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The neutron-induced fission cross section of 27U target nuclide is calculated consistently with the 2¥U(n,F),
28U(n, 2n) and *¥U(n, 3n) reaction cross section up to E, ~ 20 MeV. The fission probability of the 233U nuclide,
fissioning in 228U(n, nf) reaction is shown to be compatible with the surrogate 22°U(t, pf) fission probability and
ratio of fission probability P, *¥ud, d’ )Py (3%U(d, d’ f)),dataupto E, ~ 14 MeV. The >*U(n, nf) reaction
contribution to the observed 2**U(n,F) cross section up to E, ~ 9 MeV is defined by the collective levels of the
238U at saddle deformations, lying within the pairing gap. The importance of the lowering of anomalous rotational
y-band K™ = 2% band levels at saddle deformations is demonstrated. The excitation of the two-quasiparticle
states at saddle deformations of the fissioniong 23*U nuclide is evidenced.??’U fission cross section is predicted

up to E, ~ 200 MeV.
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I. INTRODUCTION

Uranium-237 has rather short half-life of 6.75 d, which
almost prohibited the differential measurements of neutron-
induced fission cross section. The only measurement of that
kind is the time-of-flight measurement with the underground
bomb-shot by McNally et al. [1]. It is supplemented with
the integral measurements in critical assemblies or reactor,
however, these measurements turned out to be in serious
conflict with the later differential measurement by McNally
etal. [1] (see Ref. [2] and references therein). The fission cross
section estimate by Cramer and Britt [3], which was based on
fission probability estimate of 2*8U, excited in the reaction
B6U(¢, pf), supported the cross section data by McNally
etal.[1] at E, ~ 0.15 MeV. Recently a number of theoretical
evaluations of 22”U(n, f) cross sections appeared, which dif-
fered from each other and older evaluations very much [2,4—8]
in the energy range of 0.1 ~ 20 MeV. Fortunately, extensive
surrogate 2°U(z, pf) fission probability data have appeared,
from which the Z7U(n, f) cross section was estimated for
the incident neutron energies from E, ~ 0.15 MeV up to
E, ~ 2.5 MeV [9]. The main difficulty of such estimation
is the correct modelling of the spin population differences
in transfer, i.e., (¢, pf), and neutron-induced reactions [10], it
seems the problem was almost solved by consistent analysis of
24U(t, pf)and 2°U(n, f)data. However, more advantageous
is the approach introduced recently by Plettner et al. [11],
which measures the ratio of fission probabilities of 23¥U and
236U nuclides. This ratio was measured for the deuteron-
induced fission events, i.e., the ratio of P;(**%U(d, d’ f))/
PJ%38 (U(d, d’ f)). The ratio data by Plettner et al. [11] allow us

to construct a neutron-induced fission cross section of 27U
target nuclide for the incident energy range of E, ~ 0.1-
14 MeV.

Alternatively, the fission probability of the 2*U nuclide
could be fixed by the 23¥U(n,F) observed neutron-induced
fission cross section description above the >*U(n, nf) emis-
sive fission threshold. In the interaction of neutrons with the
U nuclei at incident neutron energies E,, > 6 MeV, x prefission
(or presaddle) neutrons might be emitted, before the fissioning
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nuclide reaches the outer saddle point. This peculiarity leads
to the multiple-chance fission contributions to the observed
fission cross section 28U(n,F). A number of fissioning nuclides
might contribute to the fission observables, it amounts to
~3 for the 2®U(n, xnf) fission reaction at E, ~ 20 MeV.
Relative contributions of multichance (emissive) 2*U(n, xn f)
and first-chance (nonemissive) 2¥U(n, f) fission reactions
to the observed fission cross section of 23U(n,F) much
depend upon the 2*U nuclide fissility, as well as fissilities
of U nuclei. The second-chance fission 238U(n,nf)
contribution remains systematically lower than that of
the first-chance fission reaction 23¥U(n, f), however, well
above the 23®U(n, nf) reaction threshold, almost one-half of
the observed fission cross section comes from the fission of the
238U nuclide [12,13]. For partitioning of the observed fission
cross section (n,F) into emissive (n, xnf) and nonemissive
(n, f) fission contributions the theoretical estimate of the
28U(n, f) first-chance fission reaction cross section is of
crucial importance. First-chance fission cross section shape
for 2222380 target nuclides for incident neutron energies
above emissive fission threshold and up to ~20 MeV is a
complex function of the fission probability of composite n+U
equilibrated nuclide, neutron reaction cross section o,(E,)
and a fraction of the preequilibrium emission of the first
neutron g(E,). It cannot be viewed as a pure continuation
of the first-chance fission cross section shape from the first
“plateau” region to the higher incident neutron energies.
Fortunately, the uncertainty of the theoretical definition of
the multichance fission structure is sufficiently reduced by
the consistent description of the 2¥U(n,F), 22¥U(n, 2n), and
238U(n, 3n) reaction cross sections up to E, ~ 20 MeV. A
similar approach was previously used for the description of
the fission and (n, 2n) reaction cross sections for the 22Th
target nuclide [14] and fission, (n, 2n) and (n, 3n) reaction
cross sections for the 233U target nuclide [15].

Valuable information, justifying the calculated multichance
fission contributions to the fission observables could be
obtained by the analysis of prompt fission neutron spec-
tra (PFNS). Emission of one or two neutrons in (n,nf)
or (n, 2nf) reactions strongly influences the observed prompt
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fission neutron spectra shape, as it was demonstrated for the
neutron-induced fission of 2*3U(n,F) and 2*2Th(n,F) [12,13]
and then for *»U(n,F) [15] reaction. Exclusive (n,xnf)
prefission neutron spectra were calculated simultaneously
with fission and (n, xn) reaction cross sections. PFNS shapes
for the 22U(n,F) and 2*Th(n,F) observed fission reactions
were described [12,13] for the incident neutron energy ranges
E, ~7-17.7 MeV and E, ~ 14.7-17.7 MeV, respectively.
High energy tails of first neutrons of (n,nf) and (n,2nf)
reactions are shown to be evidenced in PFNS measured data
trends for 28U(n,F) and 2*>Th(n,F) PFNS. Similar analysis
based on the calculated exclusive (n, xnf) prefission neutron
spectra, was accomplished in case of 235U(n,F) reaction in the
emissive fission domain [15]. Actually, the energy dependence
of PFNS of 2*¥U(n,F) reaction for prompt fission neutron
energies e < Ey ~ E, — By resembles the shape of the fission
probability P; of *®U residual nuclide, By being effective
fission barrier value of 238U. The energy dependences of PENS
for other target nuclides, i.e., 25U and 2*Th for ¢ < Ey
resemble the shapes of the fission probabilities Py of »°U
or 2Th nuclides, respectively. The 23! Th target nuclide as
well as 27U are rather short-lived, their neutron-induced
fission cross sections are poorly investigated experimentally,
however, it was shown [14] that the 2°Th(z, pf) surrogate
fission data [9,10] for E, ~ 0.1-1.9 MeV are quite com-
patible with the present model estimate. The strong point
of 23U(n,F) multichance fission partitioning is that fission
probabilities of the residual nuclides U and 2**U are well
investigated experimentally via 2*U(n, f) and *3U(n, f)
reactions, respectively. The detailed analysis of the neutron
cross sections of 234U [16] and 23U [17] target nuclides, as
well as numerical data on neutron cross sections are available
at the web server of the Nuclear Data Section of International
Atomic Energy Agency: http://www-nds.iaca.org/minskact/
[16,17]. The measured fission cross section of 2*U(n,F) is
described with Hauser-Feshbach approach consistently with
the 2%U(n, 2n) and *U(n, 3n) reaction cross sections. Any
variation of the contributions of 2°U(n, nf) or 25U(n, 2n )
reactions to the 23°U observed fission cross section would
either deteriorate 23U(n, 2n) and 2U(n, 3n) reaction cross
section description or description of the measured 2*U(n, f)
[16] and Z3U(n, f) [17] fission cross sections, or both.
A similar conclusion is valid also in the case of 2¥U+n
interaction data [13] and 232 Th+n interaction data [14].

