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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
19F+20%p 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 temperatuf&0556-28139)02910-9

PACS numbeps): 25.70.Jj

[. INTRODUCTION axis inclined away from the plane normal to the angular mo-

mentum vector. The probability of a given inclination is de-
The decay of compound nuclei by fission is usually de-termined by a Boltzmann factor depending on the extra en-
scribed in terms of the statistical model, making use of theergy required to rotate the system with the axis perturbed
fact that the fission saddle-point configuration can be treatetfom the normal. This can be expressed in terms of the pro-
as a transition statl] between the compound system in its jection of the total angular momentum onto the symmetry
quasiequilibrium condition, and the two separating fissionaxis. It is useful to recall the expression for the rotational

fragments. In this picture, the level density at the transitiorenergyE,(J,K) of a nucleus with total angular momentum
state is critical in calculating fission properties. In particular,J# and projectiorK#:
the dependence of the level density on excitation energy, K2(J2—K2) K2

mass asymmetry, and on projections of the total angular mo- E,o(J,K)= +

mentum, plays an important role in determining the prefis- rof= 200ep  2Tpar
sion neutron multiplicity, the mass distribution and the fis- . . .

sion fragment angular distribution respectively, as well as thgvherejperp and Joor are respectively the moments of inertia
overall fission probability. perpendicular and parallel to the symmetry axis. The change

In heavy-ion induced fission reactions, deviations of thesd" rotational energy associated wikh=0 is then

@

measured quantities from the predictions of the statistical 72K2  K2K2
model have been used as evidence for the importance of Eiot(J,K) —E,(3,00 = XA XA 2
dynamical aspects of fission, which are not included in the Tpar 2Tperp

statistical model description. One of the most significant of ; ich reduces to

these observables is the number of neutrons emitted before

fission. The measurement of prefissigor more exactly

prescissiop neutron multiplicities in excess of statistical Erot(K):Fff ©)

model predictions has been used to infer the characteristic ¢

dynamical time scale associated with the fission process. &when the effective moment of inertigl is defined as

number of analyses, such as R¢®s-5], have concluded that  (1/7es)=(1/Tpa) — (UTperp - It is usually assumed thaf

the average minimum time for the evolution from the equi-is independent oK; this assumption will be discussed in

librium deformation to the scission configuration is severalSec. IV F.

10" 2%s, It has been showf6] that these expressions, together with
Fission angular distributions have been perhaps evethe dependence of the saddle-point level density on

more widely studied, and are the main subject of this papelE,(J,K), lead to a Gaussian distribution &, centered

Fission angular distributions are often characterized by tharoundK=0, which is characterized by the varianb’t%.

angular anisotropy, defined as the ratio of the yield at 0° This can be predicted within the statistical model, assuming

or 180° to that at 90°, i.eA=W(180°)MW(90°). In heavy- compound nucleus formation, and a thermal distribution of

ion induced fission reactions, the compound nuclei whiclthe relevant variables. It is generally assumed that the pro-

undergo fission typically have high angular momentum. Ifjection M of the total angular momentum onto the space-

fission of all nuclei occurred in the plane normal to the an-fixed (bean) axis is zero. On this basis, fission angular dis-

gular momentum, then the angular distribution would show aributions and thus anisotropies are calculated within the

1/siné behavior, wheref is the angle of observation with statistical model.

respect to the beam axis. However, because hot nuclei spon- Fission fragment angular distributions have been mea-

taneously change their shafibe fission process itself being sured extensively, particularly for heavy-ion reactions form-

a prime examplg fragmentation can occur with the fission ing compound nuclei heavier than lead. For such reactions,

ZKZ
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experimental values oA are often larger than those calcu-  To achieve this aim, precise measurements were made of
lated. This has led to proposals that as well as fusion-fissiorfission cross sections and angular anisotropies, and evapora-
additional classes of fission exist. tion residue cross sections, for th#&-+2%%b reaction, form-
Nonequilibrium fissiori7] has been proposed as a distinc-ing the compound nucleu$’Pa. Beam energies ranged from
tive fission process following a fusion reaction and subsebelow to 1.75 times the mean barrier energy. This system
quent compound nucleus formation inside the true fissiovas chosen for study because of the large anisotropies re-
saddle-point. It was postulatd@] that if the decay width is Ported previously[14] at near- and sub-barrier energies.
large, fission may take place after equilibration of all degree?‘_”awses were carried out of both the sub-barrier anisotro-

of freedom except th& degree of freedom. A memory of pies and of those at above—_barrier energies.. This paper con-
the entrance channél distribution should thus occur. and c€ntrates on the above-barrier energies, while the sub-barrier

since theK value in the entrance channel is zero unless th({esults will pe discussed i.n a separate Paper, making use of
projectile or target have intrinsic spin, nonequilibrium fission bh:rri?rngggons reached in the interpretation of the above-
should usually have a large anisotropy. '

Quasifissiorf8—10] is conceptually distinct from the pro-
posed nonequilibrium fission process. Here, contact of the Il. EXPERIMENTAL PROCEDURES

projectile and target nuclei is not followed by compound Measurements of fission fragments from the reaction
nucleus formation inside the fission saddle point. Instead, th@gF+2ong were carried out using pulsed beams from the

shape of the nucleus, which is initially trapped inside the 4 p tandem electrostatic accelerator anéhc at the Aus-
conditional saddle-point, ev_olves over the potgntlal energyralian National University. The 14UD beam energy ranged
surfapg and the average trajectory passes outside the locusipf, 82 to 135 MeV, with a pulse width o£1 ns, and a
conditional saddle points before reaching mass symmetry ise separation of 106.6 ns. The four highest beam energies,
Thus in principle there can always be some residual Memoryip to 158 MeV, were obtained using theiAC to boost the

of the mass and direction of the projectile in the initial col- 14UD beam energy. The maximum beam energy spread in-
lision. Experimental datafor example, Ref[10]) confirm  troduced by theINAC was 1.2 MeV, measured at the target
this characteristic feature, particularly in association withposition for the highest beam energy. The targef®8PbS
projectiles heavier tharf*Mg. Measured values oA for ~ was =25ugcm 2 in thickness, evaporated onto a
quasi-fission reactions are larger than the statistical modek12u,gcm 2C backing foil. The backing faced down-
predictions, which may be expected since the nuclei nevestream, so as not to degrade the beam energy before interac-
become as compact as the equilibrium deformation, and alsion with the 2°Pb.

