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Recent advances in the modeling of the nuclear fission process for data evaluation purposes are reviewed. In particular,
it is stressed that a more comprehensive approach to fission data is needed if predictive capability is to be achieved. The link
between pre- and post-scission data is clarified, and a path forward to evaluate those data in a consistent and comprehensive
manner is presented. Two examples are given: (i) the modeling of fission cross-sections in the R-matrix formalism, for which
results for Pu isotopes from 239 to 242 are presented; (ii) the modeling of prompt fission neutrons in the Monte Carlo
Hauser-Feshbach framework. Results for neutron-induced fission on 2**U are discussed.
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1. MOTIVATION

By any measure, understanding the nuclear fission pro-
cess remains a daunting task even to this day. This peculiar
collective behavior of some heavy nuclei is a hard challenge
for standard quantum mechanics due to the sheer size of
the number of degrees of freedom involved, and to the
remaining mysteries clouding the nucleon-nucleon forces.
Due to its intrinsic collective nature, however, only a few
degrees of freedom appear critical. Niels Bohr realized that
very early on after the experimental discovery of fission,
and was able to describe correctly, albeit qualitatively only,
the main features of this process. This remarkable achieve-
ment is illustrated in his seminal paper [1] published...
in 1939! Since this early period, much progress has been
made in the interpretation of the fission process and in
the prediction of many related data, such as fission cross
sections, fission fragment yield distributions, fission frag-
ment angular distributions, etc. Despite these undisputed
progresses, modern evaluations of nuclear fission data still
rely heavily on experimental data, as fission theory and
modeling capabilities remain at the qualitative level for
the most part. In addition, comprehensive studies allowing
the prediction of many related data in a consistent manner
remain elusive. In this presentation, we make the case for
the development of such comprehensive studies, and present
two recent modeling efforts that represent two pieces of this
complicated puzzle. In a first part, the modeling of fission
cross sections using the Bjernholm-Lynn approach, based
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on R-matrix theory applied to the deformation channel, is
presented. Implemented in modern statistical nuclear reac-
tion codes, this approach can lead to significant advances
toward the prediction, as opposed to adjustment, of fission
cross sections. In a second part, an advanced modeling of
the emission of prompt fission neutrons and gamma rays
through Monte Carlo Hauser-Feshbach theory is described.
The advantages of this approach compared to the existing
models used in current evaluations are discussed. This paper
concludes by addressing what should/could constitute a
modern evaluation tool aimed at describing fission data in
all their complexity.

2. FISSION CROSS SECTION MODELING

Obviously, an accurate modeling of fission cross sec-
tions is of great importance for many nuclear technologies.
More recently, a renewed interest in this topic has emerged
with the resurgence of advanced nuclear reactors and fuels,
which involve fast neutron spectra and innovative fuel
compositions. Indeed, the next generation of reactors would
have to produce (much) more electricity than conventional
reactors from the same amount of uranium ore, reduce
significantly the amount of nuclear waste produced during
the normal operation of the reactors, while maintaining the
highest level of safety and security. Accurate fission cross
sections for many nuclei, not all observed experimentally,
are needed, and only advances in theory and modeling can
tackle this challenge.
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2.1 Hauser-Feshbach Theory

In this work, we are only interested in modeling fission
cross sections above the resolved resonance region, where
the statistical Hauser-Feshbach equations can be applied. In
the unresolved resonance region, well-known width fluctu-
ation corrections have to be applied to the standard Hauser-
Feshbach theory, and are taken into account in this work.
In the Hauser-Feshbach theory, the cross-section for the
reaction (a, b) can be written as

Ty
S abs 1
ST, b (D

0o = TAENT,"
where g(J) represents the spin statistical factor, and 7.
are the transmission coefficients for a particular reaction
channel ¢. This equation assumes that the system first
forms a compound nucleus characterized by the quantum
numbers J”, before decaying in the outgoing channel b.
In the case of fission, a similar equation can be written
where T} is replaced by a fission transmission coefficient
Tr. The coefficient S, is a correction factor that takes
into account fluctuations from resonance to resonance. [t
becomes important when only few channels are open, and
tends to increase the elastic cross-section at the expense of
competing channels.

2.2 Bjernholm-Lynn Model

In all modern nuclear reaction codes, the determina-
tion of T is treated as a tunneling problem through one-
dimensional fission barriers. The characteristics of these
barriers are often obtained empirically from various ex-
perimental cross-section data sets, or more recently, from
microscopic [2] or macroscopic-microscopic [3] calcula-
tions. For many actinides, this one-dimensional fission path
is characterized by a double-hump along the quadrupole
elongation coordinate, due to microscopic corrections on
top of a macroscopic liquid-drop term. The presence of
this double-hump leads to intermediate structures in fission

. probabilities.

In the Bjemholm-Lynn model [4], the R-matrix for-
malism is applied in the elongation channel that leads to
fission. In the case of a double-humped fission barrier, this
formalism calls for the distinction between class-I and class-
11 states, which lie respectively in the first (normally de-
formed) and second (super-deformed) wells. The minimum
energy in the second well is generally 2-3 MeV above the
ground-state well. Hence the mean spacing D, of levels in
the first well is significantly smaller than the mean spacing
Dy of class-11 states.

In its simplest formulation, i.e., statistical limit, for
which the coupling between class-I and class-I1 states is
neglected, 7' is calculated as

T,Ty

L L
T Ty

)

where T4 p are individual transmission coefficients corre-
sponding to the inner and outer fission barriers, respectively.

Those can be obtained by simple integration of the curve
between the potential energy surface and the excitation
energy at which 7 is calculated.