Once again, first-chance fission cross section for incident
neutron energies up to 20 MeV, extracted by consistent
description of the three data sets: 28Un,F), U, 2n),
28U(n, 3n); 2*Th(n,F), >?Th(n, 2n); 2 Un.F), 2°Un, 2n),
25U(n, 3n) could be viewed as model-independent estimates.
That would define positively the reliability of the first-chance
fission cross section estimate of the 2¥’U(n, f) reaction
for incident neutron energies up to (n, nf) emissive fission
threshold. At higher incident energies, when fissioning 237U
and 2%°U nuclides contribute to the observed 2>’ U(n,F) fission
cross section via 2’U(n, nf) and >*’U(n, 2nf), respectively,
the reliability of present estimate of the observed 2*"U(n,F)
cross section is supported by the 2*°U(n, f) and **U(n, f)
cross section description and overall systematics of fission
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cross sections of N-odd target nuclides, i.e., 2*U(n,F),
25U(n,F) and »’U(n,F). The consistency of the extracted
fission probability of the 2*U nuclide, fissioning in the
28U(n, nf) reaction and calculated 2’U(n,F) fission cross
section with the surrogate 22°U(¢, pf) [9] and 2*0U(d, d’ f)
fission probability data [11] will be demonstrated.

II. STATISTICAL MODEL

The 2*’U and 2*®U neutron-induced fission cross section
are calculated within the Hauser-Feshbach theory for E, ~
0.001-20 MeV, the coupled channel optical model and the
double-humped fission barrier model are used. Level densities
of fissioning and residual nuclei as well as fission barrier
parameters are key ingredients, involved in neutron-induced
fission cross section calculations. Fission of 2*¥U nuclide,
either in 23U, nf) or »’U(n, f) reactions, is of main
interest. The fissioning nuclide 23U is even-even, that means
for intrinsic excitations below the pairing gap its fission
probability would be defined by the collective levels of 28U
at saddle deformations. At excitations above a pair breaking
threshold, when excitation of the two-quasiparticle, four-
quasiparticle, etc., states is possible, the fission probability
of the 233U would be defined by the relevant level densities.
Some guidance regarding the collective bands structure at
saddle deformations could be obtained from the description
of the neutron-induced fission cross sections of 2**U and
25U target nuclides in the incident neutron energy range
of E, ~ 0.001-2 MeV. The description of the 2**U(n,F) cross
section above emissive fission threshold will be used to fix the
structure of the collective levels and the level density of the
233U nuclide at saddle deformations. Below is the outline of
the statistical model [18-21] employed.

A. Fission cross section

Above the emissive fission threshold contributions of
emissive fission to the observed fission cross section, coming
from the (n, xnf), x = 1, ... X, multichance fission reactions
of relevant equilibrated uranium nuclei, could be calculated as

X
onr(Ey) = Unf(En) + ZUn,xnf(En)a ()

x=1

multichance fission contributions are calculated using the
fission probability estimates Ple.”(U ) as

Gn,xnf(Ell) = Z,/O

Jr

x+1

WL W)PIEL,(U)AU,  (2)

where WXJ T(U) is the population of the (x + 1)—th nucleus at
excitation energy U after emission of x neutrons. The excitation
energy UXt! depends on the incident neutron energy E, and
the energy, removed from the composite n+>3¥237U system
by the prefission neutrons of the *?3)U(n, xnf) reaction.

The fission probabilities PJ{;’ of the fissioning nuclides 233U,

70, and 2°U define the emissive fission contributions of
28U(n, nf), 28U(n, 2nf) and 28U(n, 3nf), respectively. For
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237U target there is a shift of mass numbers by one mass unit.
The emissive fission contributions depend on the fission barrier
and level density parameters of the fissioning and residual U
nuclei.

The behavior of the first-chance fission cross section
onr(E,) above the emissive fission threshold is obviously
related to the energy dependence of the fission probability
of the composite n+U nuclide Pf] T(E,) for the compound
nucleus state J* [22]:

ﬂ’z
Onf(En) = (1 — Q(En))m
x Y QJ+ DT(E)P(E), ()

lJn

I and [ being target nucleus spin and neutron angular mo-
mentum, respectively. The contribution of the first neutron
preequilibrium emission g(E,) to the neutron emission spec-
trum is fixed by the description of the high-energy tail of the
28U(n, 2n) reaction [23]. First-chance fission cross section
0,7 (E,) is defined by the first-chance fission probability of the
composite n+U equilibrated nuclide.

For incident neutron energies lower than the emissive
fission threshold, the first-chance fission cross section o, (E,)
is defined in a Hauser-Feshbach-Moldauer [24] formalism,
using width fluctuation correction and taking into account

channel spin j' = I + %,(J = [" 4+ j) dependence of
the neutron transmission coefficients as

E) = (1 — (B>
Onp(En) = (1 —g( n))m
x Y QJ + DTI(E)PI(ENST™. @

ljJm

the compound nucleus fission probability Pfj ™ for the com-
pound state J7 is

/")

PJU En — ,
P S TR T IO + 1)

&)

where U = B, + E, is the excitation energy of the compound
nucleus n+U, B, is the neutron binding energy, TUJ (1)) are
the entrance neutron transmission coefficients for the channel
(lj Jm)(). The fission probability Pfj T(E,) of the compound
nucleus with excitation energy U for the given spinJ and parity
7, depends on the TfJ ™, T,)"(U), and T,)(U) transmission
coefficients of the fission, neutron scattering, and radiative
decay channels, Si’f!” denotes the partial widths Porter-
Thomas fluctuation factor. The procedure for calculation of
the transmission coefficient for the radiative decay channel is
described elsewhere [25]. For the calculation of corrections
due to width fluctuations only Porter-Thomas fluctuations are
taken into account. The effective number of the degrees of
freedom for the fission channel is defined at the higher fission

barrier saddle as vf” = Tfer / Tﬁfmx, where Tfjgmx is the

maximum value of the fission transmission coefficient TJ{ T,
At incident neutron energies higher than the cut-off energy
U, of the discrete level spectrum of the target nuclide, the
approach by Tepel et al. [26] is employed, it approximates the
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cross section behavior in case of a large number of open exit
channels.

A coupled channel model is employed to estimate the
entrance neutron transmission coefficients TUJ T(or T;). We
adopted here the optical potential parameters obtained for
n+238U interaction by fitting total cross section data, angular
distributions, and s-wave strength function [27]. The direct
excitation of the ground state rotational band levels of 233U,
0t —2t—4+—6+—8*, is estimated within the rigid rotator
model, five levels of the ground state band are assumed
coupled. For the 37U target nuclide we adopted the optical
potential parameters obtained for the 25U [15], the direct ex-
citation contributions for the ground state rotational band levels
of 27U target, 1/2+—3/2+t—5/2T—-7/2+—9/2+ —11/2%, are
estimated within the rigid rotator model, six levels of the
ground state band are assumed coupled.

