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Resolution of the anomalous fission fragment anisotropies for the 160 + 2osp'b reaction
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Fission and evaporation residue cross sections and fission fragment angular distributions have
been measured for the reaction 0 + Pb in small energy steps spanning the barrier region. Fis-
sion fragment anisotropies have been calculated using the transition state model, making use of spin
distributions more accurately determined from the new cross-section data, and a more realistic cal-
culation of the nuclear temperatures at the saddle-point. Comparison of these calculations with the
new experimental anisotropies show no evidence for anomalously large 6ssion fragment anisotropies
at beam energies below the average fusion barrier. Thus, the standard models of fusion and 6ssion
are able to describe the new data.

PACS number(s): 25.70.Jj

I. INTB.ODUCTIGN

The angular distribution of fission fragments can be
characterized by its anisotropy A, defined as the ratio of
the yield at 180 (or 0') to that at 90'. In the transition
state model [1], the fission fragment anisotropy can be
approximately written as

A = W(180')/W(90') = 1+ (J')h'

4T .tr'
where Q,tr is the efFective moment of inertia of the saddle-
point (transition state) configuration, T is the tempera-
ture at the saddle-point, and J is the total angular mo-
mentum of the Gssioning system. In heavy-ion-induced
fission, if it is assumed that complete fusion occurs, then
for a spin-zero target and projectile, J can be identified
with the orbital angular momentum l of the projectile,
corrected for the effect of particle emission.

If two of the variables in Eq. (1) are known, the third
quantity may be extracted from the measured anisotropy.
For fissile systems, this procedure has been used to obtain
information on the mean-square angular momentum (l )
to test theoretical models of fusion. However, the results
from this method have not been in agreement with the
predictions of fusion models, particularly at energies be-
low the average barrier, where the measured anisotropies
(or deduced (l2) values) have been considerably larger
than expected [2]. This is in contrast to the situation for
other techniques determining (l), where there has been
general agreement between theory and the data, for all
but the most mass-symmetric systems [3—5].

A number of reasons for the failure of the fission frag-
ment angular distribution technique has been put for-
ward, including the effect of 6ssion following transfer re-
actions [6,7] and contributions from quasifission [8—10].
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For Gssile systems with projectile masses A & 24, it is
accepted [8] that quasifission becomes a significant re-
action mechanism. Quasifission is thought [11] to cor-
respond to formation of a dinuclear system which never
becomes as compact as the unconditional saddle-point
configuration. Experimentally, a large anisotropy, a wide
mass distribution, and a correlation of mean fragment
mass with angle are observed [ll]. The anisotropy is the
most easily measured, and it could be argued that this is
the most sensitive observable for detecting quasifission,
provided that the anisotropy for fusion-fission can be re-
liably calculated.

Whether this can be done is brought into question by
the measured anisotropies for the 0 + 2 Pb reaction.
For this fusion reaction, standard barrier passing models
are expected to be applicable. Furthermore, on the ba-
sis of the anisotropy at energies above the average fusion
barrier, there was no evidence for quasifission [12]. Nev-
ertheless, at energies below the average barrier, measured
anisotropies exceeded those calculated by a significant
amount [9]. Since the temperature of the system at the
saddle-point is an important quantity in the calculation,
a measurement was made of the pre-scission neutron mul-
tiplicity [13] and, with the assumption of exclusive pre-
saddle emission, the mean excitation energy removed by
evaporation before the system crossed the saddle-point
was determined. Although the lower saddle-point tem-
perature resulted in a larger calculated anisotropy, an
anomaly remained at energies below the average barrier
(see Fig. 7 of Ref. [13]). Thus, it could be concluded
that either the fusion models were wrong, or the the-
ory of fission fragment angular distributions was in error
or inapplicable. A third possibility, though thought un-
likely, was that there may be a significant quasifission
yield only at energies below the average fusion barrier.
Recently [14], this has been shown to be the case for the

0 + U reaction, where the anisotropies were found
to be correlated with the orientation of the deformed tar-
get nuclei.

