
PHYSICAL REVIEW C, VOLUME 60, 054602
Limiting angular momentum for statistical model description of fission
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Fission fragment cross sections and angular anisotropies have been measured to high accuracy for the
19F1208Pb reaction, together with evaporation residue cross sections, at bombarding energies from below the
fusion barrier to 1.75 times the barrier energy. These data allow reliable calculations of the partial waves
contributing to fission. Extensive statistical model calculations of the anisotropies are presented, including the
effects of different fission transient delay times. The anisotropies at the highest bombarding energies can only
be reproduced assuming that the fission barrier no longer controls the fission process when its height is less
than the nuclear temperature.@S0556-2813~99!02910-6#

PACS number~s!: 25.70.Jj
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I. INTRODUCTION

The decay of compound nuclei by fission is usually d
scribed in terms of the statistical model, making use of
fact that the fission saddle-point configuration can be trea
as a transition state@1# between the compound system in
quasiequilibrium condition, and the two separating fiss
fragments. In this picture, the level density at the transit
state is critical in calculating fission properties. In particul
the dependence of the level density on excitation ene
mass asymmetry, and on projections of the total angular
mentum, plays an important role in determining the pre
sion neutron multiplicity, the mass distribution and the fi
sion fragment angular distribution respectively, as well as
overall fission probability.

In heavy-ion induced fission reactions, deviations of th
measured quantities from the predictions of the statist
model have been used as evidence for the importanc
dynamical aspects of fission, which are not included in
statistical model description. One of the most significant
these observables is the number of neutrons emitted be
fission. The measurement of prefission~or more exactly
prescission! neutron multiplicities in excess of statistic
model predictions has been used to infer the character
dynamical time scale associated with the fission proces
number of analyses, such as Refs.@2–5#, have concluded tha
the average minimum time for the evolution from the eq
librium deformation to the scission configuration is seve
10220s.

Fission angular distributions have been perhaps e
more widely studied, and are the main subject of this pa
Fission angular distributions are often characterized by
angular anisotropyA, defined as the ratio of the yield at 0
or 180° to that at 90°, i.e.,A5W(180°)/W(90°). In heavy-
ion induced fission reactions, the compound nuclei wh
undergo fission typically have high angular momentum.
fission of all nuclei occurred in the plane normal to the a
gular momentum, then the angular distribution would sho
1/sinu behavior, whereu is the angle of observation with
respect to the beam axis. However, because hot nuclei s
taneously change their shape~the fission process itself bein
a prime example!, fragmentation can occur with the fissio
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axis inclined away from the plane normal to the angular m
mentum vector. The probability of a given inclination is d
termined by a Boltzmann factor depending on the extra
ergy required to rotate the system with the axis perturb
from the normal. This can be expressed in terms of the p
jection of the total angular momentum onto the symme
axis. It is useful to recall the expression for the rotation
energyErot(J,K) of a nucleus with total angular momentu
J\ and projectionK\:

Erot~J,K !5
\2~J22K2!

2Jperp
1

\2K2

2Jpar
, ~1!

whereJperp andJpar are respectively the moments of inert
perpendicular and parallel to the symmetry axis. The cha
in rotational energy associated withKÞ0 is then

Erot~J,K !2Erot~J,0!5
\2K2

2Jpar
2

\2K2

2Jperp
, ~2!

which reduces to

Erot~K !5
\2K2

2Jeff
~3!

when the effective moment of inertiaJeff is defined as
(1/Jeff)5(1/Jpar)2(1/Jperp). It is usually assumed thatJeff
is independent ofK; this assumption will be discussed i
Sec. IV F.

It has been shown@6# that these expressions, together w
the dependence of the saddle-point level density
Erot(J,K), lead to a Gaussian distribution ofK, centered
around K50, which is characterized by the varianceK0

2.
This can be predicted within the statistical model, assum
compound nucleus formation, and a thermal distribution
the relevant variables. It is generally assumed that the p
jection M of the total angular momentum onto the spac
fixed ~beam! axis is zero. On this basis, fission angular d
tributions and thus anisotropies are calculated within
statistical model.

Fission fragment angular distributions have been m
sured extensively, particularly for heavy-ion reactions for
ing compound nuclei heavier than lead. For such reactio
©1999 The American Physical Society02-1
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experimental values ofA are often larger than those calc
lated. This has led to proposals that as well as fusion-fiss
additional classes of fission exist.

Nonequilibrium fission@7# has been proposed as a distin
tive fission process following a fusion reaction and sub
quent compound nucleus formation inside the true fiss
saddle-point. It was postulated@7# that if the decay width is
large, fission may take place after equilibration of all degr
of freedom except theK degree of freedom. A memory o
the entrance channelK distribution should thus occur, an
since theK value in the entrance channel is zero unless
projectile or target have intrinsic spin, nonequilibrium fissi
should usually have a large anisotropy.

Quasifission@8–10# is conceptually distinct from the pro
posed nonequilibrium fission process. Here, contact of
projectile and target nuclei is not followed by compou
nucleus formation inside the fission saddle point. Instead,
shape of the nucleus, which is initially trapped inside t
conditional saddle-point, evolves over the potential ene
surface and the average trajectory passes outside the loc
conditional saddle points before reaching mass symme
Thus in principle there can always be some residual mem
of the mass and direction of the projectile in the initial co
lision. Experimental data~for example, Ref.@10#! confirm
this characteristic feature, particularly in association w
projectiles heavier than24Mg. Measured values ofA for
quasi-fission reactions are larger than the statistical mo
predictions, which may be expected since the nuclei ne
become as compact as the equilibrium deformation, and
K equilibration is probably not attained.

Independent of experimental observations, it is expec
that the statistical model picture will lose its validity for ve
high angular momenta, since ultimately the height of
fission barrier drops to zero. Under this condition, the c
cept of the saddle-point configuration as a transition po
cannot be valid. Theoretical expectations and dynamical
culations @11# suggest that the fission saddle-point sho
already lose its effectiveness in controlling the fission p
cess when the height of the fission barrier is reduced
angular momentum to a value similar to the nuclear temp
ture. Indeed, some time ago@12,13#, measured anisotropie
for heavy-ion induced fission were used to support this
pected limit to the applicability of the statistical model pi
ture.