K equilibration is probably not attained. Fission fragments were detected in large area multiwire
Independent of experimental observations, it is expecteg@roportional counter§MWPCs, position sensitive in two
that the statistical model picture will lose its validity for very dimensions. Each had an active width of 284 mm, and height
high angular momenta, since ultimately the height of theB57 mm. The time signals from the position-sensing wires,
fission barrier drops to zero. Under this condition, the con-separated by 1 mm, passed through delay lines with 1 ns
cept of the saddle-point configuration as a transition pointelay between each wire, giving a position resolution of
cannot be valid. Theoretical expectations and dynamical calk=1 mm. The detectors were placed 180 mm from the target,

culations[11] suggest that the fission saddle-point shouldresulting in a scattering angle coverage -ofl71°< )<
already lose its effectiveness in controlling the fission pro-—94° in the backward hemisphere, and<96,,,<86° in the
cess when the height of the fission barrier is reduced byorward hemisphere. Signals in the forward detector were
angular momentum to a value similar to the nuclear temperaenly accepted when in coincidence with the backward detec-
ture. Indeed, some time adg®2,13, measured anisotropies tor, to minimize dead time in the data acquisition system.
for heavy-ion induced fission were used to support this exThe central foils of the MWPCs provided energy loss and
pected limit to the applicability of the statistical model pic- timing signals. For each coincidence event, the positions
ture. (x,y) on the detectors were transformed to give the scatter-
Despite this, the statistical model is frequently used tang anglesé,,, with respect to the beam axis, and the azi-
describe reactions where, according to the above criteria, inuthal angles. This allowed the folding angle for the fission
should not be applicable. Depending on which criterion isevent to be determined. At all but the most backward angles,
used, the limiting angular momentum beyond which fissiorfission events following fusion of°F with 2°%Pb were sepa-
becomes purely a dynamical process can be quite differentated from other reaction products using the time of flight
particularly for heavy systems. To obtain experimental infor-information from both back and front MWPC detectors, to-
mation on this limit, and to investigate how much other in-gether with the folding angle information. The coincidence
formation on the fission process can be extracted from fissiogfficiency was less than unity because of the grid and win-
anisotropies, this paper describes a detailed comparison dbw support wires of the front MWPC. The effect of these
data and calculated anisotropies. Particular emphasis isires was measured at the higher beam energies where the
placed on the sensitivity of fission anisotropies to the paramfission yield was large, and fission events could be identified
eters of the model, and recent advances in the understandiiry the back angle MWPC alone without any ambiguity.
of the dynamics of both the fusion and fission processes arBngle-averaged losses of 3% were found, in agreement with
taken into account. geometrical expectations. The data were corrected for losses
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in each angle-bin individually. At angles backward of 155°,

T T T
where the coincidence efficiency was diminished due to 70 - 4 2 ¢
some of the coincident fission fragments being at too forward " Ec.m.=79.7 to 88.9 Mev A
an angle to be detected in the front MWPC, the fission frag- 60 |- in steps of 0.9 Mev & o]
ments were identified by the energy loss and time-of-flight T o ,i”/ 1
information from the back MWPC alone. The kinematics of g 50 - s 7

reactions on lighter nuclei present in the target meant that no - KA & A

contamination was present in the spectra at these angles. £ 40 ‘,./",." o« =
.. . . . . O .-® [ 3 = Al

The fission differential cross sections were obtained by = E- e PR L 1

calibrating each 5° wide bin ifi,,, using Rutherford scatter- T L R ,,."".,.- ..

ing at a sub-barrier energy with S beam on theé%PbS s L ~>":_.,.,f' PRt

target. Details of this procedure are described in REH). 20 T "‘_._,,."' PUIPES L

Two Si surface-barrier detectors were positioned in the ver- :---:::'4 S oo J

tical plane, and were used to measure the elastically scattered wk N P

. . . . . . . o0 s-osEeTSE

yield, providing a normalization between the calibration and T e e e ess v et eee o

the fission excitation function measurements. At the lower 0 EEE S 33 EEEETEITe 0

beam energies, they were located*a22.5° relative to the 90 120 150 180

beam axis, while foE,,= 128 MeV, they were positioned at 0. . (deg)

+15.0°, to ensure that the elastic differential cross-sections

would follow the Rutherford scattering formula. FIG. 1. Measured fission fragment angular distributions from

The evaporation residuéER) Cross sections were mea- E.n=79.7 to 88.9 MeV, after conversion to the center of mass
sured in a separate experiment by detecting the characterisffi@me. The transition state model fits are shown by the dashed lines,
a particles emitted during the ground-state decay of the resif-r‘?m which the fission anisotropies and cross-sections were deter-
dues and their daughters. This was accomplished by stoppirf§ned-
the ER in a catcher foil placed immediately behind the target
which in this measurement wag’®bS of thickness
300ugcm 2, on a=15ugcm 2C backing. The catcher

angular momentum distributions, and the fission probability
is required to determine the angular momentum distribution
consisted of a sandwich of six Al foils, each of thicknessfOr the “SS‘OF‘ events alone. .lt is desirgble to have prfafission
1809 cnT 2, giving a total thickness more than double the neutron multiplicity data tr? give experlrp]ental c?nstrgmts onh
average range of the ERs at the highest beam energy useta.e mean temperature when passing the saddle point on the
An annular Si surface-barrier detector was located at a mearﬁ)ute to scission. The expe_nmental_data measured in this
angle of 168.8° to detect the particles. A pulsed beam of work to define these quantities are discussed below.
width 2.12 ms and period 10.60 ms was used, over a beam
energy range of 83 to 103 MeV. Signals from the annular
counter were recorded in a 7.96 ms interval during the beam- The measured fission angular distribution must be con-
off period. Conveniently, essentially all ERs emit in their verted from the laboratory to the center-of-mass frame. The
decay chain only one-particle in the energy range 8.65 to fission folding angle distribution gives information on the
9.21 MeV, and with apparent lifetimeslue to parent decay kinematics of the reaction, and the distributions measured for
lifetimes) between 6.2 ms and 2.6 s. For this reaction, nahis reaction were consistent, within experimental uncertain-
other source ofr-particles within this energy range is ex- ties, with fission following complete fusion at all beam en-
pected. For the prevailing beam pulsing regime, the yielcergies. To avoid introducing additional random uncertainties
during the recording period was calculated to vary by lessnto the data, the fission angular distributions were converted
than 5% due to the different lifetimes within this range.to the c.m. frame using the calculated velocity of the c.m.
Hence in view of the small fraction of fusion events leadingframe and mean fragment velocities evaluated from fission
to evaporation residues, the ER yields were determined frortotal kinetic energy systemati¢46]. Typical measured an-
the total a-particle yield within this energy range, without gular distributions are shown in Fig. 1.
identification of the individual decay channels. The solid To determine the fission anisotropies and cross sections, it
angle of the annular counter relative to the sum of the solidvas necessary to extrapolate the measured angular distribu-
angles of the two monitor detectors was determined by meaions to both 180° and 90°. This was accomplished using the
suring in-beam elastic scattering at a sub-barrier energy, akxact expressions of Badit al. [9], in an iterative proce-
lowing the determination of the absolute ER cross sectionsdure. Approximate fusion cross sections were used to gener-
ate the angular momentum distributions required to predict
the shape of the fission angular distributions, from which fits
to the data were obtained, and experimental fission cross
The aim of this work is to compare experimental andsections determined. These were then used to determine
calculated fission anisotropies. It is not, however, sufficienmmore accurate angular momentum distributions, from which
to measure only the anisotropies. In order to make reliabléinal fits were obtained, giving the anisotropiésand the
calculations, the fusion cross sections and the fusion barridission cross sections;s, as well as the value d€3, at each
distribution are required to calculate the compound nucleubombarding energy. In this analysis, it is implicitly assumed

A. Fission fragment angular distributions

IIl. EXPERIMENTAL ANALYSIS AND RESULTS
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that Ké is independent ofl. These fits are shown by the 103 T T T T e o0 &0
dashed lines in Fig. 1; they describe the data very well.