It has been proposed by several authors [15] that a
model of fusion which successfully reproduces the energy
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dependence of the fusion cross section should also cor-
rectly predict the angular momentum distribution. Re-
cent developments in the precise measurements of fusion
excitation functions [16—18], and their interpretation in
terms of the mean angular momentum [19], have led to
the conclusion that details of the angular momentum dis-
tributions can be extracted from a precision measurement
of the fusion excitation function. In the case of the 0 +
2osPb reaction, the evaporation residue (ER) component
of the fusion excitation function has proved difBcult to
determine accurately. Two previous measurements of the
ER cross sections for this system were in conBict by up to
a factor of four [20,21]. Recently, Brinkmann et al. [22]
have remeasured the ER excitation function, obtaining
cross sections that are larger still, with their maximum
value around four times the maximum of Ref. [21]. It
will be shown that discrepancies in the ER cross sections
of the above magnitude are very significant when cal-
culating theoretical fission &agment anisotropies. In or-
der to more accurately define the excitation function for
the 60 + Pb reaction, both the evaporation residue
and fission cross sections have been remeasured in detail,
the latter measurement also yielding the fission &agment
anisotropies.

In the next section, a description is given of how each
component of the fusion cross section was measured. In
Sec. III, the excitation function for each component is
presented. In Sec. IV, the experimental anisotropy is
compared with transition state model calculations. The
experimental anisotropies &om this work are found to
be in agreement with these improved theoretical calcula-
tions.

II. EXPERIMENTAL PROCEDURE
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signal and time-of-flight (TOF) information with respect
to the pulsed beam (1 ns width and 106.3 ns separation).
This enabled identification of the fission fragments. Fig-
ure 1 shows AE plotted as a function of TOF for slices
of width Loi b

——5', at the angles given, for a beam
energy close to that of the average fusion barrier. The
fission fragments are well separated &om the elastically
scattered events at aB angles, confirming that this identi-
fication technique allowed accurate determination of the
fission fragment angular distributions.

Two Si surface-barrier detectors, positioned at +17
relative to the beam axis, were used to monitor the
Rutherford scattering yield. Each event at position (x, y)
on the active area of the detector was transformed to
give the scattering angle Oj b and the azimuthal angle
Pi b with respect to the beam axis. For a constant cut
of EP~~b = 57', events were put into bins of Aoi~b = 5'.
The differential cross sections dos, /dQ per bin were ob-
tained by calibrating each 5 bin using Rutherford scat-
tering of Si projectiles. These cross sections were then
transformed to the center-of-mass reference &arne assum-
ing symmetric fission, with total kinetic energies from the
Viola systematics [23]. Figure 2 shows an example of the
difFerential fission cross sections as a function of 0, for
the beam energies indicated. The error bars on dern, /dO
in Fig. 2 result from statistical uncertainties only.

The calibration of the x and y position spectra was
carried out assuming a linear relationship between the

The experiments were performed with a pulsed beam of
O &om the 14UD tandem accelerator at the Australian

National University. The beam energy of the projectiles
was defined to better than 0.05 MeV [18]. Fission excita-
tion functions were measured using PbS targets of 350
and 23 pg cm, deposited on = 10 pg cm C backings.
The evaporation residues were measured in a separate
experiment with the 350 @gem target.

