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The angular distribution of fission products has been measured as a function of mass asymmetry in the
fissioning systems 22Th(ase i mev>S)s 22U(Q9.0 Mevsf), and 2¥U(as9 | mev,f) using the recoil-catcher
technique and off-line gamma spectrometry. The present data have been analyzed along with similar
data reported earlier by us for 22Th(a,g pev,f) and 2>U(ayy mevsf) and the literature data on mass-
averaged products in the same fissioning systems in the alpha energy region 16-40 MeV. The angular
anisotropies of the average symmetric and asymmetric products in these fissioning systems have been
evaluated based on the transition state model assuming two fission modes with characteristic shapes and
barrier heights and considering the multichance fission effect at various alpha energies. Agreements be-
tween the calculated and experimental anisotropies indicate that the angular distributions for the sym-
metric and asymmetric modes are determined at and beyond the corresponding second saddle points in
the deformation energy surface. The effects of the multichance fission are also seen to play a significant
role depending on the properties of the nuclides concerned.

PACS number(s): 25.85.Ge

I. INTRODUCTION

The angular distribution of fission or heavy-ion reac-
tion products are investigated with multiple objectives
[1]. In low- and medium-energy fission a major objective
of such investigations has been the understanding of the
properties of the fissioning nucleus in terms of the transi-
tion state model (TSM) [2]. According to the TSM [2],
the fission fragment angular distribution is determined at
the second saddle point due to the tilting mode of rota-
tion. The tilting mode is characterized by a distribution
of the quantum states defined as the projections (K) of the
total spin on the symmetry (fission) axis. At above-the-
barrier excitation energy fission, the K distribution is sta-
tistical. The variance of the K distribution depends on
the properties of the nucleus at the saddle point [1,2].
Several authors [3-9] have shown the validity of the
TSM and the importance of the fissioning nucleus’ shape
characteristics, excitation energy, and the effect of the
pairing gap in governing the fission product angular dis-
tribution or anisotropy.

In view of the dependence of the fission product angu-
lar distribution on the saddle-point configurations which
in turn depends on the mode of mass division, i.e., sym-
metric or asymmetric [10], the fission product angular
distribution might depend on mass asymmetry. Kudo
et al. [11] showed lower angular anisotropy for the
mass-symmetric fission products compared to the asym-
metric products in the 2*Th(ps ey, ) system. This ob-
servation was attributed [11] to the effects of multichance
fission and two different saddle-point configurations cor-
responding to the symmetric and asymmetric mass
divisions with different barrier heights but the same
shape. Similar observations were also reported earlier by
Cohen et al. [12] in 22 MeV proton-induced fission of
232Th, 235U, 80, and 233U and by Kapoor et al. [13] in
B5U(nymev»f). These observations were interpreted in
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terms of the influence of the multichance fission [12] and
the existence of the different saddle-point shapes pertain-
ing to the various mass asymmetric configurations [13].
Flynn, Glendenin, and Huizenga [14] reported anoma-
lously low anisotropy for a single asymmetric product
8Br in 2®Bi(a, f). Strong correlation of angular anisot-
ropy with the mass asymmetry of fission products was
also reported from this laboratory in 232Th(ayg peysf)
[15] and 23 U(ayg pmevsf) [16].

Presently, we report the experimentally determined an-
gular anisotropies of fission products as a function of
mass asymmetry in 29 MeV alpha-induced fission of By
and 39 MeV alpha-induced fission of 238U and *?Th. The
present data have been analyzed and discussed along with
the data in the literature on the mass-averaged [5—7] and
mass-resolved [15,16] angular anisotropy data in the
alpha-induced fission of 23Th, 238U, and 2**U over a wide
range of alpha-particle energies (~16-40 MeV).