Since the analysis that follows relies on the accuracy and
precision of the experimental results, sources of uncertainty 102
in the measured quantities should be discussed. The experi-
mental uncertainties i result from three sources. Statisti-
cal uncertainties originate from the number of fission events
detected. These uncertainties were small, at all but the lowest
beam energies, due to the large solid angles of the MWPC 10
detectors, which allowed typically ¥0o 1 fissions to be
collected in 30 min. Uncertainties also result from variation 10-1
of the angle of entry of the beam into the target chamber, and
the position of the beam spot on the target. These were cal-
culated to result in & 2% uncertainty inPA. The third source 107
of uncertainty is the extrapolation of the measured angular L
distribution to 180° and to 90°. As can be seen in Fig. 1, the 80 100 120 140
wide angular acceptance of the fission detectors means that Ec . (MeV)
typically 85% of the total variation in differential cross-
section between 90° and 180° is within the range of the data. FIG. 2. Fission and evaporation resid(€R) cross sections
Thus only 15% depends on the angular extrapolation. Sinc&€asured in this work.
the fits describe the data very well, and are based on an exact
theoretical calculation, we believe that the extrapolation does The best fit to all the fusion cross sections at above-barrier
not contribute significantly to the experimental uncertaintyenergies(see Sec. Ill ¢ was consistent with random uncer-

10!

¢ (mb)

o 19 4 208y,

[EETT A T I S EWEITI B AR ETIT U W It B A eI |

for this reaction. tainties of £0.5%, and the fusion cross sections were as-
signed this uncertainty unless the statistical uncertainty due
B. Evaporation residue and fission cross sections to the numbers of fission and ER events observed was larger,

Evaporation residue cross sectiomgs were determined in which case the statistical uncertainty was used.

from the measured number of out-of-beamparticles de-
tected, with normalization to the elastic scattering yield in
two monitor detectors. Because the ER cross sections are The fusion cross sections,s were obtained by summing
low (less than 10 mb experimental uncertainties originate the measured fission and ER cross sections. At all energies,
predominantly from the relatively small number afpar- o was substantially greater thar, so the ER cross sec-
ticles measured at each enefgy most a few thousandThe  tions were interpolated to match the beam energies of the
energy spectra themselves, being taken out-of-beam, wefgsion measurements. At the higher beam energies, where
very clean. Systematic errors can be introduced through thER measurements were not madeg was assumed to re-
use of a catcher foil which is too thin to stop all the ERs atmain at its saturation value of 5.8 mb, independent of beam
the higher beam energies, however, due to the use of a thidnergy. At the highest energy, this is less than 0.4% of the
catcher, this problem should not be present in these data. fusion yield, so a cross section of twice this value, or zero,
The ER cross sections, shown in Fig. 2, display the typiwould not significantly affectr;,s. The resulting fusion ex-
cal saturation at high energies due to increasing fission congitation function is shown for the lower beam energies in
petition. At the highest beam energy at whighz was mea- Fig. 3a).
sured, the ER survival probability was barely over 1%. The fusion barrier distributiof17], shown in Fig. 8b),
Fission cross sections were determined from the fits to thevas determined from the second derivative with respect to
angular distributions. Uncertainties in the cross sections havihe beam energ¥.,,, of the functionE. ,o7,s. A point-
the same sources as for the anisotropies, however, since théference formula[18] was used, with an energy step of
cross sections are an integral quantity, the uncertainties ate83 MeV.
generally smaller. Simulations of the effect of possible beam It has been showf19,2( that for a given reaction, the
axis and beam spot movement gave variations of less thaiusion angular momentum distribution at any beam energy
1% in cross sections. A repeat measurement was made duwan be related to the fusion cross section and the fusion bar-
ing a different experiment, of a number of consecutive pointgier distribution, through the fusion transmission coefficients.
at near-barrier energies, where it was suspected that one Bxperimental confirmation of this expectation has come from
two points were inconsistent with the general trends of thdusion reactions for which fission is not a significant decay
data. This revealed a satisfactory average deviation betweenode. Here, barrier distribution models which reproduce the
the two measurements of only 1.4%, apart from one poinmeasured fusion excitation function generally reproduce the
which was 5% different. For all these energies, a weighte@&xperimental mean angular momentgh) determined by a
average of the two measurements was used. Both the fissimariety of techniques. These include isomer ratio measure-
and ER cross sections are shown in Fig. 2. ments, meamy-ray multiplicities, feeding patterns to the

C. Fusion cross sections and barrier distribution
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L L IV. TRANSITION STATE MODEL CALCULATIONS
103 b 19F + 208pp (@ J
E c The fission angular anisotropies were calculated within
C ] the transition-state—statistical-model picture as described in
102 = E Ref.[15], using the exact expressions of REgf]. The com-
g F ] bination of precisely measured anisotropies, and a detailed
; 10! B i measurement of the dependence on beam energy is still not
so common. For this reason, an in-depth comparison of the
C ] data with calculations was considered worthwhile.
100 3 E Fission anisotropies are affected by many physical effects
F ] during the fission process, and by the values of critical pa-
1071 L, i rameters in statistical model calculations. Some of these sim-
r 7 ply scale the calculated anisotropies in an energy-
i ] independent way, such that a change in one parameter can be
o B00F ] offset by a change in another. Others have a weak depen-
2 600 i ] dence on beam energy, while a few can change the beam
g I i energy dependence substantially.
Y w00} | In the following description of the comparison of data and
P L _ calculations, some effects which are discussed have not been
2 200 - explicitly included in the calculations, when they are judged
S - . to be in the first or second of the above categories, and their
0 effect on the anisotropies is calculated or estimated to be less
C ] f[han 5%. The dependence of the cglculated anisotropy on th_e
-200 - %0 % 100 input parameters can be most easily seen from the approxi-
o (MeV) mate expression for the anisotropy
FIG. 3. The measured fusion excitation functi@h and experi- (%) (I%)h2
mental fusion barrier distributiob), shown for t(he lower Eeam A=W(180°)/W(90%)~1+ 4K3 =1+ AT Joit’ (4)

energies. A single barrigno coupling fusion calculation fitted to
the high energy fusion cross sections is showfa)ntogether with
the corresponding barrier distribution iflo), by the dot-dashed
lines. The results of a coupled-channels calculation which gave
good fit to the data at all energies is shown by the full lifese
text).

where J. and the temperatur€ refer to the saddle point.