B. Fission channel

Fission probabilities Pfjf of the fissioning nuclides

239238y, B8BDY, and B72OU define the first-chance
and emissive fission contributions of 2¥ZVU, f),
2823DU(n, nf), and 283D U(n, 2nf), respectively. They de-
pend on the fission barrier and level density parameters of
fissioning and residual U nuclei. Inner and outer fission barrier
heights and curvatures as well as parameters of the level
densities at both saddles are the model parameters. Fission
barrier height values and saddle symmetries are strongly
interdependent. The order of symmetry of nuclear shape
at saddles, which influences both level density and fission
barrier, was defined by Howard and Mdller [28] within shell
correction method (SCM) calculation. We adopt the saddle
point asymmetries from these [28] SCM calculations. They
predict also Ef4 < Efpas in the mass range A <253, E rpas
being the outer barrier height for the mass-asymmetric fission.
According to the SCM calculations of Howard and Méller [28]
the inner barrier of U nuclei with A <236 was assumed
axially symmetric, as well as nuclear shape at ground state
deformations. This peculiarity helped to interpret also the
nonthreshold fission cross section behavior of 22U(n, f) [29]
assuming a lowered height of axially symmetric inner hump
of 23U, as anticipated by Howard and Maller [28] with
SCM calculations. Inner saddle shapes of U nuclei with
A > 236 are assumed triaxial. Outer barrier for asymmetric
fission of uranium nuclei is assumed to be mass-asymmetric.
In principle, the fission barrier of light U (A = 234, 236)
nuclei might be rather complex, it might be three-humped,
as it was predicted by Howard and Moller [28]. Analysis
of the fission probability of 2*U in 2U(d, pf) reaction
by Ref. [30] enabled the determination of the £4 = 5.05 &+
0.20 MeV, it was estimated to be ~1 MeV lower than the
outer barrier B, which may be splitted and have one more
(third) rather deep well. Fortunately, the influence of the outer
barrier B(Ep = 6.1 MeV) splitting of the >*U nuclide on
the observed neutron-induced 2>U(n, f) [and Z7U(n, 2nf)]
fission cross section would not be much important for the
excitation energies of actual interest. This allows us to simplify
the calculation of the fission probability of 2*U, which
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contributes to the 2¥’U(n,F) cross section via 2’U(n, 2nf)
reaction, i.e., we will approximate the fission barrier of 22U
nuclei with a double-humped barrier, i.e., ignore the splitting
of the outer barrier B. For A > 236, like in the case of
238U nuclide, fissioning in Z27U(n, f) or 28U, nf) reaction,
E¢p > Efpas is assumed (more detailed discussion about
theoretical and experimental fission barriers of U is given
below).

Neutron-induced fission in a double humped fission barrier
model [31] could be considered in a complete damping
approximation, i.e., it could be viewed as a two-step process,
i.e., a successive crossing over the inner hump A and over
the outer hump B. Hence, the transmission coefficient of the
fission channel Tfj T(U) can be represented as

T{RU)TIEU)
(T/RWH +TIFW))

Tf’”(U) = (6)

The transmission coefficient Tji”(U ) is defined by the level
density py;(g, J, ) of the fissioning nucleus at the inner and
outer barrier humps (i = A, B, respectively):

J
7w = ) T W)
K=—J
U
/ prie, J, w)de
o (L+expRa(Es +¢&—U)/hoy))

N

where the first term denotes the contributions 77X™ (U) of the
low-lying collective states (J K™) and the second term—that
from the continuum levels at the saddle deformations, ¢ =
U — Ey; is the intrinsic excitation energy of the fissioning
nucleus, E y; and hw; are the height and curvature of the i4th
fission barrier hump, respectively. The first term contribution
due to the discrete transition states depends upon the fission
saddle symmetry, they would be modelled for the 2**U nuclide,
a starting collective level bands are those used for transition
states modelling of 23617, 234U, or 22 Th [14]. The level density
pri(e, J, ) of the fissioning nucleus is also determined by the
order of symmetry of nuclear saddle deformation.

1. Fission transmission coefficient

The contribution of the second-chance fission 28U(n, n )
to the observed fission cross section of 23U(n,F) (see
Fig. 1) for the incident neutron energies E, = 6 ~ 9 MeV,
is defined mainly by the 233U collective states lying within
the pairing gap. Each collective state in the even fissioning
nuclide 2*8U is assumed to have a rotational band built on it
with a rotational constant Fo/hi?, dependent upon the respective
saddle deformation. Inner saddle is assumed to be axially
asymmetric, while outer saddle axially symmetric but mass
asymmetric. The latter peculiarity would lead to the lowering
of the negative parity octupole vibration bands at deformations
of the outer saddle B. Triaxiality at inner saddle would be pro-
nounced in lowering of the anomalous rotational y-band K™ =
2% levels [32]. At higher incident neutron energies E, >

9 MeV, the intrinsic excitation energy of the fissioning 23¥U
nuclide might be higher than the threshold energy U,,
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FIG. 1. 28Un,F) cross section. The solid line shows a fit to
the observed fission cross section, 8, = 0.85 MeV; the dot-dashed
line shows the sensitivity of the calculated fission cross section
to the increased two-quasiparticle state density of >®U at saddle
deformations, 8,y = 0.65 MeV; dashed and solid curves show the
sensitivity of the calculated fission cross section to the lowering of
anomalous y-band K™ = 2% of 2*®U at outer saddle deformations
due to axial asymmetric deformations; Labels “1,” “2,” “3,” and “4”
denote first-, second-, third-, and fourth-chance fission cross sections.

corresponding to the excitation of the two-quasiparticle states
at higher (inner) saddle deformations of the 2*¥U nuclide.

The collective levels of 23U [33] at ground state deforma-
tions, lying within the pairing gap, were interpreted within a
soft rotator model [34-37]. The structures of the quadrupole
transversal y-vibration K" =05, anomalous rotational
y-vibration K™ = 2;”, quadrupole longitudinal B-vibration
K™ = O;r bands as well as first octupole K™ = 0 band levels
were analyzed with the deformed nonaxial, soft to quadrupole
B- and y -vibrations rotator [34—37]. The excitation energies of
the members of the even-parity collective bands K™ = OT, 0; ,
0;’, 2;” and the first octupole band K™ = 07, were reproduced
up to ~2 MeV excitations.

The levels of the K™ = 0 band (0.6801 MeV) are most
sensitive to the octupole deformation parameter B3, which
slightly influence also the positions of other collective band
levels. Another parameter which defines the positions of
levels of the K™ = 0] band is the softness parameter to the
octupole vibrations ¢, this peculiarity prohibits an unanimous
definition of the B3;-parameter by fitting the K™ = 0] band
levels’ positions only. When this coupling strength param-
eter B3 is changed to fit the angular distribution data, the
level positions could be kept unaffected with this softness
parameter g. This procedure was followed in the case of
238U inelastic scattering data analysis [38]. Data for a group
of octupole band levels by Plompen et al. [39] up to E, ~
3 MeV helped to define uniquely the B;—parameter and
softness parameter to the octupole vibrations pg. The levels
of the second K™ = 03’ band (0.9257 MeV) are classified as
quadrupole transversal y-vibrations, they are defined by the
softness parameter to respective vibrations (,. Anomalous
rotational y-band K™ = 2% levels are defined by the nonax-
iality parameter y,, which is correlated with the position of
K™ ~ 2% level. The K™ = O;“ band (0.993 MeV)—that of
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TABLE 1. Transition spectra band-heads of 2**U nuclide.