II. EXPERIMENTAL

The experiments were carried out at the 88-Inch Vari-
able Energy Cyclotron, Calcutta using the external alpha
particle beam of energy 301+0.4 and 40+0.4 MeV. Elec-
trodeposited targets of >*Th and 2*®U (thickness ~ 150
ug/cm? on superpure 25-um-thick aluminum backed
foils were used. The irradiations were carried out with a
5-mm-diam collimated alpha beam at an integral beam
current of 12-16 uAh. In each irradiation the target
was kept [111] at a 45° inclination with respect to the al-
pha beam in a cylindrical chamber of length 135 mm and
diam 155 mm. The recoiling fission products were col-
lected on six 25-um-thick strips of aluminum catcher
foils, placed on the inner wall of the chamber. The six
catcher foils correspond to the six different emission an-
gles from 90° to 20° with respect to the beam axis, each
overing an azimuthal angle of 180°.
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FIG. 1. Experimental angular distribution

for symmetric and asymmetric products in
helium ion-induced fission of 232Th.
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A 60 cm® HPGe detector coupled to a 4 K multichan-
nel analyzer and with a resolution of 2.0 keV at 1332.0
keV was used for the off-line gamma spectrometric
analysis of fission products in the various mass regions.
The fission products analyzed using the well-established
gamma lines were °1°2Sr, ¥Zr, Mo, 1288b, 1311, 13?Te,
133,1357 1393, and 4V 43¢ in the asymmetric region and
105Ru, 12pqd, 15Cd, and !?’Sb in the near-symmetric re-
gion. Three irradiations were carried out for each fission-
ing system.

III. RESULTS

Angular anisotropy, W (0°)/W(90°) for each fission
product in each of the fissioning systems was deduced
from the angular distribution function W (6) defined as

W(O)=a +b cos’O , (1a)
W(©)= A4 /m(cos©; —cosO,) , (1b)

where W(O) is the emission probability of a specific
fission product at an angle © per unit solid angle. W(O)
was evaluated from the decay corrected gamma activity
(A) of that product at the laboratory angle © within the
limits ©; and O (the spread is due to finite catcher strip
width). The laboratory angles (©) of measurements were
84.47°, 64.18°, 48.95°, 38.48°, 31.29°, and 25.70°. Figure 1
shows typical W (O) profiles for some of the asymmetric
and symmetric mass fission products in 2*’Th(a, f). For
each specific fission product the angular anisotropy was
deduced from least-squares fitting analysis employing Eq.
(la), in terms of the fit parameters (a@ and b) in each irra-
diation. The center-of-mass (c.m.) corrections were ap-
plied on the laboratory angles and the individual angular
anisotropies in each case.

The error in the anisotropy, W (0°)/W(90°), values due
to the counting statistics and fitting was in the range of
5-7 % while the precision was found to be within 7%.
Figure 2 shows the plots of the individual fission product
angular anisotropy W (0°)/W(90°) averaged from three
sets of measurements, as a function of mass asymmetry
(Ay/Ap) in the fissioning systems 22Th(asg peysf)s

28Uy pmevsf)s  and  2®U(ajg peysf) and  in  the
22Th(a,g peysf) system [15]. The mass asymmetry pa-
rameter (Ay/A;) was deduced after correction for the
prefission and postfission neutron emissions in each case
as prescribed by Umezawa, Baba, and Baba [17].
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FIG. 2. Experimental angular anisotropy as a function of
fission product mass asymmetry.
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IV. DISCUSSION

It is seen from Fig. 2 that in both the fissioning systems
22Th(a,f) and >*®*U(a, f) the angular anisotropy of the
asymmetric products are higher compared to that of the
symmetric products at the alpha (bombardment) energies
29.0 and 39.1 MeV. The anisotropy is also seen to in-
crease with the alpha energies in both the fissioning sys-
tems. The increase in the anisotropy with the energy is
seen to be more in 2’Th(a, f) compared to that in the
28U(a, f ) system. The average anisotropies for the asym-
metric and symmetric products in 2*’Th(e,f) and
28U(a, f) at the alpha energies 29.0 and 39.1 MeV are
given in Table I in both laboratory and c.m. coordinates
along with the corresponding input angular momenta
({J)) and excitation energies (E*).