Jn is the angular momentum at the saddle point, which is
Closely related to the orbital angular momentur brought

in by the projectile, the small change in angular momentum
being due to presaddle particle evaporation. The evaporation
process was modelled using the Monte Carlo statistical
ground-state rotational band, and ratios of xn evaporatiofnodel codesoaNNE2[5]. The ground-state spin of the pro-
residue yieldg21]. _ , , jectile is small ) compared with typical values d,, and

. _By fitting the measu_red fusion cross sections W|th a rgaljts effect has been neglected. It was pointed out in R
istic model, and ensuring that the shape of the barrier distrigyat perturbation of the initiall substate distributioftaken
bution is r.epr'odu'ced, reliable predlcyons of the angular MOhere agMl =0) by presaddle evaporation may in some cases
mentum distributions should be obtained. The fusion angulagignificantly affect the calculated anisotropies. For the
momentum distributions for this reaction were determined byl9r 1 208pp reaction the presaddle multiplicity is typically one
first fitting the above-barrier cross sections using a version ofhird of that in Ref. [12], and thus the effect on the
the simplified coupled-channels codemoD [22,23, de- 194208} anjsotropies is estimated to be typically less than
rived from the codeccrus [24]. A Woods-Saxon nuclear 5%. The rather weak beam energy dependence of the pre-
potential of fixed depth 50 MeV was used, and the radiusaddle multiplicity, as can be seen from the dashed or dot-
parameter and diffuseness parameter were varied, the bestashed lines in Fig. (&), implies a similarly weak depen-
fitting values being 1.168 and 1.01 fm, respectively. Thendence of the correction on beam energy. For these reasons, in
couplings to states iR°Pb and*°F were included, making this work no correction was applied to the calculatedal-

use of the couplings required in other reactip®§], which  ues.

resulted in a good fit to the whole excitation function. In this  The effective moment of inertia, as a function of angular
work, it is only the fit to the data which is needed to predictmomentum, was taken from the rotating finite range model
the angular momentum distributions, so details of the coutRFRM) calculationg26]. The change in7.; after evapora-
plings used are not discussed here, but will be in a forthcomtion of one or two neutrons is negligible, so the calculated
ing paper. The calculation which best reproduced the crosgalues for?>’Pa were used for all nuclei in the decay chain.
sections and barrier distribution is shown in Fig&)3and  The small difference betweefi,; for 22’Pa and?**Pa is il-

3(b) by the full lines. A tabulation of the experimental fusion lustrated in Fig. 7@). For J>72, where the fission barrier
and ER cross sections, and the fission anisotropies and thdieight is calculated to be zero, the value B for J=72
uncertainties is given in Table I. was used initially in the calculations.

QD
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4.5 — 7 5 i T T T T T T T ]
B 4 _— (a) Upre"i,f ’,/”’ __
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s e ]
g 35 - ;1&* Vs.m .
g 1f =
g C i
& 3.0 0F T
& i
g 300
=
- 2.5
L L
2.0
200
1.5
Np L
l'o 1 1 1 1 o]
80 100 120 140 160 i~
Eg n. (MeV) 100 -
FIG. 4. Fission anisotropies for the fusion bF with 2°%Pb,
measured in this workfull circles) and taken from Ref[9] (tri- I N -
angles. The full line represents tha values resulting from statis- — Tpre-saddle ~ "s.m.
tical model calculations for “standard” parametésee text, using 0 L
L - 80 100 120 140
angular momentum distributions from the best-fitting coupled- . )
c.m. M€

channels fusion calculatiofsee Fig. 3. The dot-dashed line shows
the A values using the fusion angular momentum distributions re-

. : . : : FIG. 5. () The measured prescission neutron multiplicities for
sulting from the single fusion barrier calculation. @ P P

the reactiont®0-+2%%Pb (circles. Multiplicities calculated with the

. . statistical model are shown, usin arameters adjusted to give
The temperature at the saddle point will actually have a gp ) g

distribution, due to the variation in the number and KineticPresadde” O (thick dot-dashed line and to give the maximum val-

. . ues allowed by the datgyesaqaiE Vpre (thick dashed ling For the
energy of neutrons emitted before passing over the saddigye, case, a calculation using the same statistical model param-

point. This distribution depends ah as does7es. The code  gters, put forl9F+2%pb, is indicated by the thin dashed line. The
JOANNE2 allows these correlations to be taken into accounty| jine labeledws , is a calculation for*F+2°%Pb using the “stan-

by calculating the number of fission events at each elemeniarg” statistical model parametefsee text (b) The corresponding

in @ matrix of T andJ. Then, using the appropriaté& for calculated values df3 are shown as a function of beam energy for
eachJ, the value ofKj is calculated for each element, in- the 1%+2%pb reaction, compared with the valuesk§ extracted
cluding the postscission reorientation teff@l. By weighting  from the measured anisotropies for that reaction. The thin dashed
these values by the number of events in each bih ahdJ, and dot-dashed lines indicate the effects of varying the saddle-point
the calculated averagé and A then correspond closely to level density parameter by 10%.

the actual situation, within the framework of the transition

state model. matched at a number of beam energies spanning the data.
The fission probability could equally well have been repro-
A. Defining standard statistical model parameters duced by scaling the fission barrier height. However, since

geﬁ and the calculated fission barrier height are related in the

In making statistical model calculations, values have to b : U . - .
. o FRM calculations, in principle, scaling of the fission barrier
assigned to the parameters describing the decay process. The

T distribution is related to the presaddle neutron multiplicity The initial compound nucleus is formed at excitation en-

(Vpresagad- It has been showf27] that in statistical model ergies between 30 and 95 MeV, however, this paper concen-

fr?écili%?g? Iﬁ;tre'\sler?zsesnrse}tglongrr‘;;gg'f;rg?stazegjggllg_toomrates on the higher energies, so the mass excesses of all
y P PO oduct nuclei were taken from the liquid drop model, with-

configuration @) to that at the equilibrium deformation out shell or pairing correctionsZy; was also taken to be

(ay). According to theoretical calculation28], a;/a, is unaffected by any shell corrections at the saddle point. The

i 27) — . ) )
gred'itﬁd to be 1'%5 fO%f. P"?" atJ—:). Howei;(elr_, to re]E)ro compound nucleu$’’Pa is far from a spherical closed shell,
uce the measured prefission neutron multipliciigg for oy ground-state shell corrections are small.

similar systemq29] measured at low excitation energies,

where the effects of the dynamical fission timescale should
be small, values ofa;/a, between 0.98 and 1.02 were
needed. The value 1.02 was chosen for the calculations, with Calculations were performed to check the sensitivity of
a; set toA/8.8 [28]. the calculatedh values to the fusioh distributions. Initially

A Kramers’ scaling factor, which suppressed the fissionthe L distributions obtained from the best fit to the fusion
width by 2.5, allowed the measured fission probabilities to bedata, as described in Sec. Il C, were used. The calculated

should be accompanied by a change in thg.