200—

0 I

600—

e 400—

200—

sties

I I I I

81~ = 132.5o

A. Fission fragment angular distributions
0 . I

600 — ( I

I I I

I I

81~ = 162.5o

Fission fragments were detected in a large-area multi-
wire proportional counter (MWPC), position sensitive in
two dimensions. The M&PC consists of a plane of verti-
cal (x-plane) and horizontal (y-plane) wires each located
3 mm either side of a central foil. The distance between
each wire is 1 mm, and the signals from these wires passed
through a delay line with a 1 ns delay between each wire.
The detector was placed 180 mm from the target, giv-
ing an angular coverage of 95 & ei b & 170 in the
backward hemisphere. The active area subtended a solid
angle of 0.68vr sr, which permitted very eKcient data col-
lection, with high statistical precision in a short period
of time. The central foil provided an energy loss (b,E)
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FIG. l. A plot of the energy loss signal from the central
foil of the detector as a function of the time of Hight for
Ei~b = 79.5 MeV for three different angles slices in the (a)
forward, (b) middle, and (c) backward angle regions, each of
5' width.
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FIG. 2. The experimental fission fragment angular distri-
butions as a function of the center-of-mass scattering angle
for one measurement of the excitation function. The dashed
lines are fits to the data using the transition state model. The
error bars on the data points indicate statistical uncertainties.

time difFerence Rom the delay line and the position of
each event. The elastic scattering calibration measure-
ment showed that for 5 bins, this relationship was true
to within +5Fo, and allowed corrections for nonlineari-
ties to be made. Any difFerence between the corrections
determined during the calibration run and those appli-
cable during the fission measurements will cause small
distortions in the measured fission fragment angular dis-
tribution by redistributing the events. However, this has
a negligible efFect on the total fission cross section.

To obtain the total fission cross section and the fission
&agment anisotropy it was necessary to extrapolate to
0, beyond the detector's angular coverage. This was
accomplished by fitting the angular distribution using the
transition state model procedure of Back et al. [12], as-
suming that the angular distribution in the extrapolated
regions can be so described. The dashed lines in Fig. 2
show the quality of this fit, which gave confidence that
the angular range covered in this experiment allowed the
anisotropy to be well defined.
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two monitor detectors were used to normalize the mea-
sured yield to obtain the ER cross sections. The relative
solid angle of the annular counter was determined in situ
using Rutherford scattering. For the o.-decay measure-
ment, the beam was pulsed (3.12 ps on, 21.3 ps off),
and the energy and arrival time of the o. particles were
collected for 19.5 ps during the beam ofF period. Each
evaporation channel is characterized by a decay chain
whose n energies and half-lives are well known [24]. The
o. lines in this chain have fixed, beam energy indepen-
dent relative intensities, which were calculated from the
known branching ratios, the half-lives, and the experi-
mental counting period. At each bombarding energy, the
contributions of the possible evaporation channels to the
measured o; spectrum were obtained using a peak fitting
routine that gave the cross sections for the individual
evaporation channels and, hence, the total ER cross sec-
tion. The o. spectrum obtained for a bombarding energy
of E~ b

——84.0 MeV is shown in Fig. 3. The o. spec-
trum was fitted for energies above 7.8 MeV because of
the presence of long-lived (tqy2 ) 0.5 s) contaminant ac-
tivity around 7.4 MeV. This threshold energy had little
effect since almost all of the o.-activity &om the ERs is
above 7.8 MeV. The ER excitation functions for the evap-
oration channels are shown in Fig. 4(a). For clarity, the
sums of the o.xn and pen channels are given. The sums of
all the evaporation channels using this fitting procedure
are shown in Fig. 4(b).

Because of the complex nature of the o; spectra and the
multiple lines associated with each evaporation channel,
the fitting procedure generated unrealistic Huctuations in
some of the weaker channels, as shown in I"ig. 4. This
caused a small scatter in the ER cross sections. It was
possible to reduce the dependence of the ER cross sec-
tions on the fitting procedure, by making use of the mean
decay a multiplicities M (E). They were evaluated at
each energy using