Despite this, the statistical model is frequently used
describe reactions where, according to the above criteri
should not be applicable. Depending on which criterion
used, the limiting angular momentum beyond which fiss
becomes purely a dynamical process can be quite differ
particularly for heavy systems. To obtain experimental inf
mation on this limit, and to investigate how much other
formation on the fission process can be extracted from fis
anisotropies, this paper describes a detailed compariso
data and calculated anisotropies. Particular emphasi
placed on the sensitivity of fission anisotropies to the para
eters of the model, and recent advances in the understan
of the dynamics of both the fusion and fission processes
taken into account.
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To achieve this aim, precise measurements were mad
fission cross sections and angular anisotropies, and evap
tion residue cross sections, for the19F1208Pb reaction, form-
ing the compound nucleus227Pa. Beam energies ranged fro
below to 1.75 times the mean barrier energy. This sys
was chosen for study because of the large anisotropies
ported previously@14# at near- and sub-barrier energie
Analyses were carried out of both the sub-barrier aniso
pies and of those at above-barrier energies. This paper
centrates on the above-barrier energies, while the sub-ba
results will be discussed in a separate paper, making us
the conclusions reached in the interpretation of the abo
barrier data.

II. EXPERIMENTAL PROCEDURES

Measurements of fission fragments from the react
19F1208Pb were carried out using pulsed beams from
14UD tandem electrostatic accelerator andLINAC at the Aus-
tralian National University. The 14UD beam energy rang
from 82 to 135 MeV, with a pulse width of.1 ns, and a
pulse separation of 106.6 ns. The four highest beam ener
up to 158 MeV, were obtained using theLINAC to boost the
14UD beam energy. The maximum beam energy spread
troduced by theLINAC was 1.2 MeV, measured at the targ
position for the highest beam energy. The target of208PbS
was .25mg cm22 in thickness, evaporated onto
.12mg cm22 C backing foil. The backing faced down
stream, so as not to degrade the beam energy before int
tion with the 208Pb.

Fission fragments were detected in large area multiw
proportional counters~MWPCs!, position sensitive in two
dimensions. Each had an active width of 284 mm, and he
357 mm. The time signals from the position-sensing wir
separated by 1 mm, passed through delay lines with 1
delay between each wire, giving a position resolution
'1 mm. The detectors were placed 180 mm from the tar
resulting in a scattering angle coverage of2171°<u lab<
294° in the backward hemisphere, and 9°<u lab<86° in the
forward hemisphere. Signals in the forward detector w
only accepted when in coincidence with the backward de
tor, to minimize dead time in the data acquisition syste
The central foils of the MWPCs provided energy loss a
timing signals. For each coincidence event, the positi
(x,y) on the detectors were transformed to give the scat
ing anglesu lab with respect to the beam axis, and the a
muthal angles. This allowed the folding angle for the fissi
event to be determined. At all but the most backward ang
fission events following fusion of19F with 208Pb were sepa-
rated from other reaction products using the time of flig
information from both back and front MWPC detectors, t
gether with the folding angle information. The coinciden
efficiency was less than unity because of the grid and w
dow support wires of the front MWPC. The effect of the
wires was measured at the higher beam energies where
fission yield was large, and fission events could be identifi
in the back angle MWPC alone without any ambiguit
Angle-averaged losses of 3% were found, in agreement w
geometrical expectations. The data were corrected for lo
2-2
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LIMITING ANGULAR MOMENTUM FOR STATISTICAL . . . PHYSICAL REVIEW C 60 054602
in each angle-bin individually. At angles backward of 155
where the coincidence efficiency was diminished due
some of the coincident fission fragments being at too forw
an angle to be detected in the front MWPC, the fission fr
ments were identified by the energy loss and time-of-fli
information from the back MWPC alone. The kinematics
reactions on lighter nuclei present in the target meant tha
contamination was present in the spectra at these angle

The fission differential cross sections were obtained
calibrating each 5° wide bin inu lab using Rutherford scatter
ing at a sub-barrier energy with a32S beam on the208PbS
target. Details of this procedure are described in Ref.@15#.
Two Si surface-barrier detectors were positioned in the v
tical plane, and were used to measure the elastically scatt
yield, providing a normalization between the calibration a
the fission excitation function measurements. At the low
beam energies, they were located at622.5° relative to the
beam axis, while forElab>128 MeV, they were positioned a
615.0°, to ensure that the elastic differential cross-secti
would follow the Rutherford scattering formula.

The evaporation residue~ER! cross sections were mea
sured in a separate experiment by detecting the characte
a particles emitted during the ground-state decay of the r
dues and their daughters. This was accomplished by stop
the ER in a catcher foil placed immediately behind the targ
which in this measurement was208PbS of thickness
300mg cm22, on a .15mg cm22 C backing. The catche
consisted of a sandwich of six Al foils, each of thickne
180mg cm22, giving a total thickness more than double t
average range of the ERs at the highest beam energy u
An annular Si surface-barrier detector was located at a m
angle of 168.8° to detect thea particles. A pulsed beam o
width 2.12 ms and period 10.60 ms was used, over a b
energy range of 83 to 103 MeV. Signals from the annu
counter were recorded in a 7.96 ms interval during the be
off period. Conveniently, essentially all ERs emit in the
decay chain only onea-particle in the energy range 8.65 t
9.21 MeV, and with apparent lifetimes~due to parent decay
lifetimes! between 6.2 ms and 2.6 s. For this reaction,
other source ofa-particles within this energy range is ex
pected. For the prevailing beam pulsing regime, the yi
during the recording period was calculated to vary by l
than 5% due to the different lifetimes within this rang
Hence in view of the small fraction of fusion events leadi
to evaporation residues, the ER yields were determined f
the total a-particle yield within this energy range, withou
identification of the individual decay channels. The so
angle of the annular counter relative to the sum of the s
angles of the two monitor detectors was determined by m
suring in-beam elastic scattering at a sub-barrier energy
lowing the determination of the absolute ER cross sectio

III. EXPERIMENTAL ANALYSIS AND RESULTS

The aim of this work is to compare experimental a
calculated fission anisotropies. It is not, however, suffici
to measure only the anisotropies. In order to make relia
calculations, the fusion cross sections and the fusion ba
distribution are required to calculate the compound nucl
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angular momentum distributions, and the fission probabi
is required to determine the angular momentum distribut
for the fission events alone. It is desirable to have prefiss
neutron multiplicity data to give experimental constraints
the mean temperature when passing the saddle point on
route to scission. The experimental data measured in
work to define these quantities are discussed below.

A. Fission fragment angular distributions

The measured fission angular distribution must be c
verted from the laboratory to the center-of-mass frame. T
fission folding angle distribution gives information on th
kinematics of the reaction, and the distributions measured
this reaction were consistent, within experimental uncerta
ties, with fission following complete fusion at all beam e
ergies. To avoid introducing additional random uncertaint
into the data, the fission angular distributions were conver
to the c.m. frame using the calculated velocity of the c.
frame and mean fragment velocities evaluated from fiss
total kinetic energy systematics@16#. Typical measured an
gular distributions are shown in Fig. 1.