It is worthwhile to recall here that several important
observations on the mass-averaged fission product angu-
lar anisotropy in alpha-induced fission have been inter-
J

(2J + 1)exp[ — (J +0.5)%sin’0 /4K 317, [i(J +0.5)%in’© /4K § ]

preted in terms of the TSM and the multichance fission
(MCF) effect. These observations are stair-step behavior
in anisotropy as a function of the alpha energy [5,6],
sharp reduction in such stair-step behavior as well as
lower gross anisotropy at higher fissility (Z2/4) [6,18],
and higher anisotropy in the alpha-induced fission com-
pared to the neutron-induced fission at comparable exci-
tation energies due to higher input {J) in the former
case [3—5]. In view of the general understanding of the
various features of the mass-averaged fission product an-
gular anisotropy as mentioned above, an attempt was
made to interpret the present observations in terms of the
TSM assuming the two-mode hypothesis for the sym-
metric and asymmetric fission considering the effect of
MCF. In this analysis we have also included our recent
observations [16] in 23U(a,g pey» S )-

According to the TSM in the statistical domain, W (O)
is given by [11,19]

w(©)=3 o(J)
J

where
K§=I4T/h*, I4' =17'—I",

(3)
T=[(E—Bf—E,)/a]'?,
o(J) is the spin (J) distribution function, J is the zeroth-
order Bessel function with an imaginary argument, K3 is
the variance of the K distribution at above-the-barrier
(By) temperature (T) for the effective moment of inertia
(), and I, and I are the moments of inertia for rota-
tions perpendicular and parallel to the symmetry axis, re-
spectively.
In the case of first chance fission with the spin-zero tar-
get and projectiles Eq. (3) is directly applicable with

o(J)=(2J +1)T|(E) ,

where T,(E) are the transmission coefficients for the Jth

erf[(J +0.5)/V'2K,]

’

partial waves. With the onset of multichance fission, suc-
cessive chance fissioning nuclei are produced with
modified o(J) distriution at lower temperatures, i.e., K 5.
The K3 for these nuclei might be further reduced due to
the superfluidity below a certain critical temperature (7, )
[9,11]. Consequently, the angular anisotropy changes in
the successive chance fissions. The angular anisotropy
for the symmetric and asymmetric modes might be
different due to the different extents of MCF on account
of the different barrier heights [10,11,20]. The mass-
asymmetry dependence of the anisotropy might also arise
due to the different K3 values for the two modes because
of different shapes since saddle-point configurations are
different [10,20].

A. Calculation of multichance fission contributions

The various chance fission contributions in 2*?Th(a, ),
28U(a, f), and 2**U(a, f) at the different energies were

TABLE 1. Anisotropy values for symmetric and asymmetric modes in 22Th(a, f) and ***Ul(a, /).

Fissioning system 2Th+a YU+ o
E, (MeV) 29.0 39.0 29.0 39.0
E* MeV) 23.5 333 234 333
(J) (%) 9.1 13.7 9.8 13.7
Laboratory system:
W (0°) /W (90°) 1.38 1.62 1.37 1.54
Symmetry +0.13 +0.10 +0.10 +0.06
W (0°)/W(90°) 1.68 1.96 1.66 1.78
Asymmetry +0.09 +0.11 +0.12 +0.09
c.m. system:
W (0°)/W(90°) 1.26 1.48 1.25 1.41
Symmetry +0.11 +0.09 +0.09 +0.06
W (0°) /W (90°) 1.55 1.80 1.52 1.63
Asymmetry +0.09 +0.10 +0.11 +0.08
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calculated on the basis of the ratio of fission-to-neutron
emission widths (I's /T, ) according to the standard sta-
tistical model [19,20]. The relevant input parameters for
fission barrier (B), neutron separation energies, and level
density parameters (a,) for the different nuclides are
given in Tables II-1V [21]. The T /T, ratios were cal-
culated for both the constant temperature and excitation
energy-dependent level density approximations and were
seen to yield similar results for the ratio of level density
parameters (a,/a,)~1.0, in agreement with the experi-
mental average I' /T, data [22].