B. The evaporation residue measurement
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The evaporation residue excitation function was deter-
mined by detecting the o. activity from the decay of the
evaporation residues and their daughters. The recoiling
evaporation residues were stopped in an Al catcher foil
of —800 @gem 2, positioned immediately behind the
target. Their subsequent o, decays were detected using
an annular Si surface barrier detector which viewed the
target and catcher foil directly. The detector was placed
at a mean angle of 164 to the beam direction. Again,
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FIG. 3. The measured n spectrum obtained at an energy
E'i~b ——84.0 MeV. The solid line is the peak fit to the data, fit-
ted for o. energies above the threshold energy of 7.8 MeV. The
lower panel shows the breakdown of this fit into its constitute
channels. The 3n channel dominates at this energy.
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FIG. 4. (a) The ER cross sections for each evaporation
channel obtained by fitting the n-particle energy spectra. The
oxn and p2:n channels have been summed for clarity (open
circles). (b) The ER excitation functions from the two aaaly-
ses. The sum of each evaporation channel as determined from
the peak fitting analysis (triangles), and the smoothed excita-
tion function obtained usiag the o.-decay multiplicities (open
circles). The latter was adopted in this work. (c) The ratio
of the adopted to the peak fitted excitation functions. This
shows that the fitting procedure accounts for all the evapora-
tion channels down to the —2% level (dashed line).
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The fission cross sections for the 0 + Pb reaction
were obtained by integrating the fitted angular distri-
butions. The results are shown in Fig. 5(a), together
with previous measurements for this system [25,12,20,9].
Good agreement is observed within the experimental un-
certainty, except for the data of Murakami et al. [9],
where an energy shift of —0.7 MeV was required to obtain
agreement with the other data sets.

The ER cross sections from the o.-decay measurement
are shown in Fig. 5(b) along with the recent data of
Brinkmann et al. [22]. Although not all the data points
are in agreement, the relatively good agreement between
these two data sets confirms that the previously measured
cross sections [20,21] were too low. The reasons why
these two measurements [20,21] disagree are not clear.
The reasonable consistency in oER from Brinkmann et
al. [22] and the results of this work give confidence that
these cross sections are now known to a satisfactory ac-
curacy.

The total fusion cross section was obtained by sum-
ming the fission and evaporation residue cross sections of
Fig. 5 at each energy. At energies where the ER cross
section was not available, an interpolated ER value was

M (E) = ) f;(E)M', (2)
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where f, (E) is the fraction of the ER cross section and
M are the decay a-multiplicities in channel i. Since
the excitation functions of each channel vary slowly and
smoothly, typically over an energy range of = 10 MeV,
M (E) cannot change rapidly. Indeed, the extracted val-
ues of M (E) vary by only 30% over an energy range of
15 MeV. Smoothing of the M (E) over +2 MeV in or-
der to minimize scatter is then reasonable. A second ER
excitation function was then generated using the total
o. yield above 7.8 MeV, instead of the fitted yield used
previously, divided by the smoothed M (E). This sec-
ond excitation function is shown by the open circles in
Fig. 4(b). The consistency between the two approaches
is illustrated in Fig. 4(c), where the ratio of the two exci-
tation functions is plotted. The smoothed cross sections
were typically 2'Fo larger than those obtained from the
fitting procedure, perhaps reflecting the efFects of weak
evaporation channels rejected in the fitting process or of
imperfect matching of the peak shapes. The smoothed
excitation function was the one adopted in this work.
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FIG. 5. (a) The fission cross sections from this work (open
circles) as a functioa of Ei~b. Also showa are the data of Vul-
garis et al [20] (solid square. s), Videba:k et al. [25] (solid trian-
gles), Back et al. [12] (inverted solid triangle), and Murakami
et al. [9] (solid circles). The data of Murakami et al. has
been ofFset by —0.7 MeV. (b) The experimental evaporation
residue cross sections from this work (open circles) and the
earlier data of Vulgaris et aL [20] (solid squares), Hartel [21]
(solid triangles), and Brinkmann et al. [22] (solid circles).
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used. This procedure gave a negligible additional un-
certainty in the fusion cross sections, since the ER cross
sections are well-de6ned, and represent a small fraction
of the fusion cross section, which decreases with increas-
ing energy. The fusion excitation function is shown in
Fig. 6.

