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Actinide Neutron-Induced Fission up to 200 MeV
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Neutron-induced fission cross sections of U, Np and Pu target nuclides are analyzed in fission/evaporation approx-
imation up to 200 MeV excitation energy. Damping of collective modes contribution to the level density at excitation
energies higher than ~20 MeV for saddle and equilibrium deformations is shown to be essential. Effective estimates
of intrinsic level densities are obtained. Actinide first-chance fission cross sections of 2**U(n,f) and >33U(p,f) reactions
are found to be much different. Differences of measured proton- and neutron-induced fission cross sections of 238U are
attributed to the influence of the isovector term of the nucleon-nucleus optical potential.
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I. Intreduction

High energy neutron-induced fission. cross section mea-
sured data for 232Th, 238,235, 233y, 237N, 239py, 240py
242py, 244py!-) provide a possibility to check the adequacy of
statistical theory of nuclear reactions for up to E,, ~200 MeV.
However, the situation is complicated by the data discrepan-
cies even below E,, ~20 MeV, which questions the data relia-
bility at higher E',. Main controversial point is dependence of
fission cross section at E,, ~100-200 MeV on the target fis~
sility. It is evident for the 232Th, but it is much less certain for
the higher fissility targets. Another controversial point is the
reason of difference of p— and n—induced fission cross sec-
tions at E,(,) ~40-200 MeV,*> the latter being appreciably
lower. Since it was claimed® that total inelastic cross section
for protons is lower than that for neutrons, it was difficult then
to interpret the ratio of o'(n, f)/o(p, f) < 1above E,,,) ~40
MeV. The difference of measured data is much pronounced in
case of 28U (p,f) and 238U(n,f) reactions.

Calculated fission cross section is a complex function of
compound nucleus formation cross section, fission barrier pa-
rameters, intrinsic and collective modes contributions to the
level density at equilibrium and saddle-point deformations for
nuclei emerging in the decay chain. With the collective en-
hancement effects included into level density calculations ac-
tinide neutron-induced fission cross section data could be re-
produced up to ~20 MeV.®7 At higher excitation energies
we would probe the damping of the collective enhancement
both at saddle and equilibrium deformations and check the

' Onf CTOSS section sensitivity to the intrinsic level densities and
fission barriers.

II. The Model

The statistical model of fission cross section assumes fis-
sion/evaporation competition during the decay of excited
compound nucleus, which is formed after emission of first
pre-equilibrium neutron. We use a modified version of
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Hauser-Feshbach statistical model code STAPRE.® Fission
decay widths were calculated within double-humped fission
barrier model. Level density, main ingredient of fission and
neutron decay calculation, is described elsewhere.6 79

1. Nucleon Optical Potential

A coupled channel model is adopted here for the calcula-
tion of neutron reaction cross section. To obtain a reasonable
estimate of reaction cross section, we assumed that it should
be kept at least above the highest fission cross section. We
obtained optical potential parameters with 0+-2+-4+-6+-g+
coupling scheme within rigid rotator model fitting total data '9)
up to £, ~200 MeV.-The neutron optical potential parameters
are as follows (E,, V, W - in MeV), 7, a - in (fm):

& = 45.93 — 0.28E,, + 0.000573E2,
rrR=1.26,ar =0.63,rp = 1.26,ap = 0.52
3.14 + 0.436F,,, £, < 8MeV,

Wn= 6.628 MeV,,8 < E,, < 20 MeV
8.368 — 0.091E,, + 0.0002E2, E,, > 20MeV,
0,E, < 30MeV,
we= 0.07(E,, — 30) MeV, E,, < 125 MeV

6.65 4 0.03325(E,, — 125), MeV, E,>125MeV
rc = 1.246 fm,ac = 0.2 fm
Vso =6.2 MeV,rso = 1.12,a50 = 0.47,
By = 0.195, 8, = 0.078

Above E, ~10 MeV shapes of total and reaction cross
sections are different from those, calculated with potential by
Young.'" Adopting rather weak volume absorption term W2
we obtained consistent description of fission and (n,zn) re-
action data above E,, ~10 MeV.!?