Inner saddle Outer saddle Ground state deformation
K™ Ek~, MeV K~ Eg~, MeV K™ Ex~, MeV
of 0.0 0y 0.0 0F 0.0; J* =0T2 47,67 ...
0F 05 0f 0.9257 (y-vib.); J* =0T 2T 47,67 ...
2F 0.1 2f 0.7 2F 1.0603 (y-vib.);J™ =2+,3T 4% 57 6% ...
0y 0.4 0y 0.05 0y 0.6801 (oct-vib.); J* =17,37,5" ...
17 0.4 1y 0.05 17 0.9308 (oct-vib.); J* =17,27,3747 ...
0f 0f 07 0.993(B-vib.);J™ = 0T 2T 4T 67 ...
27 0.6 27 0.1 27 1.1287(oct-vib.); J* =27,37,475" ...
1" 0.75 1" 0.75 1" J7T =1%,2% 3" 4T 5% 6T

longitudinal quadrupole S-vibrations. As regards quadrupole
transversal y-vibrations, the static nonaxiality parameter y,
for 238U was fitted to the position of the anomalous y-band
K™ = 2%, With the increase of the quadrupole deformations,
corresponding to stretching of the fissioning nucleus, the
relative positions of the collective band structure of 2*3U may
change, just as they change for neighbor 2322342360 of 232Th
nuclides [36]. To accomplish a similar analysis of the collective
band structures at saddle deformations in a soft rotator model
is hardly possible, since there is almost no relevant data to fix
the softness parameters ., (g, and pg. The investigations
of the fission angular correlations in (d, pf), (¢, pf) and
(v, f) reactions, referred to by Younes and Britt [10], could
provide only “the lowest vibrational band with each K, and
they give only approximate locations of these bands.” We
will assume that the structure of the positive parity collective
levels at saddle deformations is generally similar to that at
ground state deformations, actual relative positions would
be slightly varied. The inclusion of K" = Oj and K™ = O;
into the transition states scheme may seem questionable [40],
however, without these states it is impossible to reproduce
the data trends of *»U(n, f) and 2**U(n, f) for incident
neutron energies below ~1 MeV [17]. In the case of B7U(n, 1))
reaction, since the E 4 ~ B,, the calculated cross section is
almost insensitive to the inclusion of K™ = 03 and K™ = 05
collective bands The positions of the negative parity bands, as
is well known, may be lowered due to the mass asymmetric
deformations. The positions of the anomalous y-band K™ =
27T also may be lowered due to softness to triaxial deformations
[32]. Except forthe K™ = 0, K™ ~ 2, and K™ = 0; bands,
identified in the 23*U scheme at ground state deformations
with the soft rotator model (excitation energies are given in
the sixth column of Table I), three extra bands K™ = IT, 17,
and 2, are added. The K™ = 1] collective band levels are
“excited” by the s-wave neutrons [40], however, fission via
K™ = 17 transition states would not have large contribution
to the observed fission cross section. At inner saddle the
fission via K™ = lf collective band transition states would
be sub-barrier. We construct the discrete transition spectra of
233U up to ~1.3 MeV, using the collective band heads K™ =
0f, K" ~27, K" =0, K" =1, K" =1],and K™ =27,
shown in Table I. In the sixth column of Table I sequences of

spins of the collective bands are shown. With transition state
spectra thus defined, the fission barrier parameters of 233U are
obtained by fitting the 2>*U(n,F) fission cross section.

C. Neutron channel

The lumped transmission coefficient of the neutron scatter-
ing channel [see Eq. (5)] is given by the equation

T)"(U) = Z T/T(E, — E,)
U'j'q

U—-U.
+ Z/ T/Z(E})p(U — E,, I, n)dE,,
| ‘

rjr
®)

where p(U — E|, I’, ) is the level density of the residual
nucleus, E, are the energies of the discrete levels of the residual
nucleus. Discrete levels of the residual nuclide 2*7U [33]
are used up to ~0.63 MeV. The entrance channel neutron
transmission coefficients 7,/ are calculated within a rigid
rotator coupled channel approach. The cross sections of the
direct excitation of ground state band levels were subtracted
from the absorption cross section to get the compound nucleus
formation cross section.

D. Level density

The level densities of the fissioning and residual nuclei
define the transmission coefficients of fission and neutron
decay channels, respectively. We will briefly discuss here the
level densities of even and even-odd nuclei. The level densities
were calculated with a phenomenological model by Ignatyuk
et al. [41], which takes into account shell, pairing, and
collective effects in a consistent way

,O(U, J? 7T) - Kl'Ot(Ua J)Kvib(U)qu[)(Uv Ja 77:)7 (9)

where the quasiparticle level density p,,(U, J, ) is defined
as

Q2J + Dawgy(U) ( J(J + 1))
W,J,n)= ——F————exp| ——— ),
Par 4200 P 207

(10)
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wyp(U) is the quasiparticle state density, K(U,J) and
K,iv(U) (for details about calculation of K;,(U) see Ref. [41])
are factors of the rotational and vibrational enhancement of the
level density. The collective contribution to the level density
of deformed nuclei is defined by the nuclear deformation
order of symmetry. The order of symmetry of the U nuclei
shape at inner and outer saddles were adopted from the SCM
calculations by Howard and Moller [28]. Since uranium nuclei
with A <236 are axially symmetric at both saddles [28] the

Kq(U) =01 = Fit, (11)

where ai is the spin cutoff parameter, F, is the nuclear

momentum of inertia (perpendicular to the nucleus symmetry
axis). Uranium nuclei with A > 236 are assumed to be axially
asymmetric at inner saddle, then

Ko(U) = 22702 0y. (12)

The nuclear momentum of inertia F, equals the rigid-body
value at high excitation energies (U ~ 5 MeV), where the
pairing correlations are destroyed, or experimental value at
“zero” temperature. For intermediate excitation energies it is
interpolated using the superfluid model [41]. Another spin
cutoff parameter is 0”2 = Fyt =6/m*(m*)a(1 — 2/3¢)t, where
(m?*) ~ 0,24 A%/3 is the average value of the squared projection
of the angular momentum of the single-particle states, a is
the main level density parameter and ¢ is the quadrupole
deformation parameter. The closed-form expressions for ther-
modynamic temperature and other relevant equations, which
one needs to calculate p(U, J, 7), are provided by the model
of Ignatyuk et al. [41].

To calculate the level density at the low excitation energy,
i.e., just above the last discrete level excitation energy,
when N®P(U) ~ N(U), a Gilbert-Cameron-type [constant
temperature model (CTM)] approach could be used, since the
model by Ignatyuk et al. [41] underestimates the N**P(U) at
U <1 MeV (for even-odd nuclei) or U <2 MeV (for even-even
nuclei) [42]. The constant temperature approximation of the
total level density

p(U) =dN(U)/dU = T " exp(U — U,)/T)  (13)

is extrapolated up to the matching point U, to the p(U) value,
calculated with a phenomenological model by Ignatyuk et al.
[41]. This approximation of the number of low-lying levels
shows that in case of 2*’U missing of the discrete levels above
~0.63 MeV is markedly pronounced, while in case of 2¥U
missing is noticed above ~1.2 MeV [43]. The energy shift U,
has the meaning of the odd-even energy shift. The value of the
nuclear temperature parameter 7 is obtained by the matching
conditions at the excitation energy U,.. The matching condition
is as follows:

Ue=U, = TI(Tp(U,)). (14)