The distribution of fusion barriers [26] was obtained
&om the fusion excitation function by evaluating the

FIG. 6. The experimental fusion excitation function (open
circles) obtained from summing the ER and fission excitation
functions. The solid line represents the analytical eigenbarrier
fit to the cross sections.

point di8'erence formula of Ref. [16] using an energy step
of 1.86 MeV [see Fig. 7(a)]. Conservatively, it was as-
sumed that the uncertainties in the fusion cross sections
were +1% or, at the lowest beam energies, as given by
the counting statistics, whichever was larger.

The experimental 6ssion &agment anisotropies are
shown by the open circles in Fig. 7(b), as a function
of E, . The error bars on the anisotropies are &om
the statistical uncertainties in the angular distribution of
the fission fragments. Comparison with Fig. 7(a) shows
that the measured anisotropies decrease smoothly and
monotonically as the beam energy falls through the bar-
rier region. There is no evidence for any feature in the
anisotropies. This is in contrast to the situation for the
sO + U reaction [14]. The measurements of the an-

gular distributions were carried out in three separate ex-
periments, each with its own calibration measurement.
The data points appear to have a small additional scat-
ter, which was attributed to slight changes in the cali-
bration of the 5' bins. As shown in Fig. 7(b), the effect
is not much larger than would be expected simply on
the basis of the statistical error bars shown, and an ad-
ditional +3% uncertainty would encompass this scatter.
The solid data points are from the previous work of Back
et al. [12], Vulgaris et al. [20), and Murakami et aL [9).
The overall agreement is reasonable. However, the pre-
viously measured anisotropies at the energies E, = 71
and 72 MeV, below the average barrier, are larger than
the present measurements.
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The standard model for interpretation of Bssion &ag-
ment angular distributions, the transition state model
(TSM), requires knowledge of the total angular momen-
tum J of the fissioning nucleus, the temperature T of the
fissioning nuclear system at its transition state, taken to
be the saddle-point, and the effective moment of inertia
at the saddle-point j,'~. It is important to determine
these quantities to the best possible accuracy in order
to test the agreement between the experiment and the
calculations &om the transition state model. In this sec-
tion, a description is given of how each of these quantities
was determined. Then, comparisons between the exper-
imental data and the theory are made in terms of the
reduced anisotropy (A —1), which is approximately pro-
portional to (J2)/(Tg, fr). It should be emphasized that
all calculations of the anisotropy were carried out using
the rigorous expressions detailed in Back et al. [12], not
the approximate expression given in Eq. (1).

FIG. 7. (a) The experimental distribution of fusion barri-
ers for the 0 + Pb reaction (open circles). The solid
line is the empirical model fit to the fusion data. (b) The
experimental fission fragment anisotropies (open circles) as a
function of E~.~.. The solid points are the results of previous
measurements. The data of Murakami et al. [9] have been
ofFset by —0.7 MeV, as in Fig. 5(a).

A. EfFective moment of inertia at the saddle-point

To determine the spin-dependent moments of inertia
perpendicular and parallel to the symmetry axis, a simple
parametrization [27] of the rotating finite-range model
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(RFRM) was used. This provides a fast way of approx-
imating a full RFRM calculation, and is adequate for
the heavy system studied here. The value of the effec-
tive moment of inertia for l = 0 at the saddle-point was
Q,~ = 4600 ufm . This value is = 3% larger than the
RFRM value. Since the reduced anisotropy is approx-
imately proportional to 1/J,'z, use of the RFRM value
would scale the reduced anisotropy in an approximately
linear way, resulting in an equivalent increase in (A —1).
The true value of the effective moment of inertia is one of
the remaining uncertainties in these TSM calculations.