To determine the fission anisotropies and cross section
was necessary to extrapolate the measured angular dist
tions to both 180° and 90°. This was accomplished using
exact expressions of Backet al. @9#, in an iterative proce-
dure. Approximate fusion cross sections were used to ge
ate the angular momentum distributions required to pre
the shape of the fission angular distributions, from which
to the data were obtained, and experimental fission cr
sections determined. These were then used to determ
more accurate angular momentum distributions, from wh
final fits were obtained, giving the anisotropiesA and the
fission cross sectionssfis , as well as the value ofK0

2, at each
bombarding energy. In this analysis, it is implicitly assum

FIG. 1. Measured fission fragment angular distributions fro
Ec.m.579.7 to 88.9 MeV, after conversion to the center of ma
frame. The transition state model fits are shown by the dashed l
from which the fission anisotropies and cross-sections were de
mined.
2-3
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D. J. HINDE et al. PHYSICAL REVIEW C 60 054602
that K0
2 is independent ofJ. These fits are shown by th

dashed lines in Fig. 1; they describe the data very well.
Since the analysis that follows relies on the accuracy

precision of the experimental results, sources of uncerta
in the measured quantities should be discussed. The ex
mental uncertainties inA result from three sources. Statist
cal uncertainties originate from the number of fission eve
detected. These uncertainties were small, at all but the low
beam energies, due to the large solid angles of the MW
detectors, which allowed typically 105 to 106 fissions to be
collected in 30 min. Uncertainties also result from variati
of the angle of entry of the beam into the target chamber,
the position of the beam spot on the target. These were
culated to result in a62% uncertainty inA. The third source
of uncertainty is the extrapolation of the measured ang
distribution to 180° and to 90°. As can be seen in Fig. 1,
wide angular acceptance of the fission detectors means
typically 85% of the total variation in differential cross
section between 90° and 180° is within the range of the d
Thus only 15% depends on the angular extrapolation. S
the fits describe the data very well, and are based on an e
theoretical calculation, we believe that the extrapolation d
not contribute significantly to the experimental uncertain
for this reaction.

B. Evaporation residue and fission cross sections

Evaporation residue cross sectionssER were determined
from the measured number of out-of-beama particles de-
tected, with normalization to the elastic scattering yield
two monitor detectors. Because the ER cross sections
low ~less than 10 mb!, experimental uncertainties origina
predominantly from the relatively small number ofa par-
ticles measured at each energy~at most a few thousand!. The
energy spectra themselves, being taken out-of-beam, w
very clean. Systematic errors can be introduced through
use of a catcher foil which is too thin to stop all the ERs
the higher beam energies, however, due to the use of a t
catcher, this problem should not be present in these dat

The ER cross sections, shown in Fig. 2, display the ty
cal saturation at high energies due to increasing fission c
petition. At the highest beam energy at whichsER was mea-
sured, the ER survival probability was barely over 1%.

Fission cross sections were determined from the fits to
angular distributions. Uncertainties in the cross sections h
the same sources as for the anisotropies, however, sinc
cross sections are an integral quantity, the uncertainties
generally smaller. Simulations of the effect of possible be
axis and beam spot movement gave variations of less
1% in cross sections. A repeat measurement was made
ing a different experiment, of a number of consecutive poi
at near-barrier energies, where it was suspected that on
two points were inconsistent with the general trends of
data. This revealed a satisfactory average deviation betw
the two measurements of only 1.4%, apart from one po
which was 5% different. For all these energies, a weigh
average of the two measurements was used. Both the fis
and ER cross sections are shown in Fig. 2.
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The best fit to all the fusion cross sections at above-bar
energies~see Sec. III C! was consistent with random unce
tainties of 60.5%, and the fusion cross sections were
signed this uncertainty unless the statistical uncertainty
to the numbers of fission and ER events observed was lar
in which case the statistical uncertainty was used.

C. Fusion cross sections and barrier distribution

The fusion cross sectionss fus were obtained by summing
the measured fission and ER cross sections. At all energ
sfis was substantially greater thansER, so the ER cross sec
tions were interpolated to match the beam energies of
fission measurements. At the higher beam energies, w
ER measurements were not made,sER was assumed to re
main at its saturation value of 5.8 mb, independent of be
energy. At the highest energy, this is less than 0.4% of
fusion yield, so a cross section of twice this value, or ze
would not significantly affects fus. The resulting fusion ex-
citation function is shown for the lower beam energies
Fig. 3~a!.

The fusion barrier distribution@17#, shown in Fig. 3~b!,
was determined from the second derivative with respec
the beam energyEc.m., of the functionEc.m.sfus. A point-
difference formula@18# was used, with an energy step o
1.83 MeV.

It has been shown@19,20# that for a given reaction, the
fusion angular momentum distribution at any beam ene
can be related to the fusion cross section and the fusion
rier distribution, through the fusion transmission coefficien
Experimental confirmation of this expectation has come fr
fusion reactions for which fission is not a significant dec
mode. Here, barrier distribution models which reproduce
measured fusion excitation function generally reproduce
experimental mean angular momentum^L& determined by a
variety of techniques. These include isomer ratio measu
ments, meang-ray multiplicities, feeding patterns to th

FIG. 2. Fission and evaporation residue~ER! cross sections
measured in this work.
2-4



tio

a
tr
o

ul
b

n

r
iu
be
e

is
ic
ou
m
o

n
th

hin
d in

iled
l not
the

cts
pa-
im-

gy-
n be
en-

eam

nd
een

ed
heir
less
the

oxi-

.
is

um
tion
ical
-

ses
he
e

an
pre-
ot-

-
s, in

lar
del

ed
in.

r

e

LIMITING ANGULAR MOMENTUM FOR STATISTICAL . . . PHYSICAL REVIEW C 60 054602
ground-state rotational band, and ratios of xn evapora
residue yields@21#.

By fitting the measured fusion cross sections with a re
istic model, and ensuring that the shape of the barrier dis
bution is reproduced, reliable predictions of the angular m
mentum distributions should be obtained. The fusion ang
momentum distributions for this reaction were determined
first fitting the above-barrier cross sections using a versio
the simplified coupled-channels codeCCMOD @22,23#, de-
rived from the codeCCFUS @24#. A Woods-Saxon nuclea
potential of fixed depth 50 MeV was used, and the rad
parameter and diffuseness parameter were varied, the
fitting values being 1.168 and 1.01 fm, respectively. Th
couplings to states in208Pb and19F were included, making
use of the couplings required in other reactions@25#, which
resulted in a good fit to the whole excitation function. In th
work, it is only the fit to the data which is needed to pred
the angular momentum distributions, so details of the c
plings used are not discussed here, but will be in a forthco
ing paper. The calculation which best reproduced the cr
sections and barrier distribution is shown in Figs. 3~a! and
3~b! by the full lines. A tabulation of the experimental fusio
and ER cross sections, and the fission anisotropies and
uncertainties is given in Table I.