This rather crude approximation of the total level density p(U)
allows us to reproduce the general trends of the observed
cross sections of neutron-induced reactions. However, there
are a number of signatures in the observed neutron cross
sections, which might be attributed to the influence of a
few-quasiparticle configurations on the state density w,,(U)
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and eventually on the total level density p(U). At low intrinsic
excitation energies (U <3 MeV) either for even and odd U
nuclei at equilibrium or saddle deformations, few-quasiparticle
effects which are due to pairing correlations, are essential
for the state density w,,(U) calculation [44]. Unfortunately,
there is still no microscopic treatment of the influence of
the pairing correlations and few-quasiparticle excitations on
the level density for the realistic single-particle spectra of
deformed nuclei, which reproduces measured data on the
level densities without further renormalizations (see Ref. [45]
and references therein). The partial m-quasiparticle state den-
sities for even or odd U nuclides, which sum up to the
intrinsic state density of quasiparticle excitations, could be
modelled using the Bose-gas model prescriptions [46,47].
The intrinsic state density of quasiparticle excitations w,,(U)
could be represented as a sum of m-quasiparticle state densities
Wgp(U):

gm(U _ Um)mfl
— ((m/2)!)*(m — DY

wqp(U) = Za)mqp(u) =

m

s5)

where g = 6a/m? is a single-particle state density at the Fermi
surface, m is the number of quasiparticles. The important
model parameters are the threshold values U, for the excitation
of m-quasiparticle configurations m = 2,4... for even-A
nuclei or m = 1,3 ... for odd-A nuclei [46], they take into
account the dependence of the correlation functions A for
the m —quasiparticle configurations on the number of excited
quasiparticles. The detailed treatment of this approach and
approximations employed, as applied for fission, inelastic
scattering, or capture reaction calculations, is provided in
Refs. [25,42,48]. However, for the fission cross section
calculations a flexible semiempirical model of the intrinsic
state density w,,(U) could be used, which we would call
a “modified constant temperature model (CTM).” In this
approach the modelling of the total level density

)C!)qp(U) —

U) = Kiot(U)K,in(U
pU) (U)K yip( N

T exp(U — U,)/T)

(16)

looks like a simple renormalization of the quasiparticle state
density w,,(U) at excitation energies U < U., while U, >~
—kA,, A, is the pairing correlation function, A, = 12/ VA, A
is the mass number, k = 2 for the odd-odd and k =1 for
odd-even nuclei. The total level densities for saddle p,(U)
or ground state p,(U) deformations could be modelled for
the excitation energies below the four-quasiparticle states
excitation threshold U, (even nuclei) as

Pry(U) = T explUs — Upo) = 820y(Us — U)*)/ T]
x /(1 + exp(Us — U + 0.1))/0.1); (17)

below the three-quasiparticle states excitation threshold Usj
(odd nuclei) as

Py (U) = Ty expl(Us + A o) = Upo) = 81 7))/ T,
(18)

Ur>~—kAy, Ay being the correlation function at sad-
dle deformations. For excitation energies above the
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TABLE II. Level density parameters of U nuclei.

Nuclide 8 8om Sir i
29y 1.17 1
28y .85 3

237y 1.175 1.525
2oy 5 S

three-quasiparticle states excitation threshold Us, but lower
than the five-quasiparticle states excitation threshold Us, the
increase of the p y(,)(U) could be modelled in the same manner.
Equations (17) and (18) fairly approximate the level density
calculations for fixed number of quasiparticles, made for the
equally spaced single-particle levels [44]. The parameter &5/
for the 2*¥U fissioning nuclide helps to fit the **U(n,F) cross
section steplike shape in the E, > 9 MeV. It seems we could

estimate the absolute value of the 233U level density at saddle
deformations at excitation energies above the pairing gap, since
it is correlated with the discrete levels within the pairing gap
as well as the discrete levels of residual nuclide ’U. The
parameter 8, for the 237U residual nuclide helps to reproduce
the 2*8U(n,F) cross section shape just above the second-
chance fission reaction threshold, but it is not a crucial
parameter, since quite a number of discrete levels of 2*’U
is available. The level density parameters &; ¢,y and &; y(,) are
given in Table II.

The level densities ps(U) of 238U at the inner saddle
deformations and p,(U) of 27U at ground state deformations
are shown in Figs. 2 and 3, respectively. The solid lines
demonstrate the influence of few-quasiparticle excitations on
the total level density p () (U), as compared with the constant
temperature model approximation of Eq. (16). Arrows on the
excitation energy axes show the excitation thresholds U, of
few-quasiparticle states.

» —— PRESENT
5r — - CTM model

log,, p(U)

FIG. 2. Level density of 2**U at inner saddle deformations.
Arrows on the excitation energy axis correspond to the excitation
thresholds of m = 2,4, 6..., quasiparticle states. The solid curve
is calculated using Eq. (17), the dashed curve is calculated using
Eq. (16).
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— — CTM approach
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FIG. 3. Level density of *’Uh at ground state deformations.
Arrows on the excitation energy axis correspond to the excitation
thresholds of m = 1,3,5..., quasiparticle states. The solid curve
is calculated using Eq. (18), the dashed curve is calculated using
Eq. (16).

The main parameters of the level density model for the
equilibrium, inner, and outer saddle deformations are as
follows: shell correction W, pairing correlation functions
Ao, and Ay, at equilibrium and saddle point deformations.
At equilibrium deformations A = 12/+/A, while quadrupole
deformation ¢ and momentum of inertia at zero temperature
F,/h* are given in Table IIL. For the ground state deformations
the shell corrections were calculated as §W = M®P — MMS
where MMS denotes the liquid drop mass (LDM), calculated
with Myers-Swiatecki parameters [49], and M®P is the
experimental nuclear mass. Shell correction values at inner
and outer saddle deformations SW;}(B) are adopted following
the review by Bjornholm and Lynn [50].

III. FISSION DATA ANALYSIS

Neutron-induced fission cross section data [51,52] for
the 23U target along with the calculated o,r(E,) fission
cross section and contributions of (n, xnf) reactions to the
observed 2*¥U(n,F) fission cross section are shown on Fig. 1.
Above emissive fission threshold the fission probability of

TABLE III. Level density parameters of the fissioning nucleus
and the residual nuclei.

Parameter Inner saddle Outer saddle  Neutron channel

SW, MeV 1.5, A <236 0.6 MeP — MMS
2.6, A >236 0.6

A, MeV A, + 8 A, + 8 A,

& 0.6 0.8 0.24

Fo/h?, MeV™~! 100 200 73

%8 = Ay — A value is defined by fitting the fission cross section in
the plateau region.
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FIG. 4. 28U(n,F) cross section. The solid line (present) shows
a fit to the observed fission cross section, 8,y = 0.85 MeV; the dot-
dashed line shows the sensitivity of the calculated fission cross section
to the increased two-quasiparticle state density of >®U at saddle
deformations for 8,y = 0.65 MeV; dashed and solid curves show the
sensitivity of the calculated fission cross section to the lowering of
anomalous y-band K™ = 27 of 228U at outer saddle deformations due
to axial asymmetric deformations. Labels “1” and “2” denote first-
and second-chance fission cross sections.

B8y, fissioning in the 28U, n f) reaction, could be esti-
mated fitting the 23U (n,F), 228U(n, 2n), and 24U(n, 3n) data.
Just above the (n,nf) reaction threshold of E, ~ 6 MeV
the calculated curve fit to the measured data up
to E, ~9 MeV is affected by lowering the positions of
positive parity band K™ = 2 at the inner (higher) barrier.
The slight change of the shape of the 23¥U(n,F) cross section
above E, ~ 9 MeV, could be correlated with the excitation
of the two-quasiparticle states of the *3U fissioning nuclide.
The incident neutron energy E> ~ U, + Ef4p) + €1, here ¢
is the energy of the first prefission neutron, E ;4z—height
of the A(B) fission barrier of 23U, corresponds to the
excitation of the two-quasiparticle states in the fissioning
233U nuclide at inner (higher) fission saddle. There is a slight
systematic difference between different data sets by Lisowski
et al. [51], Shcherbakov et al. [52], Behrens et al. [53], and
Meadows [54], but a small steplike structure is evident in
measured data sets around E, ~ 9 MeV. Variation of the
two-quasiparticle state density of *¥U fissioning nuclide (see
Figs. 1 and 4) demonstrates quite unambiguously that the
small steplike structure at E, > 9 MeV evident mostly in
high-resolution data by Lisowski ez al. [51] could be correlated
with the excitation of these states at the higher (outer)
saddle deformations. There are a number of measurements
of 23U(n, 2n) reaction cross sections, which allow us to fix
the 23%U(n, 2n) cross section rather reliably (see Ref. [23]
and references therein). The latest 23U(n, 2n) reaction cross
section data are reproduced consistently with the 23¥U(n,F)
cross section (see Ref. [13]). The key parameter in definition
of the 23U(n, 2n) reaction cross section is the preequilibrium
contribution in the calculated first neutron spectrum.
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FIG. 5. Isotopic dependence of the first chance fission cross
section slope Ao, for U and Pu nuclei.