B. Sensitivity to fusion L distributions
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values are shown in Fig. 4 by the full line. Then anisotropies TABLE I. The fusion cross sections, ER cross sections, and
were calculated foik distributions resulting from a fusion fission anisotropies at the center-of-mass eneigigs. For the ER
calculation without any coupling included. This resulted indata, 0.32 MeV should be subtracted frép,, to account for the
calculatedA values indicated by the dot-dashed line in Fig. target being thicker than that used for the fission measurefseat

4. At energies near and below the fusion barrier, the result$xd:

of the two calculations are very different. At higher energies,
there is only a small decrease in the anisotropy when thEem.

(MeV) o (mb) S0 (mb) ogg (Mb) Sogg (Mb) A SA

couplings are neglected, as would be expected, and thus in 7g g 022 0.02 0.008 0.006
this energy region, uncertainty in the angular momentum dis- ;g g 074 0.03
tribution should make a negligible contribution to the uncer- ;7 g 183 0.04 0.04 0.005
tainty in the calculations. 78.8 422 006
79.7 8.17 0.09 0.195 0.026 1.44 0.08
C. Presaddle neutron emission 80.6 154 0.1 157 0.06
The observed strong increase Afwith beam energy is 81.5 273 0.2 0.57 0.04 1.53 0.05
due to the increase in the fusion cross section, whose product 82.4 436 0.2 1.60 0.04
with E,, is directly proportional to the mean value bf. 83.4 68.2 0.3 1.31 0.10 1.62 0.05
Since thelL distributions are believed to be well-known be- 84.3 957 05 1.67 0.04
cause of the good fit to the precise fusion data, it should be 85.2 126 0.6 1.96 0.12 1.76 0.02
appropriate to present the data in terms of the valudégof 86.1 163 0.8 1.83 0.02
=(TJer)/h? deduced from the fits to the measured angular ~ 87.0 197 1 2.99 0.18 1.91 0.02
distributions as described in Sec. Ill A. Although presenta- 87.9 234 1 1.96 0.02
tion of data and calculations in terms of the anisotropies gg.9 271 1 4.32 0.23 2.03 0.02
could be preferable, since the dedudedalues are indepen- 89.8 313 2 2.08 0.02
dent of the fusion model used, small changes in the saddle g¢g 7 344 2 4.81 0.3 2.15 0.02
point conditions tend to be masked by the larger changes in g1 g 382 2 222 0.02
(3% with E.,. SinceK3 is determined by saddle-point 925 418 2 558 0.3 2928 0.01
properties alone, presentation in terms of the deducéd 93.4 454 2 2.33 0.02
shows changes in these properties wih,, more clearly. 95.3 515 3 5.69 0.3 243 0.02
Data for other reactions have commonly been presented in  gg g 643 3 2.62 0.02
this way. However, it will be demonstrated later that com- g9 g 679 3 274 0.03
parison of calculations and data in terms Iéﬁ can be 102.6 749 4 2.79 0.02
slightly misleading, particularly where a wide rangeJofs 106.3 856 4 2.95 0.04
present. _ _ _109.9 953 5 3.04 0.05
Initial comparisons of data and calculations are made in 1773 1115 6 3.30 0.05
terms ofK3, the deduced experimental values being shown 1209 1200 6 345 0.05
in Fig. 5(b) as a function ok, . They show a smooth and 537 1259 6 3.47 0.05
consistent increase with increasing beam energy. The values 130.4 1364 7 3.66 0.09
and energy dependence 6§ may be expected to be deter- 133.9 1403 7 3.68 0.06
mined r_nalnly by the variation of the saddle-point tempera- 1299 1493 7 3.72 0.06
tures with beam energy, since the values’Rf, as calcu- 144.7 1567 8 3.76 0.07

lated with the RFRM, do not change appreciably with
angular momentum until close to the angular momentunfActual measurement made &g , = 94.0 MeV.
where the fission barrier height falls to zero. The saddle-

point temperature depends on the level density parameter &Elred to d i :
) o ynamical fission time scaleg,esaqqdmay be iden-
the saddle-poina¢, and on the excitation energy above the ;e 4 \ith the measuredy.

saddle point. The mean excitation energy could be deter- The number of neutrons emitted before scission has been

mined if th_e number of neutrons emitted before crossing theeasured over a range of energies for fission following the
saddle point {pesagaiy Was known. However, experimen- fusion of 1%0 with 2%Pb [2,30], forming the compound

tally it appears to be impossible to characterize neutrons a3 cleus 24Th. a neighboring compound nucleus 1¥Pa
being emitted presaddle or postsaddle. Since calculated multiplicities are similar for the two reac-

Theoretically, if neutron emission lifetimes are much tions, (see below comparisons of calculations fofF-+2%8Ph

longer than the time to pass from the saddle point to th?/vith the .. data for 160+2%Ph is both reasonable. and
scission configuratioiwhich may be~10"2°s), the mea- useful. ’

sured prescission neutron multiplicity,, can be identified
With vpresaqdie If the lifetimes are similar or shorter, then part
of vy Will result from postsaddle emission, and in this case,
VpresadaieWill be less thanvy.. Thus at low excitation ener- Initially, statistical model calculations were performed for
gies (E,), where the statistical model lifetime is long com- two extreme scenarios, namely, Whetgesadaie Vpres OF