FIG. 3. The measured fusion excitation function~a! and experi-
mental fusion barrier distribution~b!, shown for the lower beam
energies. A single barrier~no coupling! fusion calculation fitted to
the high energy fusion cross sections is shown in~a!, together with
the corresponding barrier distribution in~b!, by the dot-dashed
lines. The results of a coupled-channels calculation which gav
good fit to the data at all energies is shown by the full lines~see
text!.
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IV. TRANSITION STATE MODEL CALCULATIONS

The fission angular anisotropies were calculated wit
the transition-state–statistical-model picture as describe
Ref. @15#, using the exact expressions of Ref.@9#. The com-
bination of precisely measured anisotropies, and a deta
measurement of the dependence on beam energy is stil
so common. For this reason, an in-depth comparison of
data with calculations was considered worthwhile.

Fission anisotropies are affected by many physical effe
during the fission process, and by the values of critical
rameters in statistical model calculations. Some of these s
ply scale the calculated anisotropies in an ener
independent way, such that a change in one parameter ca
offset by a change in another. Others have a weak dep
dence on beam energy, while a few can change the b
energy dependence substantially.

In the following description of the comparison of data a
calculations, some effects which are discussed have not b
explicitly included in the calculations, when they are judg
to be in the first or second of the above categories, and t
effect on the anisotropies is calculated or estimated to be
than 5%. The dependence of the calculated anisotropy on
input parameters can be most easily seen from the appr
mate expression for the anisotropy

A5W~180°!/W~90°!'11
^J2&
4K0

2 511
^J2&\2

4TJeff
, ~4!

whereJeff and the temperatureT refer to the saddle point
J\ is the angular momentum at the saddle point, which
closely related to the orbital angular momentumL\ brought
in by the projectile, the small change in angular moment
being due to presaddle particle evaporation. The evapora
process was modelled using the Monte Carlo statist
model codeJOANNE2 @5#. The ground-state spin of the pro

jectile is small (12 ) compared with typical values ofK0 , and
its effect has been neglected. It was pointed out in Ref.@12#
that perturbation of the initialM substate distribution~taken
here asM50) by presaddle evaporation may in some ca
significantly affect the calculated anisotropies. For t
19F1208Pb reaction the presaddle multiplicity is typically on
third of that in Ref. @12#, and thus the effect on the
19F1208Pb anisotropies is estimated to be typically less th
5%. The rather weak beam energy dependence of the
saddle multiplicity, as can be seen from the dashed or d
dashed lines in Fig. 6~a!, implies a similarly weak depen
dence of the correction on beam energy. For these reason
this work no correction was applied to the calculatedA val-
ues.

The effective moment of inertia, as a function of angu
momentum, was taken from the rotating finite range mo
~RFRM! calculations@26#. The change inJeff after evapora-
tion of one or two neutrons is negligible, so the calculat
values for227Pa were used for all nuclei in the decay cha
The small difference betweenJeff for 227Pa and225Pa is il-
lustrated in Fig. 7~a!. For J.72, where the fission barrie
height is calculated to be zero, the value ofJeff for J572
was used initially in the calculations.

a

2-5
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D. J. HINDE et al. PHYSICAL REVIEW C 60 054602
The temperature at the saddle point will actually hav
distribution, due to the variation in the number and kine
energy of neutrons emitted before passing over the sa
point. This distribution depends onJ, as doesJeff . The code
JOANNE2 allows these correlations to be taken into acco
by calculating the number of fission events at each elem
in a matrix ofT andJ. Then, using the appropriateJeff for
eachJ, the value ofK0

2 is calculated for each element, in
cluding the postscission reorientation term@9#. By weighting
these values by the number of events in each bin ofT andJ,
the calculated averageK0

2 andA then correspond closely t
the actual situation, within the framework of the transiti
state model.

A. Defining standard statistical model parameters

In making statistical model calculations, values have to
assigned to the parameters describing the decay process
T distribution is related to the presaddle neutron multiplic
(npresaddle). It has been shown@27# that in statistical mode
calculations for this mass region,npresaddleis most sensitive to
the ratio of the level density parameter at the saddle-p
configuration (af) to that at the equilibrium deformatio
(an). According to theoretical calculations@28#, af /an is
predicted to be 1.05 for227Pa, atJ50. However, to repro-
duce the measured prefission neutron multiplicitiesnpre for
similar systems@29# measured at low excitation energie
where the effects of the dynamical fission timescale sho
be small, values ofaf /an between 0.98 and 1.02 wer
needed. The value 1.02 was chosen for the calculations,
af set toA/8.8 @28#.

A Kramers’ scaling factor, which suppressed the fiss
width by 2.5, allowed the measured fission probabilities to

FIG. 4. Fission anisotropies for the fusion of19F with 208Pb,
measured in this work~full circles! and taken from Ref.@9# ~tri-
angles!. The full line represents theA values resulting from statis
tical model calculations for ‘‘standard’’ parameters~see text!, using
angular momentum distributions from the best-fitting couple
channels fusion calculation~see Fig. 3!. The dot-dashed line show
the A values using the fusion angular momentum distributions
sulting from the single fusion barrier calculation.
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matched at a number of beam energies spanning the d
The fission probability could equally well have been rep
duced by scaling the fission barrier height. However, sin
Jeff and the calculated fission barrier height are related in
RFRM calculations, in principle, scaling of the fission barr
should be accompanied by a change in theJeff .

The initial compound nucleus is formed at excitation e
ergies between 30 and 95 MeV, however, this paper conc
trates on the higher energies, so the mass excesses o
product nuclei were taken from the liquid drop model, wit
out shell or pairing corrections.Jeff was also taken to be
unaffected by any shell corrections at the saddle point. T
compound nucleus227Pa is far from a spherical closed she
and ground-state shell corrections are small.