It is generally supposed that to predict proton-nucleus re-
action cross section using neutron-nucleus optical potential
one needs to determine the isovector term of the latter!d as
well as Coulomb correction for protons. Actually, both real
VE and imaginary surface W} terms have isovector terms,
which depend on the symmetry parameter v = (N — Z)/A.
Values of V7™ and Wi® are calculated for neutrons and
protons with opposite signs of these isovector terms, that is



VE = Vg — 20y, WE = W3 — 283, where o and {3 are pa-
rameters, which might be energy-dependent.!> ) Dispersive
optical model potential was used to estimate the energy de-
pendence of volume integrals of the isoscalar real(imaginary)
and isovector real(imaginary) potential terms.!¥ We will as-
sume roughly linear decrease of ¢ and 8 values from 16 and
‘8 at E;, =40 MeV up to 10 and 6 at E,, =200 MeV, respec-

tively. Due to the decrease of W™ with E,,,, possible
dependence of the isovector terms on the E, ;) seems to be
crucial.'¥

2. Collective Enhancement

The total nuclear level density is represented as the fac-
torized contribution of quasiparticle and collective states,
quasiparticle level densities p,, (U, J, 7) were calculated with
a phenomenological model by Ignatyuk et al.,'® which takes
into account shell, pairing and collective effects, i.e.

p(U, J,m) = Krot (U, ) Kuin(U) pg,, (U, J,m), (1)

where Kot (U, J) and K,;(U) are factors of rotational and
vibrational enhancement. At saddles and ground state defor-
mations K,,:(U,J) is defined by the deformation order of
symmetry, adopted from Shell Correction Model calculations
by Howard & Moller."” For deformed axially symmetric nu-
clei (actinide nuclei at equilibrium deformations, at outer sad-
die deformations and neutron-deficient nuclei (N < 144) at
inner saddle deformations) we assume

Ki5(U) = o3 = Fut, )

where o2 is the spin cutoff parameter, F is the nuclear
momentum of inertia (perpendicular to the symmetry axis),
which equals the rigid-body value at high excitation energies,
t is thermodynamic temperature. For triaxially asymmetric
nuclides (inner saddle deformations) one gets

K22(U) = 2v/2n0% 0. 3)

Here, 0® = FJt is the spin distribution parameter, F = 6/7>
< m? > (1 — 2/3¢), where < m? > is the average value of
the squared projection of the angular momentum of the single-
particle states, ¢ is quadrupole deformation parameter.

Adiabatic approximation, when Eq. (1) holds, is valid up to
critical energy U,. At higher energies damping of rotational
modes was anticipated by Hansen and Jensen.!® The damping
of rotational modes with excitation energy might be different
for axially symmetric and triaxial nuclei, then:

Ki(U) = (o1 -DFU)+1,
KS(U) = KU)(2v3r0 - )F(U)+1). @)
F(U) = (1 + exP(U - Ur)/dr)—l- (&)

We would check Hansen and Jensen'® assumption that U, and
d, are dependent on deformation as ~ &2, since for actinides
there would be no damping of collective modes for fission sad-
dle deformations up to U ~200 MeV.
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The shell effects in level density are modelled with the shell
correction dependence of a—parameter as recommended by
Ignatyuk et al.'® We assume that G-values for equilibrium @,
and fission saddle d y deformations are equal. That means, that
af/an ratio of fissioning and residual nuclei is solely depen-
dent upon respective shell correction values of W9 .

L. Analysis

1. Neutron-induced Fission

Calculated fission cross section of 238U(n,f) is compared
with data on Fig 1. Assuming there is no damping at sad-
die deformations, 228U(n,nf) reaction makes major contribu-
tion to o, ¢, which is largely overestimated for E,, >30 MeV.
When damping is assumed, major contribution comes from
first ~10 fissioning nuclei, but measured data again are over-
estimated. We assume rather strong damping both at equilib-
rium and saddle deformation, i.e. U, = 20 MeV and d, =
5 MeV. Dumping of collective modes leads only to reduction
of contribution of predecessors (lower chance fission) and to
the increase of that of successors (higher chance fission). An-
other major parameter of which fission cross section depends
above excitations of ~20 MeV is the a ¢ level density param-
eter at saddle deformations. Decreasing it by ~10% we could
describe the 238U(n,f) data trend. In that case we could re-
duce the contribution of predecessors as well as successors,
so the net effect is decreased calculated 0,¢. In case of nu-
clide of still lower fissility, 232Th, the peculiarities observed
for 238U(n,f) reaction are even more pronounced (see Fig. 2).
The description of 235U(n,f) cross section is shown on Fig.
3. In that case dumping of collective modes allows to de-
scribe o ¢ of 235U(n,f), which is ~100 mb higher than that of
238U(n,f) for E,, >100MeV. Decreasing a; parameter at sad-
dle deformations by ~10% decreases o ¢ to the level observed
for the 238U(n,f) reaction.