Tables II-IV show the various chance fission contribu-
tions in the three fissioning systems at the present ener-
gies of measurements (29.0 and 39.1 MeV). In *’Th(a, f)
and 2*®U(a, f) the first and the third chance fissions are
predominant with comparable probabilities at both the
energies. Calculations at the lower alpha energies of in-
terest [5] showed the onset of the second chance fission at
~18.5 MeV and the third chance fission at 25 MeV in
these fissioning systems. In 2**Ul(a, f) the first chance
fission was seen to be the most predominant (87-84 %),
in excellent agreement with the experimental observa-
tions [22]. In this case the a,/a, ratio was used as 1.1
due to higher fissility of 2’Pu [6]. Calculations based on
the spin-dependent I', /T, ratios [23] showed similar re-
sults due to the moderate {(J ) values in the present cases.

The calculated chance fission contributions actually
refer to the asymmetric mode only since the fission bar-
rier data used essentially correspond to the predominant
asymmetric fission of the actinides [21]. The calculated
fission barriers for the symmetric mode are usually
1.5-2.0 MeV higher than the corresponding asymmetric
mode barriers [20]. MCF calculations showed the sym-

metric component to be primarily due to the first chance
fission as expected [11].

B. Evaluation of K 3 for the symmetric
and asymmetric modes

Appropriate K (2, values for the symmetric and asym-
metric modes in each chance-fission nuclide are required
to deduce the angular anisotropies for the individual
modes in the fissioning systems **’Th(a,f), 2**U(a, f),
and 3*U(a, f). For this purpose the rigid body moments
of inertia I, and I for the individual modes in each case
were calculated using the “Funny Hills” shape parame-
ters {c,h;a} [24]. In this approach the deformation en-
ergy of the nucleus consists of the liquid-drop energy
with the shell and pairing corrections and the shape is de-
scribed in terms of the following parameters: elongation
(c), neck constriction (h), and mass asymmetry (). The
parameter « is related to the mass asymmetry (Ay,/A;)
as [25]

A _ 1+3ac?/8
A 1-3ac’/8

4)

In the actinide region these shape parameters are near-
ly constant and the fission barriers are essentially due to
the single-particle effects [24,25]. Accordingly, the
elongation c is =1.6 at the saddle point and ~1.75 near
the scission for the actinides remaining unaffected by the
h and a values. For the symmetric shape (@ =0.0) saddle
point, 4 is —0.05 to —0.075 at ¢ =1.60 [24]. The energy
of the outer barrier is lowered due to the shell effects for
the asymmetric shapes (a > 0.0) and the asymmetric sad-
dle point of the lower barrier is obtained for slightly

TABLE II. Multichance fission, K3, and various input parameters in ***Th(a, f ).

Fissioning nuclide BeyY »y *u ™y
a, /MeV 28.51 29.05 26.79 29.05
B; (MeV) 5.54 5.90 5.50 5.80
S, (MeV) 6.54 5.31 6.84 5.79
E. (MeV) 18.8 6.8 205 6.5
Asymm.: Iz (#/MeV) 321.10 318.20 315.20 312.20
Mode: Iy (#/MeV) 69.45 69.18 68.91 68.66
Symm. I,z (#/MeV) 218.80 217.30 215.80 214.80
Mode: Iz (#/MeV) 76.85 76.31 75.77 75.23

At E,=29.0 MeV, J,.,=12.9%

E* MeV) 23.5 15.0 8.3
(J) #) 9.1 8.6 7.9
% Fission 42.8 7.1 50.1
K2 Asym. 69.6 48.6 13.2

Symm. 93.1 64.7 16.2

At E,=39.1 MeV, J.,=19.4%

E* (MeV) 33.3 24.6 17.4 8.4
(J) () 13.7 12.2 10.9 9.9
% Fission 38.1 8.5 44.3 9.1
K3 Asym. 86.3 69.5 57.0 22.5

Symm. 115.3 92.5 75.5 29.6
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TABLE III. Percentage of multichance fission, K3 and various input parameters in **Ul(a, f).