B. Sensitivity to fusion L distributions

Calculations were performed to check the sensitivity
the calculatedA values to the fusionL distributions. Initially
the L distributions obtained from the best fit to the fusio
data, as described in Sec. III C, were used. The calculateA

-

-
FIG. 5. ~a! The measured prescission neutron multiplicities

the reaction16O1208Pb ~circles!. Multiplicities calculated with the
statistical model are shown, using parameters adjusted to
npresaddle50 ~thick dot-dashed line!, and to give the maximum val-
ues allowed by the datanpresaddle5npre ~thick dashed line!. For the
latter case, a calculation using the same statistical model pa
eters, but for19F1208Pb, is indicated by the thin dashed line. Th
full line labeledns.m. is a calculation for19F1208Pb using the ‘‘stan-
dard’’ statistical model parameters~see text!. ~b! The corresponding
calculated values ofK0

2 are shown as a function of beam energy f
the 19F1208Pb reaction, compared with the values ofK0

2 extracted
from the measured anisotropies for that reaction. The thin das
and dot-dashed lines indicate the effects of varying the saddle-p
level density parameter by610%.
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values are shown in Fig. 4 by the full line. Then anisotrop
were calculated forL distributions resulting from a fusion
calculation without any coupling included. This resulted
calculatedA values indicated by the dot-dashed line in F
4. At energies near and below the fusion barrier, the res
of the two calculations are very different. At higher energi
there is only a small decrease in the anisotropy when
couplings are neglected, as would be expected, and thu
this energy region, uncertainty in the angular momentum
tribution should make a negligible contribution to the unc
tainty in the calculations.

C. Presaddle neutron emission

The observed strong increase ofA with beam energy is
due to the increase in the fusion cross section, whose pro
with Ec.m. is directly proportional to the mean value ofL2.
Since theL distributions are believed to be well-known b
cause of the good fit to the precise fusion data, it should
appropriate to present the data in terms of the values ofK0

2

5(TJeff)/\
2 deduced from the fits to the measured angu

distributions as described in Sec. III A. Although presen
tion of data and calculations in terms of the anisotrop
could be preferable, since the deducedA values are indepen
dent of the fusion model used, small changes in the sa
point conditions tend to be masked by the larger change
^J2& with Ec.m.. Since K0

2 is determined by saddle-poin
properties alone, presentation in terms of the deducedK0

2

shows changes in these properties withEc.m. more clearly.
Data for other reactions have commonly been presente
this way. However, it will be demonstrated later that co
parison of calculations and data in terms ofK0

2 can be
slightly misleading, particularly where a wide range ofJ is
present.

Initial comparisons of data and calculations are made
terms ofK0

2, the deduced experimental values being sho
in Fig. 5~b! as a function ofEc.m.. They show a smooth an
consistent increase with increasing beam energy. The va
and energy dependence ofK0

2 may be expected to be dete
mined mainly by the variation of the saddle-point tempe
tures with beam energy, since the values ofJeff , as calcu-
lated with the RFRM, do not change appreciably w
angular momentum until close to the angular moment
where the fission barrier height falls to zero. The sadd
point temperature depends on the level density paramet
the saddle-pointaf , and on the excitation energy above t
saddle point. The mean excitation energy could be de
mined if the number of neutrons emitted before crossing
saddle point (npresaddle) was known. However, experimen
tally it appears to be impossible to characterize neutron
being emitted presaddle or postsaddle.

Theoretically, if neutron emission lifetimes are mu
longer than the time to pass from the saddle point to
scission configuration~which may be;10220s), the mea-
sured prescission neutron multiplicitynpre can be identified
with npresaddle. If the lifetimes are similar or shorter, then pa
of npre will result from postsaddle emission, and in this ca
npresaddlewill be less thannpre. Thus at low excitation ener
gies (Ex), where the statistical model lifetime is long com
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pared to dynamical fission time scales,npresaddlemay be iden-
tified with the measurednpre.

The number of neutrons emitted before scission has b
measured over a range of energies for fission following
fusion of 16O with 208Pb @2,30#, forming the compound
nucleus 224Th, a neighboring compound nucleus to227Pa.
Since calculated multiplicities are similar for the two rea
tions,~see below! comparisons of calculations for19F1208Pb
with the npre data for 16O1208Pb is both reasonable, an
useful.

D. Calculations for two extremes ofT

Initially, statistical model calculations were performed f
two extreme scenarios, namely, wherenpresaddle5npre, or

TABLE I. The fusion cross sections, ER cross sections, a
fission anisotropies at the center-of-mass energiesEc.m.. For the ER
data, 0.32 MeV should be subtracted fromEc.m. to account for the
target being thicker than that used for the fission measurement~see
text!.

Ec.m. ~MeV! s ~mb! ds ~mb! sER ~mb! dsER ~mb! A dA

76.0 0.22 0.02 0.008 0.006
76.9 0.74 0.03
77.9 1.83 0.04 0.04 0.005
78.8 4.22 0.06
79.7 8.17 0.09 0.195 0.026 1.44 0.0
80.6 15.4 0.1 1.57 0.06
81.5 27.3 0.2 0.57 0.04 1.53 0.0
82.4 43.6 0.2 1.60 0.04
83.4 68.2 0.3 1.31 0.10 1.62 0.0
84.3 95.7 0.5 1.67 0.04
85.2 126 0.6 1.96 0.12 1.76 0.0
86.1 163 0.8 1.83 0.02
87.0 197 1 2.99 0.18 1.91 0.0
87.9 234 1 1.96 0.02
88.9 271 1 4.32 0.23 2.03 0.0
89.8 313 2 2.08 0.02
90.7 344 2 4.81 0.3 2.15 0.0
91.6 382 2 2.22 0.02
92.5 418 2 5.58 0.3 2.28 0.0
93.4 454 2 2.33 0.02
95.3 515 3 5.69a 0.3 2.43 0.02
99.0 643 3 2.62 0.02
99.9 679 3 2.74 0.03

102.6 749 4 2.79 0.02
106.3 856 4 2.95 0.04
109.9 953 5 3.04 0.05
117.3 1116 6 3.30 0.05
120.9 1200 6 3.45 0.05
123.7 1250 6 3.47 0.05
130.4 1364 7 3.66 0.09
133.9 1403 7 3.68 0.06
139.9 1493 7 3.72 0.06
144.7 1567 8 3.76 0.07

aActual measurement made atEc.m.594.0 MeV.
2-7



s
.
tu
at

ic
en

Th

er

T
e
t

e
fis

re

to

ta
ti-
ic

-

a
b
ve
gy

e

e
T
ta
ve
r

l
ie
e
iv
tr
a

ffe

ies,
the

s
oth
een
ary
is-
on.
ach
ct

n.

the
ll
l
le,
ting
ent

for
l-
ct of

that
ing
o-
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wherenpresaddle50, corresponding to the lowest and highe
possible mean saddle-point temperatures, respectively
these and the following calculations, the angular momen
distributions calculated from the best fit to the fusion d
were used.