D. Calculations for two extremes of T
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where v esaqais 0, corresponding to the lowest and highest
possible mean saddle-point temperatures, respectively. In
these and the following calculations, the angular momentum
distributions calculated from the best fit to the fusion data °
were used.
Two statistical model parameter sets were chosen, which
either gave the maximum neutron multiplicities consistent
with the measurea, values for the'®0+2°%Pb reaction, or
which resulted in essentially no presaddle neutrons. The
former calculation required;/a,=0.91, whilst for the lat- " ,
ter,a;/a,=1.2 was used. The level density parameters were A
adjusted so tha#; still retained the valued/8.8 for these 200 - ’
calculations, thus the variation in the calculatedvas only
due to the change in excitation energy at the saddlepoint. The
fact that the measures, . values can be reproduced with the
statistical model for this reaction should not be taken to 100
mean that the value @&;/a,=0.91 is correct, nor that there ¢
is no need to invoke dynamical effects. For lighter, less fis- t" s===:14=20x 10721 5
sile compound nucle{for example,?'¥r, 29%Pb [29]) the |
minimum value ofa;/a, required to fit the low excitation
energy vy data is 0.98:0.02 without the inclusion of any 0 slo ' 1(;0 ' 12'0 ' 1;0
dynamical effect$29], while a;/a,,=1.02+0.02 reproduces E. . (V)
experimental data well when the dynamical time scale re- e
quired to fit the higher energy data is includex9,31. FIG. 6. Same as Fig. 5, except that the calculations are all for
The calculated neutron multiplicities corresponding to*°F+2%pb, the full line being the “standard” statistical model cal-
Vpresaddie Ypre @€ Shown in Fig. &) for the 160+2%pp reac-  culations, and the dashed and dot-dashed lines showing the effect of
tion by the thick dashed line, together with the experimentatransient delay times of 2010~ ?'s and 40 10~ %*s, respectively.
data, and for thé’F+2%%Pb reaction, using the same statisti- The thick dashed and dot-dashed lines in the lower panel show that
cal model parameters, by the thin dashed line. The thickhe K3 data above 90 MeV can be reproduced satisfactorily using
dot-dashed line indicates theyesaaqe 0 calculation. The the two f‘empirical” angular_ momentum dependent effective mo-
calculatedk? values for theF+208Pp reaction correspond- Ment of inertia curvegsee Fig. a)].
ing to these two extreme scenarios are indicated in Fiy. 5 . _ . .
by the thick dashed linesfresaaue=rixd and the thick dot-  *2MPEHSONS of Cg":“'ﬁ“ons’_ and O:ata. at_f_h'ghler cnergies,
dashed line yresacqe0). The experimentak2 data on av- since the proposed explanations only significantly affect the
: _ : results at the lowest beam energies.
erage lie closest to thg,esaqaie Vpre line, but the form of the
energy dependence is different from the calculation. The ac-
tual temperature distribution at the saddle-point would be
expected to lie at some point between these limits, however, The values ofvpesagaefrom the “standard” calculation
as will be seen in Fig. 6, this point is likely to be energy lie far below the measured, at the higher energies. This
dependent. discrepancy is well known, and has been attributed to both
To show the sensitivity of the calculations @&, the ef-  neutron emission during the transient delay time between
fect of a =10% change from the assigned value af thermal equilibrium and the attainment of the quasistationary
=A/8.8 (while retaining the values oé;/a, assignedlis fission width(flux) over the saddle-point, and neutron emis-
indicated by the fine dashed and dot-dashed lines. As exsion during the transition from the saddle-point to scission.
pected, this simply results in a change in the calculatéd The transient delay may be thought of as the time to reach
values by+5%, which is a small effect compared to the full shape equilibration in the potential pocket. This effect
difference between the two neutron emission scenarios. Thean be modelled in the simplest wgg] by introducing into
results of the calculation performed with the “standard” sta-the statistical model calculations a fixed delay time)(
tistical model parameters, as described in Sec. IV A, is giverduring which evaporation is allowed, but fission is forbidden.
by the full lines in Figs. &) and 8b). This describes rather Calculations were performed forry values of 20
better the experimental energy dependenc&®fip to 110 X 10 ?'s and 40< 10" ?!s. The resulting neutron multiplici-
MeV, except for the very lowest energies, where the data lidies ancK% values are shown in Fig(& and b) by the fine
below all the calculations. This disagreement at low energiedashed and dot-dashed lines, and are compared with the
could possibly be associated with the fusion angular momernistandard” statistical model calculations, shown by the full
tum distributions at the sub-barrier energies, the ER survivdines. As expected, at lovE, where the statistical model
probability, and/or the calculations of the temperature distridifetime is long, the effect of the transient delay is negligible,
butions at lowE, . These questions will be discussed in aand askE, increases, the effect becomes larger. The resulting
separate paper. This local disagreement should not affedecrease ifm at the saddle-point leads to a better agreement
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between the calculated and measukgs] as shown previ- 3.0 '
ously [32]. Delay times longer than 4010 2's give tem-
peratures too low(and thusK?, too low), best agreement |
apparently occurring forrg=20x10 ?'s, at least up to 2.0
E.m=120MeV. Beyond this point, the calculatmg values

rise rapidly, and even the assumption that all neutrons are
emitted presaddle fails to reproduce the data at the highest
energiegsee Fig. B)], while substantially under-predicting
the K3 data betweelk , =90 MeV and 120 MeV. The fact 0.5 L ]
that v, is under-predicted by the transient delay times as- - .
signed is consistent with substantial neutron emission after .0 —t—t—t——t+—+
passing the saddle point, which may be inferred from other
experimental evidencigt].

Ieff/ Io
=
o
T

" Eupirical 4
1.0F Dependence o

Ef (MeV)
[1=9

F. Modification of RFRM T«

The reason for the rapid rise in the calculakggvalues at
the higher beam energies can be found by inspecting the
RFRM calculated dependence gf; on angular momentum

195 4+ 208py
J, shown in Fig. 7a) for 2*’Pa by the thick full line. The 100 - 1
rapid rise at high angular momentum is due to the “shrink- 140

ing back” of the saddle-point deformation to meet the equi- 130
librium deformation at the angular momentum where the fis- 80 7
sion barrier height falls to zergsee Fig. T)]. This is 120 ]
calculated to occur at= 73 for %*’Pa. 110

The values oK3 deduced from the measurement are not o0 i
consistent with this rise i, within the framework of the
statistical model, even when modified to include the effect of 40 0
a transient delay. The simplest way to obtain agreement with e
the data(following Back[33]) is to change the dependence I Ec.m.= 85 MeV ]
of Jo on J. To obtain an energy dependence to match the 20 | .
data, an “empirical” 7.4 Was generated, beginning to devi- £,
ate from the RFRM calculations at a certalnvalue, and
with a simple linear dependence dn The energy depen- 0
dence of the data could be reproduced assuming the “em-
pirical” J.s shown by the dashed line in Fig(&j, for a J
delay time of 20¢10" ', and by the dot-dashed line for £\ 7. (a) The ratio of the effective moment of inertig7gs) to
40x 10 ?'s. These resulted in the calculatéd values as that of the equivalent sharp-surfaced sphefg)( as a function of
indicated in Fig. €b) by the thick dotted and dot-dashed angular momentumi, for 22%Pa (thick lines and 22%Pa (thin
lines, respectively. A slight change in the level density pa-dashed ling The “empirical” dependence required to reproduce
rameter(and thus saddle-point temperatyrésr one of the  the trends of th&3 data[see Fig. 6b)] are indicated by the dashed
calculations would bring both into very close agreement, anénd dot-dashed linegh) RFRM calculated fission barrier height as
the overall agreement with the trends of the data is excellent function ofJ for 2’Pa. (c) RFRM calculated energy of the rotat-
The deviation from the RFRM calculation occursJat 50 ing equilibrium deformation .y and of the rotating saddle-point
and J=60 for 74=20x% 1072's and 4x10 %'s, respec- (Esp) asafunction ofl. The calculated fusioh distributions from
tively. the best fit to the fusion datésee Fig. 3 are shown for various