Fissioning nuclide 242py 241py 240py 23%9py
a,/MeV 29.00 28.50 27.41 28.00
B; (MeV) 5.10 5.50 5.07 5.70
S, (MeV) 6.30 5.24 6.52 5.66
E. (MeV) 16.9 5.1 14.1 5.1
Asymm.: I,z (#/Mev) 335.40 332.40 329.40 326.40
Mode: Iz (#/MeV) 72.23 71.95 71.68 71.42
Symm.: I,z (#/MeV) 228.20 226.60 225.10 223.50
Mode: Iz (#/MeV) 80.14 79.59 79.04 78.49
At E,=29.0 MeV, J,,,,=13.8%
E* (MeV) 234 15.3 8.6
(I 9.0 8.5 79
% Fission 47.3 9.2 43.5
K2 Asym. 72.4 52.9 25.9
Symm. 97.2 70.6 33.7
At E,=39.1 MeV, J,.,=19.4%
E* (MeV) 333 24.9 17.8 9.7
(I 13.7 12.5 11.7 11.0
% Fission 41.7 10.4 41.1 6.8
K% Asym. 89.6 74.2 60.4 30.6
Symm. 120.2 99.1 80.3 40.5
lowef elongation. at h=0.0. The a value for the asym- _ 1, ¢ (cPf/3—1) | ’a?
metric mode varies between 0.11 and 0.14 on the basis of Iig= e + 7 + 7
the mass distribution systematics in actinide fission (aver- ) 2 p 3. 3
age heavy mass peak at 4 =~140). It is also established I =C_+L+ c’fle’+c°f/6-0.5) 5)
that for the asymmetric shapes at & <0.75 pronounced w2 2e 7
neutron shell eﬁ'ects.l?ad to a lower'-energy path from —0.5¢5aXc3/5—1/7)
around the second minimum to the exit valley at ¢ =1.70
prior to the scission. for

In view of these considerations the {c,h} parameters
used to define the shapes of all the concerned nuclei were
{1.60, —0.075} for the symmetric mode (@=0.0) and
{1.75,0.027} for the asymmetric mode with a value
varying from 0.11 to 0.14. The rigid body moments of in-
ertia I g,z for the individual modes were then calculat-
ed in each case as [25]

TABLE. IV. Percentage of multichance fission and various
input parameters energy in ***Ula, f).

Fissioning nuclide B7py 36py
a, /MeV 29.05 28.51
B; (MeV) 5.20 4.50
S, (MeV) 5.90 7.36
E. (MeV) 5.20 19.1
Asymm.: I,z (#/MeV) 324.10 321.10
Mode: I (#/MeV) 69.72 69.45
Symm.: I,z (%#*/MeV) 220.40 218.80
Mode: Iz (#/MeV) 77.40 76.85

At 20.0 MeV, J,..=12.5%
E* MeV) 22.8 15.1
(J) @) 8.8 8.2
% Fission 84.0 16.0
K3 Asym. 68.5 53.2
Symm. 92.0 71.2

F=0.8{2h +(c —1)/2}

in terms of I, the spherical moment of inertia.

The K3 values calculated using Egs. (3) and (7) need
corrections for the superfluidity due to the BCS pairing
interaction depending on the temperature (7). In case T
is below the critical temperature (T,) of a nucleus, the
pairing interaction modifies the spectrum of the indepen-
dent particle states [9] reducing the K3 due to the contri-
bution of the states only above a minimum energy, i.e.,
the pairing gap (8). In the superfluid condition (T <T,)
the K3 is [9]

2 LrIRf(T/THAT/T,) T
T TR (T/T)—T g AT/T) #°

(6)

where T, =26 and the critical energy E, = 1.473aT?2.

For all the nuclei, the gap parameters (8) were taken
from the literature [21,26]. The temperature-dependent
integrals A(T/T,) and f(T/T,) were also taken from
the standard tables [9,19]. The K3 values for the sym-
metric and asymmetric modes in each nuclei were evalu-
ated at the different energies using the superconductor
model. The T,, E,, and K} values (for the present alpha
energies) are given for the different chance-fission nuclei
in the Tables IT-1V.
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C. Evaluation of angular anisotropy and results