Two statistical model parameter sets were chosen, wh
either gave the maximum neutron multiplicities consist
with the measurednpre values for the16O1208Pb reaction, or
which resulted in essentially no presaddle neutrons.
former calculation requiredaf /an50.91, whilst for the lat-
ter, af /an51.2 was used. The level density parameters w
adjusted so thataf still retained the valueA/8.8 for these
calculations, thus the variation in the calculatedT was only
due to the change in excitation energy at the saddlepoint.
fact that the measurednpre values can be reproduced with th
statistical model for this reaction should not be taken
mean that the value ofaf /an50.91 is correct, nor that ther
is no need to invoke dynamical effects. For lighter, less
sile compound nuclei~for example,213Fr, 200Pb @29#! the
minimum value ofaf /an required to fit the low excitation
energynpre data is 0.9860.02 without the inclusion of any
dynamical effects@29#, while af /an51.0260.02 reproduces
experimental data well when the dynamical time scale
quired to fit the higher energy data is included@29,31#.

The calculated neutron multiplicities corresponding
npresaddle5npre are shown in Fig. 5~a! for the 16O1208Pb reac-
tion by the thick dashed line, together with the experimen
data, and for the19F1208Pb reaction, using the same statis
cal model parameters, by the thin dashed line. The th
dot-dashed line indicates thenpresaddle50 calculation. The
calculatedK0

2 values for the19F1208Pb reaction correspond
ing to these two extreme scenarios are indicated in Fig. 5~b!
by the thick dashed line (npresaddle5npre) and the thick dot-
dashed line (npresaddle50). The experimentalK0

2 data on av-
erage lie closest to thenpresaddle5npre line, but the form of the
energy dependence is different from the calculation. The
tual temperature distribution at the saddle-point would
expected to lie at some point between these limits, howe
as will be seen in Fig. 6, this point is likely to be ener
dependent.

To show the sensitivity of the calculations toaf , the ef-
fect of a 610% change from the assigned value ofaf
5A/8.8 ~while retaining the values ofaf /an assigned! is
indicated by the fine dashed and dot-dashed lines. As
pected, this simply results in a change in the calculatedK0

2

values by65%, which is a small effect compared to th
difference between the two neutron emission scenarios.
results of the calculation performed with the ‘‘standard’’ s
tistical model parameters, as described in Sec. IV A, is gi
by the full lines in Figs. 5~a! and 5~b!. This describes rathe
better the experimental energy dependence ofK0

2 up to 110
MeV, except for the very lowest energies, where the data
below all the calculations. This disagreement at low energ
could possibly be associated with the fusion angular mom
tum distributions at the sub-barrier energies, the ER surv
probability, and/or the calculations of the temperature dis
butions at lowEx . These questions will be discussed in
separate paper. This local disagreement should not a
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comparisons of calculations and data at higher energ
since the proposed explanations only significantly affect
results at the lowest beam energies.

E. Inclusion of fission transient delay

The values ofnpresaddlefrom the ‘‘standard’’ calculation
lie far below the measurednpre at the higher energies. Thi
discrepancy is well known, and has been attributed to b
neutron emission during the transient delay time betw
thermal equilibrium and the attainment of the quasistation
fission width~flux! over the saddle-point, and neutron em
sion during the transition from the saddle-point to scissi
The transient delay may be thought of as the time to re
full shape equilibration in the potential pocket. This effe
can be modelled in the simplest way@2# by introducing into
the statistical model calculations a fixed delay time (td),
during which evaporation is allowed, but fission is forbidde

Calculations were performed fortd values of 20
310221s and 40310221s. The resulting neutron multiplici-
ties andK0

2 values are shown in Fig. 6~a! and 6~b! by the fine
dashed and dot-dashed lines, and are compared with
‘‘standard’’ statistical model calculations, shown by the fu
lines. As expected, at lowEx where the statistical mode
lifetime is long, the effect of the transient delay is negligib
and asEx increases, the effect becomes larger. The resul
decrease inT at the saddle-point leads to a better agreem

FIG. 6. Same as Fig. 5, except that the calculations are all
19F1208Pb, the full line being the ‘‘standard’’ statistical model ca
culations, and the dashed and dot-dashed lines showing the effe
transient delay times of 20310221 s and 40310221 s, respectively.
The thick dashed and dot-dashed lines in the lower panel show
the K0

2 data above 90 MeV can be reproduced satisfactorily us
the two ‘‘empirical’’ angular momentum dependent effective m
ment of inertia curves@see Fig. 7~a!#.
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between the calculated and measuredK0
2, as shown previ-

ously @32#. Delay times longer than 40310221s give tem-
peratures too low~and thusK0

2 too low!, best agreemen
apparently occurring fortd520310221s, at least up to
Ec.m.5120 MeV. Beyond this point, the calculatedK0

2 values
rise rapidly, and even the assumption that all neutrons
emitted presaddle fails to reproduce the data at the hig
energies@see Fig. 5~b!#, while substantially under-predictin
the K0

2 data betweenEc.m.590 MeV and 120 MeV. The fac
that npre is under-predicted by the transient delay times
signed is consistent with substantial neutron emission a
passing the saddle point, which may be inferred from ot
experimental evidence@4#.

F. Modification of RFRM Jeff

The reason for the rapid rise in the calculatedK0
2 values at

the higher beam energies can be found by inspecting
RFRM calculated dependence ofJeff on angular momentum
J, shown in Fig. 7~a! for 227Pa by the thick full line. The
rapid rise at high angular momentum is due to the ‘‘shrin
ing back’’ of the saddle-point deformation to meet the eq
librium deformation at the angular momentum where the
sion barrier height falls to zero@see Fig. 7~b!#. This is
calculated to occur atJ573 for 227Pa.

The values ofK0
2 deduced from the measurement are n

consistent with this rise inJeff , within the framework of the
statistical model, even when modified to include the effec
a transient delay. The simplest way to obtain agreement w
the data~following Back @33#! is to change the dependenc
of Jeff on J. To obtain an energy dependence to match
data, an ‘‘empirical’’Jeff was generated, beginning to dev
ate from the RFRM calculations at a certainJ value, and
with a simple linear dependence onJ. The energy depen
dence of the data could be reproduced assuming the ‘‘
pirical’’ Jeff shown by the dashed line in Fig. 7~a!, for a
delay time of 20310221s, and by the dot-dashed line fo
40310221s. These resulted in the calculatedK0

2 values as
indicated in Fig. 6~b! by the thick dotted and dot-dashe
lines, respectively. A slight change in the level density p
rameter~and thus saddle-point temperatures! for one of the
calculations would bring both into very close agreement, a
the overall agreement with the trends of the data is excell
The deviation from the RFRM calculation occurs atJ550
and J560 for td520310221s and 40310221s, respec-
tively.