Fission cross sections of 232723U target nuclides for
incident neutron energies have a number of peculiarities, which
could be reproduced with the present approach. The slope
of the fission cross section Ao,y in the first plateau region,
i.e., the difference of the cross section values at E,, ~ 2 MeV
(the highest value in the first “plateau” region) and in the
vicinity of (n, nf) reaction threshold (the lowest value in the
first “plateau” region) decreases with increase of the number
of neutrons in the target nucleus, in other words, the cross
section shape of N-odd target nuclides 22*U(n, f), 2’U(n, f),
and 2’U(n, f) becomes more and more flat. This peculiarity
depends on the fission barriers and the ratio of the level
densities of fissioning and residual nuclides. We model the
slope of the fission cross section Ao, s varying 6 = Ay — A,
value, since Ay and A, influence the main level density
parameters a; and a, of fissioning and residual nuclides.
Figure 5 shows the Ao, values for 2>723U target nuclides,
it seems the slope of the predicted ’U(n, f) cross section
(see Figs. 6, 7, and 8) is quite compatible with that simple
systematics.

Steplike structures in case of N-odd U fissile targets
for E, <2 MeV could be correlated with few-quasiparticle
structures level densities of even fissioning nuclei and odd
residual nuclides [55]. The two-quasiparticle states of the even
238U fissioning nuclide, lying below the four-quasiparticle
states excitation threshold define the shape of the fission
cross section below an incident neutron energy of E, < Uy +
E ¢ o) + €1. Three-quasiparticle states in the even-odd resid-
ual nuclide U could be excited after emission of two
neutrons from the *U composite nuclide, the second neutron
emission competes with the 2*U(n, nf) reaction at incident
neutron energies E, > B,(**®U)+ &, + &, + U3, U3 being
the excitation threshold of the three-quasiparticle states in
the even-odd residual nuclide >*’U, &, is the energy of the
second prefission neutron. At lower energies both 23¥U(n,F)
fission and 2*U(n, 2n) cross section shapes are controlled by
the one-quasiparticle state density of the even-odd residual
nuclide >’ U.
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FIG. 6. ¥"U(n, f) cross section. The solid line shows the calcu-
lated fission cross section, the dot-dashed line shows the sensitivity
to the increased two-quasiparticle state density of 23U at saddle
deformations, 8,y = 0.6 MeV; dashed and solid curves show the
sensitivity of the calculated fission cross section to lowering of
anomalous y-band K™ = 2% of 2®*U at outer saddle deformations
due to axial asymmetric deformations.

The adopted level density description of fissioning and
residual nuclei allows to describe the shape of the measured
fission cross section data of 28U (see Figs. 1 and 4). Figures 6,
7, and 8 compare the calculated fission cross sections of
the 2*’U(n, f) reaction with the data by McNally et al. [1]
and simulated fission cross section data obtained by Cramer
and Britt [3], Younes and Britt [9], and Plettner et al. [11].
Previously surrogate neutron-induced fission data were ob-
tained by Cramer and Britt [3] as 0y = 0, X R;XP, P;Xp being

1.0

0.5 2k

® McNally et al., 1974
- o Younes and Britt, 2003

a

a

Cross section (b)

Cramer and Britt, 1970
Plettner et al., 2005
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——- increased p¢

0'OO 1 2 3 4 5 6
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FIG. 7. ®"U(n, f) cross section. The solid line shows the calcu-
lated fission cross section, the dot-dashed line shows the sensitivity
to the increased two-quasiparticle state density of 23U at saddle
deformations, &,y = 0.65 MeV; dashed and solid curves show the
sensitivity of the calculated fission cross section to lowering of
anomalous y-band K™ = 2% of 2®U at outer saddle deformations
due to axial asymmetric deformations.
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FIG. 8. 2"U(n, f) cross section. The solid line shows present
calculated fission cross section. Labels “1,” “2,” “3,” “4-” denote
first-, second-, third-, and fourth-chance fission cross sections. Labels
“13,” “2j,” “3j,” and “4j” denote first-, second-, third-, and fourth-
chance fission cross sections of JEFF-3.1 [8] evaluation.

the fission probability, measured in the transfer reaction, the
neutron absorption cross section o, = 3.1 barn was assumed
independent on the incident neutron energy.

Since the outer barrier height E ;5 is lower than the height
of the inner barrier E ¢4, the calculated cross section is almost
insensitive to the lowering of the octupole negative parity band
K7™ = 07 . That sensitivity was observed in case of 22Th(n,F)
reaction above the 232Th(n, nf) reaction threshold [14]. On
the other hand, the sensitivity to the position of the anomalous
y-band K™ = 2% (see Table I) is observed (see Figs. 4
and 7). Below E, ~ 10 keV the major contribution comes
from the s-wave neutrons and, consequently, from the positive
parity collective bands. Figure 7 shows the discrepancy of the
calculated curve and simulated data by Younes and Britt [9]
when positive parity anomalous rotational band K™ = 2| both
at inner (higher) saddle is at about the same excitations as
at the ground state deformation. Lowering the positions of
K™ = 2T band head, according to the triaxial asymmetry at
inner saddle deformation, allows us to improve the description
of the 2’U(n, f) surrogate fission data by Younes and Britt
[9] at E,, > 0.4 MeV (see Fig. 7), where d-wave neutrons
start contributing. In the incident neutron energy range of
10 keV-1 MeV p-wave neutrons, which excite compound
states with negative parity, strongly contribute to the fission
cross section. However, unlike the situation observed in
case of P! Th(n, f) reaction [14], the calculated ZU(n, f)
reaction cross section is virtually insensitive to the position of
K™ =07, 17,2 bands, since the outer barrier is much lower
than the inner one.

The steplike structure in 2>>U(n, f) reaction cross section
at £, > 0.8 MeV [56] was shown to be a consequence of
threshold excitation of two-quasiparticle states in fissioning
236U nuclide and three-quasiparticle configurations in residual
even-even nuclide 23U [56]. However the steplike structure in
the case of the 233U(n, f) reaction, which could be correlated
with the threshold excitation of two-quasiparticle states in
fissioning 2**U nuclide and three-quasiparticle configurations
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in residual even-odd nuclide 233U, is observed at lower
energies, i.e., ~0.3 MeV [17]. In the case of *’U(n, f) a
similar steplike structure should be observed at still higher
incident neutron energies E, ~ 1.2 MeV. Figure 7 shows
the sensitivity of the calculated fission cross section to the
variation of the total level densities at saddle deformations
prU) (825 = 0.65 MeV) (see Table II).