Fission cross section data® trends for higher fissility target
240py(n,f) (see Fig. 4) and for the other lower fissility targets
242Py(n,f) and 2**Pu(n,f) (see Fig. 5) could be reproduced up
to E,, ~200 MeV. The dependence of observed fission cross
section on the fissility of the target nuclide is reproduced in
the same manner as for the 235U and 238U targets. Total fis-
sion cross section is almost insensitive to damping of collec-
tive rotational modes at F,, 270 MeV. Relative contributions
of (n,xnf) reactions are rather dependent on damping strength
both at saddle and equilibrium deformations, as well as sur-
vival probability against fission. 2%

2. Proton-induced Fission

Neutron- and proton-induced fission cross sections of ac-
tinide target nucleus 238U are compared up to Ep(;) ~200
MeV on Fig. 6. Data on 23¥U(p,f) reaction are much more
ambiguous than those for the 28U(n,f) reaction.®’ It might be
assumed that 238U (p, f) reaction is not much different from
38Np(n,f) at E,,(;) >40 MeV. However, above emissive fis-
sion threshold relative contributions of non-emissive fission to
total fission cross section are important. Description of charge
exchange reaction 238U(p,n) and 238U(p,3n)?36*Np cross sec-
tions might be considered as a validation of the consistency
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of the statistical estimate of first chance fission cross sec-
tion.”)) We can compare the contributions of first chance fis-
sion to the fission cross section of compound nuclide 23*Np
for 228U(p,f) and 23¥Np(n,f) reactions. Fission of 23°Np nu-
clei might be complemented with the analysis of 23"Np(n,f)
reaction cross section data,” fission probability of 23°Np
is defined elsewhere.?? Analysis of relative contributions
of first chance fission to the total fission cross section for
238Np(n,f), 238U(n,f) and 238U(p,f) reactions shows that in
case of p—induced fission contribution of non-emissive fis-
sion to total fission cross section is much higher than in case
of n—induced fission. Specifically, above (n,2nf) reaction
threshold difference amounts to ~50%. Calculated 238U(p,f)
cross section describes reliable measured data up to E, ~40
MeV, at higher E,, there is a large scatter of the data points.?
The older measured data predict the lower (p,f) cross section
level, roughly the same as that of (n,f) cross section. To de-
scribe the lower level (p.f) cross section one needs lower ab-
sorption cross section. For that one needs very low isovector
terms of the real volume V} and surface imaginary WF po-
tential. Adopted estimates of o and 3 parameters give an esti-
mate of 28U(p,f) cross section which is systematically higher
than that of 233U(n,f) reaction above projectile energy of ~30
MeV.

IV. Conclusions

In summary, statistical theory approach seems to be ade-
quate for the description of neutron-induced fission cross sec-
tions of U, Np and Pu target nuclides up to E,, ~200 MeV.
Calculated fission cross section approaches asymptotically ab-
sorption cross section. We have observed that with increasing
fissility of target nucleus the smearing of step-like structure
occurs at lower incident neutron energies FE,,.Actually, this
energy is the lower, the higher is the fissility of target nucleus.
We argue the validity of fission/evaporation mechanism for
nucleon-induced fission of actinide target nuclides up to ~200
MeV excitation energy. Collective modes damping indepen-
dent on the deformation produces reasonable partitioning of
observed fission cross section into emissive fission chances.
Further decrease of fission intrinsic level densities decreases
the contributions of lower chances and increases the contri-
bution of higher chances, but to a lesser extent. The net ef-
fect is the decrease of observed fission cross section. Reliable
data for the other U and Pu targets would allow to check the
influence of fission barriers of neutron-deficient nuclides in
the vicinity of neutron shell N=126 on o ,.The influence of
changing shape of nuclei in the vicinity N=126 shell from a
deformed to spherical also might be important. We anticipate
that semi-empirical finding - lowering of a s at U2 20 MeV
might be perceived as a lumped effect of these factors. The
dependence of observed fission cross section on the projectile
at B, ;) >40 MeV is interpreted as being due to optical re-
action cross section difference. We observe the dependence
of the first chance fission contribution to the measured fission
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cross section on the projectile. It is much higher for (p,f) than
for (n,f) reaction. We argue that this effect is essentially due to
the dependence of the secondary neutron spectra on the pro-
jectile, rather than influence of the fissilities of fissioning nu-
clei.
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