It must be pointed out that theK0
2 data between 90 an

120 MeV can be reproduced by various combinations
scaling the RFRMJeff , and varyingaf andtd . As long as
these data are reproduced, the calculations using the RF
Jeff will still deviate from the data at around 120 MeV. Thu
the angular momentum at which the ‘‘empirical’’Jeff devi-
ates from the RFRM calculations will not be significant
different.

The calculated partial wave distributions for various be
energies are shown in Fig. 7~c!, together with the RFRM
calculated equilibrium and saddle-point rotational energ
plotted with respect to the LDM ground state. This figu
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when compared with Fig. 7~b!, shows clearly how the frac
tion of events with low fission barrier heights becomes s
nificant as the beam energy increases. Comparison with
7~a! shows at what energies the ‘‘empirical’’Jeff comes into
play. The partial wave distributions show structure at t
highest angular momentum which reflects the structure in
calculated fusion barrier distribution@see Fig. 3~b!#.

A comparison of data and calculations in terms of t
measured anisotropies is made in Fig. 8, where again it

FIG. 7. ~a! The ratio of the effective moment of inertia (Jeff) to
that of the equivalent sharp-surfaced sphere (J0), as a function of
angular momentumJ\, for 227Pa ~thick lines! and 225Pa ~thin
dashed line!. The ‘‘empirical’’ dependence required to reproduc
the trends of theK0

2 data@see Fig. 6~b!# are indicated by the dashe
and dot-dashed lines.~b! RFRM calculated fission barrier height a
a function ofJ for 227Pa. ~c! RFRM calculated energy of the rota
ing equilibrium deformation (Eeq) and of the rotating saddle-poin
(Es.p.) as a function ofJ. The calculated fusionL distributions from
the best fit to the fusion data~see Fig. 3! are shown for various
beam energies, at their excitation energies above the LDM gro
state.
2-9



hi
-
th
e

p-
f

i

o
io

a

th

he
t
ie

in
ri
in

ta
d

n.

two
is

s-

.
al
for
le

en
to fit
per.
ata
sen,
of

.

s of

se
lay.

e to

to

the
nd

m
ing

de-
oth
al-
on
n-
ing
int.
on-
eters
s,

ea-

ved.

e in

he

d
rg

ve
d

D. J. HINDE et al. PHYSICAL REVIEW C 60 054602
be seen that the model calculations with RFRMJeff values
~thin lines! do not have the correct energy dependence, w
with the modifiedJeff ~thick lines!, the agreement is, as ex
pected, excellent. In comparing these calculations with
anisotropy and the deducedK0

2 values, it is apparent that th
calculation giving best agreement withK0

2 does not give the
best agreement withA at the highest energies. This discre
ancy can be traced to the assumption in the extraction oK0

2

from the measuredA values, that a single value ofK0
2 ap-

plies, independent of angular momentum. In reality, and
the calculations of A,K0

2 is correlated withJ, so the ultimate
comparison of data and calculations should be carried
with the anisotropies, or even more correctly, with the fiss
angular distributions themselves.

It is appropriate here to discuss the commonly made
sumption thatJeff is independent ofK. Calculations for the
reaction measured in this work were made in Ref.@34# with
the flexible rotor model, which includes the response of
nuclear shape toKÞ0. It was shown that atEc.m.

5124 MeV, the anisotropy is increased by just 0.1. If t
size of the effect is proportional toK0

2, an increase by 0.05 a
90 MeV might be expected. For this reaction, at the energ
studied, it appears that the assumption thatJeff is indepen-
dent ofK is quite reasonable. It is likely that other uncerta
ties in the calculations are at least as large, however, in p
ciple this effect should not be neglected when compar
calculations and data.

The implications of the modifications to the standard s
tistical model required to reproduce the measured energy
pendence of these data are discussed in the next sectio

FIG. 8. Comparison of measured fission anisotropies with mo
fied statistical model calculations, as a function of beam ene
Lines with the same style as those in Fig. 6~b! correspond to the
same calculation. The data at all but the lowest energies are
well reproduced by including both a transient fission delay an
modifiedJeff as shown in Fig. 7~a!.
05460
le

e

n

ut
n

s-

e

s

-
n-
g

-
e-

V. DISCUSSION

The experimental data have been reproduced through
modifications to the standard statistical model. The first
the introduction of a transient delay time, which is well e
tablished through both theoretical predictions@35#, and the
evidence of a large body ofnpre data, for example, Refs
@2–4, 29, 36–42#, which exceed the predictions of statistic
model calculations, thus requiring a dynamical timescale
fission which is long compared to the lifetime for partic
evaporation.

It is necessary to discuss briefly the correlation betwe
the level density parameters and the delay times needed
the data, before returning to the main argument of the pa
The delay time required to fit the present anisotropy d
depends sensitively on the level density parameters cho
since the neutron emission width and thus the number
neutrons emitted during the transient delay depends onan ,
while the temperature at the saddle-point~and thusK0

2) de-
pends on af . With an5A/8.63 and af5A/8.8 (af /an
51.02) a delay time between 20 and 40310221s was re-
quired to reproduce theK0

2 data between 90 and 120 MeV
Changingaf /an to 1.05, as calculated forJ50 using the
formula of Ref.@28#, does not significantly changenpresaddle
at the higher energies, since the statistical model value
npresaddleare already small foraf /an51.02, and the effect of
increasingaf /an will be partly compensated by an increa
in the number of neutrons emitted during the transient de
If af5A/8.0 were chosen~retaining af /an51.02), only a
very short delay time would be required to fit theK0

2 data up
to 120 MeV. With this delay time,npresaddlewould, however,
be small, and most of the observed neutrons would hav
be emitted postsaddle. Conversely, a value ofaf5A/9.7
would require a longer delay time to reproduce theK0

2 data,
and give a small postsaddle multiplicity. It is not possible
tightly constrain the values ofaf , an , andtd with the data
presented, although a reasonably good reproduction of
data can be obtained with the ‘‘standard’’ parameters, a
the value oftd required is consistent with that deduced fro
other data. Further studies of complete data sets, includ
fission probabilities, prefission neutron data, and also, i
ally, particle emission energy spectra in coincidence b
with fission and evaporation residues, should ultimately
low the complex multichance, dynamically affected fissi
process following heavy-ion fusion reactions to be fully u
derstood. Fission anisotropies should play a vital role, be
sensitive to the temperature distribution at the saddle-po

Returning to the main argument of the paper, it was c
cluded that no reasonable changes in the model param
were able to reproduce theK0

2 data at the highest energie
where the RFRM predicts a rapid increase inJeff at highJ,
causing the calculated anisotropies to fall, while the m
sured values continue to rise.