Above emissive fission threshold the calculated fission
cross section of 2’U(n,F) is compared with the surrogate
fission data by Plettner et al. [11] now available up to
E, ~ 14 MeV in Fig. 8. Plettner et al. [11] measured
the ratio of fission probabilities of 2*U and 2*®U nuclides
for the deuteron-induced fission events, i.e., the ratio of
P;(*BUW, d’ f))IP;(**%U(d, d’ f)). Ratio data by Plettner
et al. [11] were scanned from the figure, published in
Ref. [11], precision of that procedure is quite suitable for the
qualitative comparison with calculated cross sections. Under
the assumption that the ratio of these fission probabilities
equals the ratio of neutron-induced fission cross sections of
237U and #U target nuclides, a neutron-induced fission cross
section of 2*7U target nuclide for the incident energy range of
E, ~ 0.1-14 MeV could be easily obtained. Figures 7 and 8
show that there is quite a scattering of the experimental data
points in the first “plateau” region, as well as in the second
“plateau” region, however, the present calculated cross section
27U(n, f) is quite compatible with the bulk of the measured
data points. There is no data point in the E,, ~ 4—-6 MeV energy
range, however, our prediction of the onset of the 2*"U(n, nf)
reaction is quite compatible with the measured data. The
fission and level density parameters for the calculation of the
fission probability of 27U were fixed by the 2**U(n, f) data
description [23]. Previous evaluated curves of JENDL-3.3 [4],
ENDF/B-VI [5], and JEFF-3.1 [8] are shown. The calculated
curve by Han [7] is not shown, however, it strongly overshoots
surrogate data by Younes and Britt [9] and Plettner et al. [11].

There are quite a number of 233U fission probability
measurements in the >3U(x, o'f) reaction at rather high
bombarding energy of a-particles, i.e., E, = 120 MeV [57],
E, =172 MeV [58], and E, = 480 MeV [59]. The fission
probability of 2*¥U was estimated by David et al. [59] up
to an excitation energy of ~37 MeV. However, a drastic
discrepancy of fission probabilities measured in photofission
and «-particle-induced fission was observed [59], though the
latter was normalized to the Py = 0.18 at U = 10 MeV, which
looks reasonable in view of recent measurement by Ref. [9].
David et al. [59] attributed the discrepancy to the incomplete
energy transfer of inelastically scattered a-particles to the
238U for excitation energies of residual nuclide >*U higher
than emissive fission threshold. The overall consistency of the
calculated neutron-induced fission cross section of 2>’U(n,F)
with the surrogate data, obtained for (d, d’ f) reaction by
Plettner et al. [11] looks quite encouraging, though rather high
scattering of the measured data points is of some concern.

Neutron-induced fission cross sections of N-odd targets
235U and ?**U for incident neutron energies E, up to 200 MeV
were measured Lisowski et al. [51], Shcherbakov et al. [52],
respectively. These cross sections were described consistently
up to 200 MeV in a statistical model. Fission cross section of
237U with neutrons of incident neutron energies up to 200 MeV

PHYSICAL REVIEW C 72, 044607 (2005)

might be calculated within the same approach, assuming that
the fission barrier parameters of U nuclei with A > 236 are
fixed by 2»U(n,F) fission cross section description, fission
barrier parameters of 28U and 23’ U are defined in this analysis.
The major difference of 2¥U and 237U is the triaxiality of inner
(higher) saddle, which adds an extra triaxial enhancement to
the level density [see Eq. (12)]. The contributions of first- and
second-chance fission reactions 2’U(n, f) and >’U(n, nf)
to the “observed” fission cross section of 2’U(n,F) fades
away rather fast and assumptions about the damping of triaxil
rotational modes would not influence much the observed
fission cross section of 27U(n,F).

The model for neutron-induced fission cross section cal-
culation up to 200 MeV incident energies is described
elsewhere [27,60-63]. For incident neutron energies higher
than ~20 MeV contribution of symmetric (super-long(SL)-
mode [64]) fission becomes appreciable and increases rather
fast, while contribution of regular asymmetric fission de-
creases. Symmetric and asymmetric fission reactions com-
pete for each emissive fission >>’U(n, xnf) reaction. Fission
barrier and level density parameter systematics are described
elsewhere [61]. Damping of the axial/triaxial collective modes
contribution to the level density both for inner and outer sad-
dles and equilibrium deformations as well as triaxial damping
at SL-mode outer saddle, produces symmetric/asymmetric
emissive fission partitioning of 2¥U(n,F), >>U(n,F), and
23U(n,F) reaction cross sections. That partitioning is based
on the consistent description of observed fission cross sections
and symmetric fission branching ratio for the 23¥U(n,F) reac-
tion. The adopted estimate of the energy-dependent asymptotic
level density parameter a  at saddle deformations is equivalent
to more fission events at lower intrinsic excitation energies,
or more fission events coming from the neutron-deficient
U nuclei, i.e., from higher fission chances. The damping
of triaxial collective modes contributions at outer SL-mode
saddle is equivalent to less symmetric fission events at higher
excitation energy and more symmetric fission from neutron-
deficient isotopes, as compared with the “no triaxial damping”
case. The dependence of the symmetric fission branching ratio
on the target nuclide fissility is interpreted as being due to the
higher contribution of the lower fission chances in the case
of the higher target nuclide fissilities. At the other extreme of
the lower fissility target nuclei there are measured data for the
232Th(n,F) reaction [52]. It turns out that the description of
the observed fission cross section also could be attained only
in case when more fissions come from neutron-deficient Th
nuclei, i.e., from higher fission chances. The fission probability
of 28U at E, ~ 3 MeV is rather low, only ~2 times higher
than that of 233Th, however, the “observed” fission cross
section of 2’U is similar to those of 2>U or 23U at E, >
40 MeV. Figure 9 shows the comparison of the observed
(sum of symmetric and asymmetric contributions) fission cross
sections of 23U(n,F), 2>U(n,F), and >*’U(n,F) for E, up to
200 MeV. Some systematic changes of fisssion cross sections
with increase of the number of neutrons is observed. Below
~2 MeV the fission cross section becomes more “flat”. The
cross section slope above ~2 MeV and up to (n, nf) reaction
threshold decreases. Above the (n,2nf) reaction threshold
the fission cross section increases faster. For E, > 40 MeV
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FIG. 9. 27U(n, f), >U(n, f), and >*U(n, f) fission cross sec-
tion. The solid line shows the calculated >*’U(n, f) fission cross
section; the dot-dashed line shows the 2> U(n, f) fission cross section;
dashed line shows >*U(n, f) fission cross section.

either 2’U(n,F), 2°U(n,F) or 23U(n,F) approach the reaction
cross section, in other words, the target nuclide as if lost its
“personality” at sufficiently high incident neutron energies.
That conclusion is compatible with the conclusion made by
Ries et al. [65], that photofission probability of 233U is almost
unity for excitation energies above 40 MeV.

A. Fission barriers

It is of much interest to compare the experimental fission
barriers, which are obtained by fitting measured fission cross
sections, with theoretical barriers, extracted by modeling
the nuclear potential energy. Our assumptions about the
asymmetries and relative heights of the inner and outer fission
barriers are generally supported by recent calculations of
the fission barriers for U and some other actinide nuclei.
Fission barriers for 23U and 2**U were calculated with
the Hartree-Fock plus BCS pairing approach by Bonneau
et al. [66], Skyrme forces were employed. Basically, they
calculated the inner barrier for the axially symmetric shape
and the outer barrier for the reflection symmetric/asymmetric
shapes. Reflection asymmetry at the outer saddle leads
to sufficient lowering of the saddle’ height [67,68]. The
reflection-asymmetry near the scission point is in agreement
with the mass distributions of U primary fission fragments,
their estimates of the mass-asymmetric outer fission barrier
for 23U are quite compatible with the experimental value
of fission barrier, obtained by Maslov and Hambsch [48]
describing the 2%U(n, f) symmetric fission yield. Bonneau
et al. [66] demonstrated that in a Hartree-Fock-Bogolyubov
calculation the lowering of the outer saddle height due to
the reflection-asymmetric deformations amounts to ~5 MeV.
Bonneau et al. [66] showed also that the triaxiality at the inner
saddle of 2*U and 23U produces only slight lowering of the
barrier height.