It must be pointed out that thlég data between 90 and ©€am energies, at their excitation energies above the LDM ground
120 MeV can be reproduced by various combinations offt&te:
scaling the RFRM7, and varyinga; and r4. As long as
these data are reproduced, the calculations using the RFRihen compared with Fig.(B), shows clearly how the frac-
Jeit Will still deviate from the data at around 120 MeV. Thus tion of events with low fission barrier heights becomes sig-
the angular momentum at which the “empirical/.# devi-  nificant as the beam energy increases. Comparison with Fig.
ates from the RFRM calculations will not be significantly 7(a) shows at what energies the “empirical/,; comes into
different. play. The partial wave distributions show structure at the
The calculated partial wave distributions for various beamhighest angular momentum which reflects the structure in the
energies are shown in Fig.(cJ, together with the RFRM calculated fusion barrier distributidisee Fig. 8)].
calculated equilibrium and saddle-point rotational energies, A comparison of data and calculations in terms of the
plotted with respect to the LDM ground state. This figure,measured anisotropies is made in Fig. 8, where again it can

E (MeV)

-D. 227pg b
| Elzeq | I

1
0 20 40 60 80
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4.5 B m s | —T V. DISCUSSION
| 19 4 208p, | The experimental data have been reproduced through two
4.0 ﬂ_i‘ modifications to the standard statistical model. The first is
[ l W E the introduction of a transient delay time, which is well es-
& 3.5 Y tablished through both theoretical predictidi®$], and the
2 | AT -
= N /( - evidence of a Iarge_ body of,. data, fo_r gxample, Refs.
= 30l y N [2—4, 29, 36—4] which exceed the predictions of statistical
2 model calculations, thus requiring a dynamical timescale for
= i 1 fission which is long compared to the lifetime for particle
w25 7 evaporation.
= - . It is necessary to discuss briefly the correlation between
2.0 F o This fork - the level density parameters and the delay times needed to fit
| i the data, before returning to the main argument of the paper.
Lsl s Back et al. | The delay time required to fit the present anisotropy data
) depends sensitively on the level density parameters chosen,
i A since the neutron emission width and thus the number of

iob—~t——t——t— neutrons emitted during the transient delay dependa,gn
80 100 120 140 160 . 2
while the temperature at the saddle-pdiand thuskg) de-
Ec.m. (V) pends ona;. With a,=A/8.63 and a;=A/8.8 (a;/a,
FIG. 8. Comparison of measured fission anisotropies with modi-— 1-02) a delay time beztween 20 and>400 *'s was re-
fied statistical model calculations, as a function of beam energyduired to reproduce thKj data between 90 and 120 MeV.
Lines with the same style as those in Figb)6correspond to the Changinga;/a, to 1.05, as calculated fai=0 using the
same calculation. The data at all but the lowest energies are vef@rmula of Ref.[28], does not significantly changg,esagdie
well reproduced by including both a transient fission delay and aat the higher energies, since the statistical model values of
modified Je¢ as shown in Fig. (@&). Vpresaddiedl€ already small foa/a,=1.02, and the effect of
increasinga; /a, will be partly compensated by an increase

. . in the number of neutrons emitted during the transient delay.
be seen that the model calculations with RFR; values If a,=A/8.0 were choserfretaininga,/a,=1.02), only a

(thin lines do not have the correct energy dependence, while : : !
with the modified 7. (thick lines, the agreement is, as ex- very short delay time would be required to fit thg data up

. . . to 120 MeV. With this delay timey would, however,
pected, excellent. In comparing these calculations with the small, and most of the %bservgasﬁgatrons would have to

anisotropy and the deducdﬁf) values, it is apparent that the o amitted postsaddle. Conversely, a valueaptA/9.7

calculation giving best agreement Wilﬁﬁ does not give the \yould require a longer delay time to reproduce ﬁﬁadata,
best agreement with at the highest energies. This discrep- and give a small postsaddle multiplicity. It is not possible to
ancy can be traced to the assumption in the extractidﬂgof tightly constrain the values &f;, a,, and 74 with the data
from the measured\ values, that a single value mg ap- presented, although a reasonably good reproduction of the
plies, independent of angular momentum. In reality, and irdata can be obtained with the “standard” parameters, and
the calculations of AK3 is correlated withl, so the ultimate  the value ofrq required is consistent with that deduced from
comparison of data and calculations should be carried ou@ther data. Further studies of complete data sets, including
with the anisotropies, or even more correctly, with the fissiorfiSSion probabilities, prefission neutron data, and also, ide-
angular distributions themselves. aI_Iy, par_tlcle emission energy spectra in commd_ence both
It is appropriate here to discuss the commonly made adwith fission and evapqratlon re3|dues,_ should qumathy_ al-
sumption that7, is independent oK. Calculations for the low the complex multichance, dynamically affected fission

reaction measured in this work were made in R8#] with process following heavy-ion fusion reactions to be fully un-

the flexible rotor model, which includes the response of thederSt.O.Od' Fission anlsotroples_shpulq play a vital role, be_lng
sensitive to the temperature distribution at the saddle-point.
nuclear shape toK#0. It was shown that atE.,,

. L ) Returning to the main argument of the paper, it was con-
=124 MeV, the anisotropy is increased by just 0.1. If the g g pap

] ‘ ) ) i cluded that no reasonable changes in the model parameters
size of the effect is proportional 105, an increase by 0.05 at \yare able to reproduce théé data at the highest energies,

90 MeV might be expected. For this r.eaction,_at_the energie§ here the RERM predicts a rapid increasefig at highJ,
studied, it appears that the assumption tigf is indepen-  caysing the calculated anisotropies to fall, while the mea-
dent ofK is quite reasonable. It is likely that other uncertain- syred values continue to rise.
ties in the calculations are at least as large, however, in prin- Modification of the RFRM. 7. values at highl allowed
ciple this effect should not be neglected when comparingagreement between the data and calculations to be achieved.
calculations and data. In the current analysis of the new data for thE+2%Pb