In each fissioning system at each energy the net anisot-
ropy for the asymmetric mode was evaluated as the
chance-fission-contribution weighted average of the
asymmetric mode anisotropies for the individual chance-
fission nuclei. For the symmetric mode only the first
chance fissioning nucleus was considered. To calculate
the anisotropy in each case the appropriate K3 values
were used in Eq. (2) with a modified spin distribution
o(J) following neutron emission (for higher chance nu-
clei) but assuming the total spin (J) perpendicular to the
beam direction (M =0). The latter assumption is valid,
on the average, as long as neutron emission is very nearly
isotropic and for large initial and total spin (J) [13]. The
modified (broader) distribution was calculated according
to the statistical model using the Haffner-Huizenga-
Vandenbosch code [27] as

Jmax 2
o= 3 P2+ Dexp | —LTO5S
J=0 n
J+s J+S
X 3 > Ti(E,), (7)
S=|J—s|I=[J—S]
for
I+s . J;+S
2Ji +1 !
PU,)~ S — T/E
=2 errnos ) 2 TES @

P(J;) is the initial spin distribution with I and s as the
target and projectile spins, respectively. T;(E,) and
T,(E,) are the optical-model transmission coefficients for
the neutron and alpha particles, respectively, evaluated
based on the potentials as prescribed in Refs. [5,6]. o, is
the spin cutoff factor. The experimental data for the
mass-averaged and mass-resolved fission product angular
anisotropies from the literature [S—7] and from this labo-
ratory in the fissioning systems 2*’Th(a,f), 2**Ula, f),
and 2*U(a, f) in the alpha energy range 16—40 MeV are
compared against the calculated anisotropies in Fig. 3.

It is seen from Fig. 3 that the following can be conclud-
ed. (a) Angular anisotropies at the different energies as
well as fluctuations due to the MCF are well reproduced
by the theoretical calculations in all the cases. (b) The
agreement between the calculated and experimental an-
isotropies for the symmetric and asymmetric modes in all
three systems clearly show that the two modes have in-
trinsically different angular distributions governed by the
corresponding configurations with characteristic shapes
and barrier heights. Such shape dependence is further
apparent from the mass-asymmetry dependence of the
anisotropy in 2**U(a,f) where the MCF effect is not
significant. (c) For the symmetric mode in all the sys-
tems, close agreement between the calculated and experi-
mental anisotropies confirms the absence of the higher
chance fission. (d) The stair-step behavior in the calculat-
ed anisotropy with the input energy is seen to decrease
with increasing fissility as observed. (e) sharper fluctua-

tions due to the MCF effect occurs in the nuclei with
high E. (***U>?*?Pu) due to the superfluidity. In the
light of the above analysis and the observations (a)—(e) it
is apparent that the present attempt is reasonably suc-
cessful in interpretation of the mass-averaged and mass-
resolved angular distributions of the fission products in
the medium-energy fission of the actinides considered.
The present approach shows the importance of both the
symmetric saddle point and the near-scission asymmetric
shapes compared to the recent models [28] to interpret
the fission produce angular distributions in terms of ei-
ther the saddle point or the scission configurations.

The following conclusion can be drawn. (a) Experi-
mental investigations on the individual fission product
angular distributions in the fissioning systems >*Th(e, f),
28U(a, f), and >**U(a,f) at E,=29 and 39 MeV have
clearly shown a mass-asymmetry dependence of the angu-
lar distribution with higher anisotropy for the asym-
metric fission products compared to the symmetric ones.
(b) Theoretical analysis employing the transition-state
model assuming the two-mode hypothesis and consider-
ing the multichance fission effect shows that angular an-
isotropies of the symmetric and asymmetric modes are

0
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— i
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2
5 412
2 4
! 10
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18-
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10
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FIG. 3. Comparison of theoretical and experimental angular
anisotropy in **Th(a, f), ***Ul(a, f), and ***Ul(a, f) Experimen-
tal Data: This laboratory, Ref. [6], Ref. [6], and Ref. [17].
Theoretical plots: ----asymmetric mode; symmetric mode.
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governed by the characteristic configurations at the sym-
metric saddle point and well past the asymmetric saddle
point, respectively. (c) The present approach is able to
interpret the experimentally observed mass-resolved and
mass-averaged angular anisotropies in the medium-
energy (E,=16-40 MeV) fission of the actinides.
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