B. Temperature at the saddle-point

Neutron emission in competition with fission before
passage over the saddle reduces the temperature of the
fissioning system at its saddle-point. However, neutron
emission during the saddle-to-scission transition does not
alter the saddle-point temperature, and so has no bearing
on the TSM calculation of the anisotropies. It was shown
in Ref. [13] that for energies up to E, 92 MeV, most
of the measured pre-scission neutrons should be emitted
before the saddle-point is reached, and that the lower the
energy, the more reliable the assumption. It was demon-
strated that the calculated anisotropies were in better
agreement with the data at low energies when the loss of
excitation energy due to neutron emission was accounted
for, but deviated from experimental values at higher en-
ergies (E, + 92 MeV). A recent calculation [28] has
shown that for these higher energies, an appreciable num-
ber -of neutrons may be emitted during the saddle-to-
scission transition time, thus putting the theory back in
better agreement with the data in the high-energy region.
However, an anomaly still persists at the lower energies.

An approximation of the previous analysis of Rossner
et al. [13] was that the temperature at the saddle-point
was calculated for the mean value of the excitation en-
ergy of the fissioning systems. This approach results in a
smaller anisotropy compared to a more realistic calcula-
tion which evaluates the anisotropy for a distribution of
excitation energies. The approximation becomes worse as
the spread in the range of excitation energies increases.
In this work, the compound nucleus decay was mod-
eled with the Monte Carlo evaporation code JGANNE [29],
which gave a distribution of excitation energies, allowing
the temperature at the saddle-point to be determined on
an event-by-event basis. With this approach, all correla-
tions of the excitation energy, Q,g(l), and l are retained.

The Monte Carlo evaporation code modeled the de-
cay of the compound nuclei in order to determine the
distribution of events into the competing fission and ER
modes. The pre-scission neutron multiplicity data of Ref.
[13] and the evaporation residue cross sections from this
work were fitted with the code JOANNE. This was done by
varying the level density parameter at the saddle-point
ay and the Sierk fission barrier scaling factor kf. The
level density parameter at the equilibrium deformation,
a~, was taken to be a~ = A/8. 8 MeV i. The tempera-
ture at the saddle-point for a nucleus with an excitation
energy E* was obtained from

i = [E*—"yBy(J) —E-t(J) —E-(J)]/~y (3)

where By (J) is the Sierk fission barrier [30],E, i (J) is the
rotational energy of the equilibrium configuration from
the RFRM, and E (1) is the reduction in excitation en-
ergy due to the evaporation of neutrons. The excitation
energies were calculated using liquid-drop masses for the
compound nuclei. Fits to the pre-scission neutron mul-
tiplicities and the ER excitation functions were obtained
for average values of ay/a = 0.90 and A:y = 0.88. Be-
cause of the significant contribution of fission from very
low excitation energies, which is not well modeled in this
code since shell effects are not included, the parame-
ters cited above can only be considered as fit parame-
ters which result in the correct energy loss before fis-
sion and the correct survival probability. The effect on
the distribution of excitation energies due to variation
of these statistical model parameters was also examined.
For example, the pre-scission neutron multiplicities and
the ER cross sections were fitted with ay/a = 1.00 and
kf = 0.70, after hindering the fission process with the
introduction of a constant Kramers scaling factor [31].
Because of the uncertainty in the excitation energy due
to shell effects, other calculations were performed with
difFerent reaction Q values. The anisotropies from these
calculations never varied by more than 3%%uo, provided that
the pre-scission neutron multiplicities and the ER cross
sections were fitted. This indicates a reasonable insensi-
tivity of the anisotropy to different starting assumptions,
as long as the relevant experimental quantities are repro-
duced.