The implications of the modifications to the standard stareaction, it was found that the data prohibited a decrease in
tistical model required to reproduce the measured energy de%s, as proposed in Ref33], but rather required thafq«
pendence of these data are discussed in the next section. should not increase as rapidly as the RFRM predicts. The
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angular momentum at which the “empirical74 deviates compact equilibrium shape. The distribution for these tra-
from the calculated values appears to lie betw@er50 and jectories could be narrower, because some of the trajectories
J=60. This corresponds t6=0 fission barrier heights be- May never reach a shape as compact as the saddle-point
tween approximately 1.5 and 0.5 MeV. shape calculated with the RFRM. Thus the maxigigl on

Our interpretation of this observation is neither that thereSUch trajectories would be smaller than that of the RFRM

must be a unique nuclear shape which controls the fissionadd!e point. Also, it is questionable whether a thermal dis-
anisotropy, corresponding to the “empirical/, value, nor tribution of K at the turning point of such trajectories at high

that the entire reaction process changes its character drama‘]i-WOLIId be gene‘fated_. — .
Although the “empirical” J values required to repro-
cally once the RFRM value of7. apparently become ) i
inappropriate—we do not suagest that the reaction becom duce the high energy anisotropy data correspond to shapes
pprop o 99 .. more elongated than the RFRM calculated saddle points for
suddenly a quasifission process. The fact that the dewatloHi

- . gh J, they are less elongated than the 0 saddle-point
from the statistical model picture starts to occur at angulatshape_ This implies that there is no dramatic change in the

momenta _where the fission barrier height is less than the,,ction mechanism, and supports the above evolutionary
saddle-point temperatureT(-1.6 MeV) suggests strongly picture, based on an increasing fraction of trajectories failing
that the reason for the failure of the statistical model picturgq reach the equilibrium configuration with increasihgt is
is that it is no I_onger valid if the fission barrier c_ould be interesting to ask whether the “empirical7 4 values can be
passed at the first attempt. Then, all the properties of theg|ated to the average most compact shdee, the average
fission process should be determined completely by the dyturning point in the trajectoriedor a givenJ. This question
namics of the motion over the potential energy surface.  may be possible to answer by more comprehensive measure-
Under these circumstances, why should the fissiadis-  ments, or more likely, through a theoretical approach. Real-
tribution be narroweti.e., have a smalle2) than predicted istic dynamical modelling of heavy-ion induced fission, in-
by the statistical model? cluding the mass asymmetry aril degrees of freedom,
The distribution ofK values at the saddle-point can be would surely clarify the dynamics of the fission process un-
thought of as arising in the following manner. If the systemder these circumstances.
is trapped in the potential pocket corresponding to the com- An alternative explanation, also of an evolutionary nature,
pact equilibrium deformation, the generation of shapes withs that the reactions at the higher energies result in nonequi-
K#0 can be attributed to the Brownian motion of the shapdibrium fission. This process was postulatef] to explain
coordinates, resulting in a wide distribution of angles be-similar data. It was suggested that there is a “memory” of
tween the longest axis and the direction of the angular mothe initial K value in the entrance channel, due to the short
mentum vector, due to the very largg; associated with the time spent in the equilibrium potential pocket. Dynamical
compact equilibrium shapfsee Eq.(3)]. In the statistical calculations should be carried out to test whether such a pro-
model, the saddle point acts as a filter of this widlelistri-  cess is possible, or whether the qualitative discussion given
bution, selecting those configurations wkhcloser to zero. above of the small energy costs for generating widelis-
This filtering results from the greater reduction in level den-tributions at equilibrium means tha¢ will in general be
sity at the saddle point whef deviates from zero, due to the equilibrated before the fission barrier is passed.
saddle-point shape being necessarily more elongated than thelt can be argued that the fission barrier height will be
equilibrium shape, and thus having a smallgy;. reduced by the effect of temperature, and the deduced limit-
In a fully dynamical model, the trajectories over the mul-ing angular momentum actually corresponds to disappear-
tidimensional potential energy surface in principle determineance of the barrier in the hot system. Temperature dependent
all the properties of the fission process. Assuming that albarrier heights must be discussed with some €48 how-
trajectories passed through the equilibrium pocket, it wouldever, it is clear that if the level density at the saddle-point is
be envisaged that a distribution Kf wider than that at the greater than that at equilibrium, effectively the fission barrier
saddle point would result, for the following reason. The en-is no longer present. If this is the case, not only should it be
ergy required to generat€=20, for J=60 at the equilib- impossible to describe the anisotropy data with the statistical
rium deformation, is estimated to be only 0.3 MeV, com-model, but clearly no aspect of the fission process should be
pared with 1.2 MeV at the saddle point. The time required tamodelled within the equilibrium statistical picture.
generate a distribution d€ through shape fluctuations cost-
ing only 0.3 MeV of deformation energy would seem un-
likely to be more than the time required to overcome a fis-
sion barrier of height-1 MeV. Fusion cross sections, fission probabilities, and fission
If in contrast it were assumed that not all trajectories necfragment anisotropies have been measured to high accuracy
essarily pass through the equilibrium deformatiork ais-  for the 1%F+2%Pb reaction, over a wide range of bombarding
tribution narrower than that at the saddle point could resultenergies. Fitting of the fusion cross sections and the fusion
It would be expected that at low; where the fission barrier barrier distribution allowed reliable prediction of the fusion
height is~5 MeV, all, or almost all the trajectories would angular momentum distributions. Statistical model calcula-
indeed pass through the equilibrium deformation. At highettions of the fission anisotropies were unable to reproduce the
J, where the fission barrier height is less then the temperasbserved dependence on beam energy, even when the effect
ture, a significant fraction of trajectories may never reach thef a transient fission delay time was accounted for. This was

VI. CONCLUSIONS
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caused by the RFRM predicting a rapid transition to compacterms of a range of trajectories over the potential energy
saddle-point shapes for high angular momenta, resulting isurface, an increasing fraction failing to reach the equilib-
calculated anisotropies falling with beam energy above a cemrium configuration with increasing. It is speculated that
tain value, rather than rising monotonically as observed. through a comprehensive dynamical model, it may be pos-
The deviation from the statistical model calculations wassible to relate the experimental results to the actual trajecto-
found to occur at an angular momentJdri between 508 and  ries over the potential energy surface.
607, where the fission barrier height is less than the nuclear
temperature. The data could be fitted by defining an “em-
pirical” J dependence of the effective moment of inertia
above this limit. Taken at face value, the “empirically at The contributions of all the staff in the Department of
high J correspond to shapes controlling tKedistribution  Nuclear Physics, and particularly the accelerator manager,
which are only slightly more compact than thg; for low J, Dr. David Weisser, in successfully recommissioning the ex-
in contrast with the RFRM calculations. This is interpreted inDaresburyLINAC at the ANU, are gratefully acknowledged.
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