Modification of the RFRMJeff values at highJ allowed
agreement between the data and calculations to be achie
In the current analysis of the new data for the19F1208Pb
reaction, it was found that the data prohibited a decreas
Jeff , as proposed in Ref.@33#, but rather required thatJeff
should not increase as rapidly as the RFRM predicts. T
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angular momentum at which the ‘‘empirical’’Jeff deviates
from the calculated values appears to lie betweenJ550 and
J560. This corresponds toT50 fission barrier heights be
tween approximately 1.5 and 0.5 MeV.

Our interpretation of this observation is neither that th
must be a unique nuclear shape which controls the fis
anisotropy, corresponding to the ‘‘empirical’’Jeff value, nor
that the entire reaction process changes its character dra
cally once the RFRM value ofJeff apparently become
inappropriate—we do not suggest that the reaction beco
suddenly a quasifission process. The fact that the devia
from the statistical model picture starts to occur at angu
momenta where the fission barrier height is less than
saddle-point temperature (T;1.6 MeV) suggests strongly
that the reason for the failure of the statistical model pict
is that it is no longer valid if the fission barrier could b
passed at the first attempt. Then, all the properties of
fission process should be determined completely by the
namics of the motion over the potential energy surface.

Under these circumstances, why should the fissionK dis-
tribution be narrower~i.e., have a smallerK0

2) than predicted
by the statistical model?

The distribution ofK values at the saddle-point can b
thought of as arising in the following manner. If the syste
is trapped in the potential pocket corresponding to the co
pact equilibrium deformation, the generation of shapes w
KÞ0 can be attributed to the Brownian motion of the sha
coordinates, resulting in a wide distribution of angles b
tween the longest axis and the direction of the angular m
mentum vector, due to the very largeJeff associated with the
compact equilibrium shape@see Eq.~3!#. In the statistical
model, the saddle point acts as a filter of this wideK distri-
bution, selecting those configurations withK closer to zero.
This filtering results from the greater reduction in level de
sity at the saddle point whenK deviates from zero, due to th
saddle-point shape being necessarily more elongated tha
equilibrium shape, and thus having a smallerJeff .

In a fully dynamical model, the trajectories over the mu
tidimensional potential energy surface in principle determ
all the properties of the fission process. Assuming that
trajectories passed through the equilibrium pocket, it wo
be envisaged that a distribution ofK wider than that at the
saddle point would result, for the following reason. The e
ergy required to generateK520, for J560 at the equilib-
rium deformation, is estimated to be only 0.3 MeV, com
pared with 1.2 MeV at the saddle point. The time required
generate a distribution ofK through shape fluctuations cos
ing only 0.3 MeV of deformation energy would seem u
likely to be more than the time required to overcome a
sion barrier of height;1 MeV.

If in contrast it were assumed that not all trajectories n
essarily pass through the equilibrium deformation, aK dis-
tribution narrower than that at the saddle point could res
It would be expected that at lowJ, where the fission barrie
height is;5 MeV, all, or almost all the trajectories woul
indeed pass through the equilibrium deformation. At high
J, where the fission barrier height is less then the temp
ture, a significant fraction of trajectories may never reach
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compact equilibrium shape. TheK distribution for these tra-
jectories could be narrower, because some of the trajecto
may never reach a shape as compact as the saddle-
shape calculated with the RFRM. Thus the maximalJeff on
such trajectories would be smaller than that of the RFR
saddle point. Also, it is questionable whether a thermal d
tribution of K at the turning point of such trajectories at hig
J would be generated.

Although the ‘‘empirical’’ Jeff values required to repro
duce the high energy anisotropy data correspond to sh
more elongated than the RFRM calculated saddle points
high J, they are less elongated than theJ50 saddle-point
shape. This implies that there is no dramatic change in
reaction mechanism, and supports the above evolution
picture, based on an increasing fraction of trajectories fail
to reach the equilibrium configuration with increasingJ. It is
interesting to ask whether the ‘‘empirical’’Jeff values can be
related to the average most compact shape~i.e., the average
turning point in the trajectories! for a givenJ. This question
may be possible to answer by more comprehensive meas
ments, or more likely, through a theoretical approach. Re
istic dynamical modelling of heavy-ion induced fission, i
cluding the mass asymmetry andK degrees of freedom
would surely clarify the dynamics of the fission process u
der these circumstances.

An alternative explanation, also of an evolutionary natu
is that the reactions at the higher energies result in none
librium fission. This process was postulated@7# to explain
similar data. It was suggested that there is a ‘‘memory’’
the initial K value in the entrance channel, due to the sh
time spent in the equilibrium potential pocket. Dynamic
calculations should be carried out to test whether such a
cess is possible, or whether the qualitative discussion gi
above of the small energy costs for generating wideK dis-
tributions at equilibrium means thatK will in general be
equilibrated before the fission barrier is passed.

It can be argued that the fission barrier height will
reduced by the effect of temperature, and the deduced li
ing angular momentum actually corresponds to disapp
ance of the barrier in the hot system. Temperature depen
barrier heights must be discussed with some care@43#, how-
ever, it is clear that if the level density at the saddle-poin
greater than that at equilibrium, effectively the fission barr
is no longer present. If this is the case, not only should it
impossible to describe the anisotropy data with the statist
model, but clearly no aspect of the fission process should
modelled within the equilibrium statistical picture.

VI. CONCLUSIONS

Fusion cross sections, fission probabilities, and fiss
fragment anisotropies have been measured to high accu
for the 19F1208Pb reaction, over a wide range of bombardi
energies. Fitting of the fusion cross sections and the fus
barrier distribution allowed reliable prediction of the fusio
angular momentum distributions. Statistical model calcu
tions of the fission anisotropies were unable to reproduce
observed dependence on beam energy, even when the e
of a transient fission delay time was accounted for. This w
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caused by the RFRM predicting a rapid transition to comp
saddle-point shapes for high angular momenta, resultin
calculated anisotropies falling with beam energy above a
tain value, rather than rising monotonically as observed.

The deviation from the statistical model calculations w
found to occur at an angular momentumJ\ between 50\ and
60\, where the fission barrier height is less than the nuc
temperature. The data could be fitted by defining an ‘‘e
pirical’’ J dependence of the effective moment of iner
above this limit. Taken at face value, the ‘‘empirical’’Jeff at
high J correspond to shapes controlling theK distribution
which are only slightly more compact than theJeff for low J,
in contrast with the RFRM calculations. This is interpreted
O
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terms of a range of trajectories over the potential ene
surface, an increasing fraction failing to reach the equil
rium configuration with increasingJ. It is speculated that
through a comprehensive dynamical model, it may be p
sible to relate the experimental results to the actual traje
ries over the potential energy surface.
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