C. Spin distributions of the fissioning nuclei

The compound nucleus spin distributions were deter-
mined from the fusion excitation function, assuming that
a model which fits the fusion cross sections gives the spin
distributions [15,19]. A fit to the experimental fusion
cross sections was performed using an "analytical eigen-
barrier" approach. Here, the fusion cross section is given
by

o(E) = ) iopo(E, Bp), .

where o (E, Bp) is the cross section for each eigenbarrier
with height Bp, and vop is the weight for each eigenbar-
rier in eigenchannel P. A fit to the high-energy data,
using the Wong form of the fusion cross section, as de-
scribed in Ref. [19],determined the radius and curvature
of the s wave barrier. The average barrier height was
Ro ——74.6 MeV. Then, a y fit to the experimental cross
sections over the entire energy range determined the op-
timum number of barriers and their weights. The best
fit was found with three barriers, giving rise to the dis-
tribution of barriers shown by the solid line in Fig. 7(a)
and the excitation function shown by the solid line in
Fig. 6. An ambiguity in this approach is in the choice
of the radius of the eigenbarriers. For this calculation of
the spin distributions, all barrier radii were set to the av-
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erage barrier radius. The effect on the spin distributions
of using a radius that depends on each eigenbarrier, fol-
lowing Eq. (7) in Ref. [19], instead of the average radius,
was investigated. The difference between the calculated
anisotropies in these two approaches was not significant.

The spin distributions of the fissioning nuclei are
slightly different to those of the compound nuclei because
of the pre-saddle particle emission. This effect was taken
into account in the JOANNE calculation which corrected
the above spin distributions. It was assumed that all the
compound nuclei are formed in complete fusion reactions.

In the comparison of the mean-square angular momen-
tum obtained from the anisotropies and those values from
various fusion models presented in Ref. [9], there was
an ambiguity in the evaporation residue cross sections.
The measurements of aER by Hartel [21] were up to four
times larger than those of Vulgaris et al. [20]. Similarly,
the analysis of Ref. [13] depended upon knowledge of the
evaporation residue survival probabilities, for two rea-
sons. The ER cross sections have an inQuence on the
spin distributions for fusion and also on the saddle-point
temperature of the fissioning nuclei. As shown in the sub-
section below, the latter has the most significant effect
on the anisotropy.

D. Comparison with the experimental anisotropies

The evaporation code JOANNE was used to calculate
the distribution of saddle-point temperatures and spins
of the fissioning systems, after the evaporation of neu-
trons. Fission events were put into bins of J and T with
width 1h, and 0.1 MeV, respectively. Angular distribu-
tions were then calculated for each value of J and T
using the appropriate expressions in Ref. [12], with the
effective moments of inertia obtained as described in the
previous subsection. The total angular distribution was
obtained by taking the sum of the angular distributions
for all values of J and T, weighted by the number of fis-
sion events in each bin. The anisotropy was evaluated at
the energies shown by the stars in Fig. 8(a), points which
correspond to the experimental pre-scission neutron mul-
tiplicity data. The uncertainties shown for the calculated
points arise &om the uncertainties in the measured pre-
scission neutron multiplicities and also from the statis-
tical nature of the calculations. These calculations are
in good agreement with the experimental anisotropies at
all energies. The TSM calculations do not extend be-
low E, = 71.5 MeV because the pre-scission neutron
multiplicity was not determined below this energy. This
result resolves the previous disagreement of the calcu-
lated and measured anisotropies for energies below the
average fusion barrier. Discrepancies are now at a level
which is less than or of the order of the uncertainty in
the inputs to the transition state model calculation.

The good agreement of the data with this TSM cal-
culation of the fission fragment angular distributions, in
comparison with the previous disagreement, can be at-
tributed to three factors. First, the new experimental
anisotropies of this work are lower than those previously
measured at energies below the average fusion barrier.
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Secondly, the new ER cross sections are much larger. Fi-
nally, there is an effect due to the use of the distribution
of saddle-point temperatures in the TSM calculations.
These last two factors are discussed below.

The larger values of oER of this work have two ef-
fects on the theoretical anisotropies. Because of the re-
sulting larger fusion cross sections, there is a small in-
creases in the values of (J2) which increases the calcu-
lated anisotropies only slightly. But more importantly,
the new larger ER cross sections can only be reproduced
in the JOANNE calculations by increasing ky by a signifi-
cant amount, while ay/a is changed by a small amount
in order to preserve the agreement with the experimen-
tal pre-scission neutron multiplicities. These parameters
change in this way because the pre-scission neutron mul-
tiplicity is very sensitive to ay/a but only weakly de-
pendent on ky [32]. The overall effect is to significantly
reduce the saddle-point temperature, and this has a sig-
nificant effect on the calculated anisotropies.

