fission
process, are time inverse processes. Hence, both pro-
cesses are determined by the need to rearrange nuclear
matter. This necessity is higher for an evolution start-
ing from a mass-symmetric initial configuration towards
a more spherical configuration or, in time-reversed order,
starting from a more spherical configuration towards a
mass-symmetric final configuration. In both cases, the
stronger the initial or final mass asymmetry (or, more
precisely, the less nuclear matter has to be rearranged),
the faster the evolution occurs. However, because the
injection starts with the relative velocity in the center-
of-mass frame above the Coloumb barrier, whereas the
fission process starts at rest, the absolute time of the
injection is small and does not contribute to the total
reaction time.

To summarize, the fission time scales for highly excited
nuclei are determined by an interplay of entrance and exit
channel mass asymmetry.

VII. SUMMARY

We carried out the spectroscopy of neutrons by time
of flight in coincidence with binary fission fragments
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for the reactions ®4Ni + 1%°Ho with a projectile energy
of 778 MeV or 12MeV /nucleon, and for !°F + 209Bi
with a projectile energy of 491 MeV or 26 MeV /nucleon.
Both systems lead to composite nuclei with similar
A and Z and with excitation energies E* of up to
400 MeV. The experimental results for reactions with
similar E* and composite systems, in particular the re-
action 32S + 1%"Au (E, = 838 MeV), were included in
the data analysis.

The linear momentum transfer (LMT) was calculated
from fragment velocity vectors and was converted into ex-
citation energies in the massive transfer approach. The
double differential neutron multiplicities have been un-
folded for different fragmentation classes with respect to
LMT or E* and mass split My into contributions from
four moving sources, namely a preequilibrium source,
a prescission source, and two fragment sources with
Maxwellian emission characteristics. Position-sensitive
plastic scintillators allowed measurement of neutrons far
out of the reaction plane.

The main results of the reactions under study are as
follows.

(i) For the reaction °F + 209Bi, the preequilibrium
(PE) emission cannot be described adequately by an
isotropic source. One observes a reduced emission out of
the reaction plane, which is described by an anisotropy
parameter of a,, = 1.1 & 0.5. This corresponds to a PE
multiplicity 37% lower than deduced from a measure-
ment made only in plane. This anisotropy is interpreted
as outcome of PE emission contributing to the angular
momentum depletion in order to decrease the angular
momentum below the fusion stability limit.

(ii) The « emission from the equilibrium source is de-
scribed by a temperature parameter, that is in agreement
with calculated initial temperatures T,, whereas the neu-
tron emission temperatures are averages over the whole
deexcitation cascade. This is due to the fact that a par-
ticles are emitted during the early stages of the deexci-
tation cascade. The increase of T, with E* indicates a
constant level density parameter of a = Acn/10 MeV 1.
The saturation of the total neutron multiplicity with in-
creasing E* can be explained by an enhanced competition
with « particle emission.

(iii) The reaction ®4Ni + 1%5Ho favors an asymmetric
mass split, whereas for the system °F + 29°Bi the nor-
malized mass distribution is centered around My = 0.5.
This observation, together with the opposite deviations

of the PE source parameters from BME calculations
for the °F- and the ®4Ni-induced reaction, respectively,
speaks for a delayed injection for the more mass symmet-
ric entrance channel.

(iv) The application of the neutron clock method to
the prescission multiplicities leads to fission lifetimes
of 30 x 10722 5 and 160 x 10722 s for the reactions
64Ni + %°Ho and °F + 20°Bj, respectively, after cor-
rection for neutrons of the acceleration phase. These re-
sults refer to symmetric fragmentations and central colli-
sions around the most probable LMT, which is 0.98 (0.78)
for 84Ni + 1%5Ho (!°F + 209Bi). A comparison of reac-
tions with similar excitation energies indicates a trend to
smaller fission times for more mass-symmetric entrance
channels, which can neither be explained by different fis-
silities nor by different contributions from deep inelastic
reactions.

(v) For all systems under comparison, asymmetrical
fragmentations (0.2 < My < 0.4 and 0.6 < My < 0.8)
occur a factor of 2 faster than symmetric fragmentations.
The height of the fission barrier and the contributions
from deep inelastic events seem to have no visible impact
on this ratio.

The observations (iii)—(v) are taken to be evidence for
a dynamical effect: the evolution from a spherical config-
uration towards two fragments of similar mass, as well as
the time-inverse process starting from a projectile plus a
target of similar mass towards a spherical CN is hindered
by the necessary rearrangement of nuclear matter. This
applies only to a smaller extent to a mass-asymmetric
configuration in the entrance or exit channel. Beyond
this effect, a hindered injection can be explained by the
faster development towards scission for the ®*Ni-induced
reaction. Here, as in quasifission, a spherical CN is usu-
ally not reached and the development towards the scis-
sion point is accordingly faster.
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