PHYSICAL REVIEW C 72, 044607 (2005)

More extensive fission barrier calculations for neutron-
deficient and neutron-rich U nuclides with 230 < A <280
were accomplished by Mamdouh et al. [69,70]. These fission
barrier parameters were calculated with extended Thomas-
Fermi method, which is an approximation of the Hartree-
Fock-Bogolyubov self-consistent mean-field (SMF) approach,
plus Strutinsky integral method. Axial symmetry was assumed
for the inner (lower) and outer (higher) saddles of U nuclei.
The calculated outer barrier By, by Mamdouh et al. [69]
corresponds to the Ergas (AS =asymmetric fission) fission
barrier for the asymmetric fission, while Bj,, corresponds
to E fA-

The macroscopic-microscopic approach to the fission bar-
rier calculations was extended recently by Moller et al. [71].
They defined fission barrier saddles based on a macroscopic-
microscopic model, total nuclear potential energy being
calculated as a function of five shape coordinates. Macroscopic
part of the potential energy was calculated with a finite-
range liquid-drop model (FRLDM) generalized to account
for the dependencies of the macroscopic terms on the shape
coordinates, i.e., elongation, necking, mass asymmetry, and
deformations of the partially formed fragments. The strong
point of this approach is the definition of the saddle points in a
densely sampled space of five dimensions. However, it should
be noted that the differences of the U outer barrier heights
E rpas(= Eyp) (which is higher than the inner one Ey4)
(232 < A <236) in Ref. [71] and those defined in 1995 [72],
amount to ~2 MeV, the former being rather low. As opposed
to the case of *¥U and **°U nuclides the estimates of E ypas
by Moller et al. [71] are ~0.7 MeV higher than those of
1995 [72]. In [72] the macroscopic part of the potential energy
was calculated with the finite-range droplet model (FRDM).
The transition from the FRDM to the FRLDM model and a
refined deformations grid strongly decreased the outer barrier
height as compared with E rgas of 1995 [72] fission barrier
set. The Egas of 1995 [72] and Howard and Moller [28]
are higher than the experimental estimates (see Fig. 10 and
Table IV). Values of E rgas by Moller et al. [71] are system-
atically lower than the experimental values for A < 236, while
they almost coincide with them for 2*¥U. The compatibility of
experimental and recent calculated outer fission barrier heights

Epg (MeV)

O E ® Ea

[0 Moller et al, 2004
A Bonneau et al, 2004

—e— Ep, Howard & Moller, 1980
—sv— Bouyt, Mamdouh et al. (2001)

—o— Ep, Howard & Moller, 1980

—v— Binn, Mamdouh et al. (2001)

2 1
230 240 250

Mass number

FIG. 10. Fission barriers E ;g of U nuclei.
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TABLE IV. Fission barrier heights of U nuclei.

Nuclide Inner saddle, E ;4 Outer saddle, E spas

Present [28] [69] [66] Present [28] [69] [66] [71]
239U 6.45 6.06 6.1 5.98 6.59 5.5
238y 6.18 5.74 5.7 5.4 6.33 4.9 5.48
21y 6.4 5.96 5.7 6.13 6.45 43
26y 5.0 5.46 5.2 6.26 5.62 6.24 4.0 46 498
235y 5.45 5.53 5.4 5.9 6.24 4.1
234y 4.8 4.95 4.8 5.3 5.6 5.96 4.4 5.1 4.89
233y 4.15 4.1 4.7 5.85 5.9 4.2

by Moller et al. [71] has generally improved. Note that the
transition from the FRDM to FRLDM is quite motivated by
the shape-dependences of the macroscopic energy terms [71].
The microscopic energy models in Refs. [71] and [72] are the
same, i.e., folded- Yukawa single-particle model is used in both
cases. The present estimate of outer fission barrier of 238U is
quite compatible with calculated value by Moller et al. [71].

Howard and Moller [28] in extensive calculations for U
nuclides with A = 230-276 had used a FRDM model of
1973, and a modified oscillator model for the shell/pairing
correction definition. Their estimate of the Epgi(s2) for
A = 230-236 is higher that by Moller et al. [72] by~1 MeV,
but lower by the same value for A = 238-240. That discussion
shows that there might be some spurious isotopic dependences
of microscopic/macroscopic potential energy components.
Table IV compares present U (233 < A < 239) fission barrier
heights with those calculated by Bonneau et al. [66], Mamdouh
et al. [69,70], and Moller et al. [71].

IV. CONCLUSIONS

The statistical Hauser-Feshbach-Moldauer model calcula-
tion of the neutron-induced reaction cross sections for the 2*U
target nuclide from E, ~ 2 MeV up to E, ~ 20 MeV allows
us to extract the fission probability of 28U, fissioning in the
8U(n, nf) reaction, which is consistent with the 233U(n,F),
28U(n, 2n), and 2¥U(n, 3n) data. It is quite compatible with
the neutron-induced fission data for the 237U target nuclide,
obtained recently by Younes and Britt [9] using surrogate
B4U(¢, pf) fission probability data. The steplike irregularity
in 22U(n,F) fission cross section at E, > 9 MeV is interpreted
as being due to the excitation of two-quasiparticle states
in the fissioning 2*U nuclide at saddle deformations. A
similar irregularity was observed in case of the 232Th(n,F)

and 2°Th(n,F) fission cross sections [14]. The >¥U(n, nf)
reaction contribution to the observed 23¥U(n,F) cross section
up to E, ~9 MeV is defined by the collective levels of
the 28U fissioning nuclide, lying within the pairing gap.
The lowering of the anomalous y-band K™ = 2% due to
the axial asymmetry at the inner saddle deformations seems
to be important for the fission data description. It is shown
to be important for the description of the >*U(n,F) data in
the vicinity of the 2®U(n, nf) emissive fission threshold and
surrogate 2**U(¢, pf) fission probability data by Younes and
Britt [9]. The influence of the prefission (n, xnf) neutrons on
the prompt fission neutron spectra (PENS) for the 2*8U(n,F)
reaction on the average energy of PFNS (E) as demonstrated
in Refs. [12,13], is compatible with predicted emissive
fission contribution of 2¥U(n, nf) reaction to the observed
fission cross section of 233U(n,F). The calculated dip in the
average energy of the PFNS (E) around the #U(n, nf)
reaction threshold is supported by recent measurement of
prompt fission neutron spectra of 2¥U(n,F) at E, ~ 6 MeV
and E, ~7 MeV [73] and by Ethvignot et al. [74] at
E, ~2-200 MeV. The predicted 2*’U(n,F) fission cross
section above emissive fission threshold is generally consistent
with recent surrogate data on 233U(d,d’nf) by Plettner
et al. [11]. That might be additional evidence in support of de-
veloping the surrogate techniques for the estimation of fission
cross sections of short-lived nuclei. The predicted 2"U(n,F)
fission cross section up to E, ~ 200 MeV is compatible with
the general trend of N-odd U target fission cross sections, i.e.,
23U (n,F) and > U(n,F). Fission barrier parameters of U nuclei
with A <239, which allow us to reproduce neutron-induced
fission cross sections of relevant target nuclides up to E, ~
20 MeV, are in reasonable consistency with the theoretical
fission barriers. It seems, nonetheless, that more refined
investigations regarding the isotopic dependence of U inner
and outer fission barriers are needed.
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