In Fig. 8(b), we have attempted to demonstrate the
size of these effects, by plotting the ratio of the re-
duced anisotropy for the best calculation to the reduced

FIG. 8. (a) Comparison between the measured (open cir-
cles) and calculated (stars) fission fragment anisotropies for
the 0 + Pb reaction. The experiment and the calcula-
tions are plotted in terms of the reduced anisotropy (A —1).
The solid line is a straight line Bt to the TSM calculations.
(b) The ratio of (A —1) as represented by the solid line in (a)
to (A —1) as calculated using difFerent input parameters. A
ratio of unity means there is no anomaly, curve (1); a larger
ratio means the calculated anisotropies underpredict the ex-
perimental anisotropies. The dashed line, curve (2), is the
ratio obtained when the anisotropies were calculated using
the low values of oFR from Ref. [20]. The effect on curve (2)
of using the mean value of the excitation energy instead of
the distribution of excitation energies is shown by the dotted
line, curve (3).
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anisotropy of the other calculations. In the following,
it is worth emphasizing that there is a complex depen-
dence between each of the parameters in these calcula-
tions. Since these calculations were performed with a
Monte Carlo code, the curves in Fig. 8(b) have a statis-
tical uncertainty of = 2%. The dashed line in Fig. 8(b)
is the same as the best calculation, except that the sta-
tistical model parameters of JOANNE have been adjusted
to Fit the smaller values [20] of oEn. This calculation
also includes the small effects of the different (J ) val-
ues. Above the average barrier, the reduced anisotropies,
from the smaller oER, are too low by 20%. The ratio
is reasonably constant for the energies above the average
barrier, reHecting the fact that the energy dependence of
the evaporation residue excitation functions of Ref. [20]
and this work [see Fig. 5(b)] are similar. On the basis
of Eq. (1), this ratio can be interpreted as the ratio of
the T extracted by fitting the larger ER cross section,
to the T from the smaller values of crER. Indeed, this
was supported by the observation that the ratios of the
mean saddle-point temperatures from these two calcula-
tions had a very similar magnitude and energy depen-
dence to the ratios of the reduced anisotropies, curve (2)
in Fig. 8(b).

Calculating the anisotropy assuming a distribution of
excitation energies accounts for some of the increase in
the calculations of the theoretical anisotropies. The dot-
ted line in Fig. 8(b) is similar to the TSM calculation of
Ref. [13], where the temperature was evaluated assum-
ing a mean value of E* at the saddle-point and the low

values of aER from Ref. [20]. This has a —10% e8'ect on
the reduced anisotropies.

V. CONCLUSION

Fission and evaporation residue cross sections and fis-
sion fragment angular distributions for the reaction 0
+ Pb were measured in detail at energies around
the fusion barrier. The experimental anisotropies have
been compared with theoretical values obtained from im-
proved transition state model calculations. The data and
the calculations are in agreement, even at energies below
the average fusion barrier. Thus, there is no evidence
in this reaction of any near-barrier phenomena affecting
the fission &agment anisotropies. It has been shown that
these comprehensive experimental anisotropies and the
more accurate inputs to the transition state model cal-
culations contribute incrementally to this agreement. In
particular, reproducing the correct evaporation residue
survival probability has a significant effect on the calcu-
lated fission fragment anisotropies. There is no longer an
anomaly in the fission fragment anisotropies for the 0
+ Pb reaction, since they can be described by stan-
dard models of fusion and fission. This has implications
for the interpretation of fission fragment anisotropies in
other reactions, since the deviations of the measured
anisotropies from those predicted by the standard model
can be more reliably used as an indicator of the presence
or absence of quasifission.
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