The coupling between class-1 and class-11 states leads to
areformulation of Eq. 2. A given class-11 state A;; can either
decay to lower class-11 states by electromagnetic radiation,
decay to a normally deformed class-[ state, or couple to a
state in the continuum by tunneling through the outer fission
barrier. The coupling width of the state A, to class-I states
A7 1s given by

My =21 <HZ(/1///1/)> /Dy, 3)

where H.(2;;4;) ts the coupling Hamiltonian. The average
coupling width is related to the transmission coefficient
across the inner barrier by

2 (aye) [ Du = Ty )

Similarly, the average class-11 fission width is related to the
transmission coetficient Tz across the outer barrier by

27 (o) I Dus = Ts. (5)

In the present work, we neglect the class-11 radiation width,
which would lead to delayed fission events.

At sub-barrier energies, assuming that both class-I and
class-11 states follow the uniform picket-fence model (no
fluctuation of resonance spacings and widths), and averag-
ing over the intermediate resonance structure, the average
neutron-induced fission cross-section is rewritten as

T,
(I + R2 + 2Rcoth [ﬂf,m/D“]}”z,

(o) = n2g(D) (6)

with
R = T4, FiDiu] (T T 1) )

where I'; is the sum of radiation and particle emission
widths for class-1 states, Taking into account resonance (o
resonance fluctuations (spacings, widths) will again modify
this simplified formula. It is impossible to treat those fluctu-
ations in a closed-form. Instead, we rely on the Monte Carlo
technique to infer their impact on the average fission cross-
sections. Several approximations can be made depending on
the excitation energy considered: sub-barrier, near barrier,
or above barrier energies. More details about this procedure
can be found in Ref. [5].

2.3 Application to Pu Isotopes

This formalism was applied to a suite of Pu isotopes,
from 239 to 242. In this preliminary work, fission cross sec-
tions were computed below the threshold for second-chance
fission only. The preliminary results of these calculations
are shown in Figure 1.

Many model input parameters enter in the formalism
described above, but most of them can be inferred or/and
constrained by experimental data. The level densities at the




P. Talou et al., Recent Advances in Nuclear Fission Theory: Pre- and Post-Scission Physics

= ENDF/B-VILO —— " ENDF/B-VILO ' '
= L JEFF-3.1 J R JEFF-3.1 4
e 2 present wark . present work
g A
"§ 2 “ B
o W
o A5G Y el 4 b 4
§ | Pu-240 Pu-242 ]
O L ‘ ] X
9
g os| }J’ 1t ]
w ’ !
0 b, S 303 2 s P2 v (] VR £ 4
3 T T T T T T
= ENDF/B-VII.O ENDF/B-VIL.O -
4 JEFF-3.1 JEFF-3.1
.g 2.5 |  presentwork 4 -k pr}{s_gntwork
g .
2 ¢ 1k \ "
4 Pu-239 ‘ * N p
(5] N | \ e U
£ st 11 o S0 )
2 \
iy Pu-241
1 n . " L \ .
0.01 0.1 1 10 0.01 0.1 1 10

Incident Neutron Energy (MeV) Incident Neutron Energy (MeV)

Fig. 1. Neutron-induced fission cross-sections calculated with the
Monte Carlo technique (see text for details).

ground-state deformation, as well as the inner and outer
barriers, play a crucial role in fitting observed cross-sections
properly. In the present calculations, the level densities were
represented as different phases of constant-temperature fol-
lowed by a Fermi gas representation at higher energies.
In some cases however, a combinatorial method was used,
starting from single-particle states obtained in the FRLDM
approach [3]. Fission barrier parameters, aside from level
densities, were obtained from transfer reactions such as
(¢, p/), which provide fission probabilities.

The role of intermediate structures in fission cross-
section calculations is best seen on Fig. 2 where various
assumptions for calculating 2*°Pu (n, /) cross sections are
compared. The impact of fluctuations of class-1 and class-
I states is obviously more important at low-energies, while
all calculations tend toward the simpler Hauser-Feshbach
result with increasing excitation energy. Interestingly, the
full Monte Carlo approach leads to an additional 20%
decrease in the fission cross-section in the 10-300 keV re-
gion, compared to the uniformed picket-fence model result
(Eq. 6).

These calculations are preliminary, and several improve-
ments are foreseen in the near future. The present results
were obtained with a modern version of the AVXSF code
written by J.E. Lynn. However, modern treatments of the
radiative capture and of elastic and inelastic transmission
coefficients are lacking. We plan to merge this fission cross-
section modeling with modern nuclear reaction codes being
developed at LANL and at the CEA. We also plan to use
a consistent set of fission barrier parameters derived from
macroscopic-microscopic calculations by Méller et al. [3].
The result of a five-dimensional macroscopic-microscopic
calculation of potential energy surface is shown in Fig. 3 in
the case of 24°Pu fissioning, along the quadrupole moment
0,. Such calculations can also be used to calculate neutron
and proton single-particle states at every point along the
deformation coordinate. Along with an understanding of the
inertia parameter variation with deformation, one can obtain
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Fig. 2. Neutron-induced fission cross sections of Pu239
calculated under different assumptions: (1) Hauser-Feshbach; (2)
uniform picket-fence model; (3) full Monte Carlo.

quasi-particle states and full level densities at the barrier
deformations, using a traditional combinatorial approach.
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Fig. 3. Fission path of the 2*°Pu fissioning nucleus, using a
macroscopic-microscopic approach [3].

3. PROMPT FISSION NEUTRONS AND GAMMA
RAYS

Right after the point of scission, two (or more) frag-
ments are formed and move away from each other by
Coulomb repulsion. They are usually deformed and excited,
and will quickly emit so-called prompt neutrons and gamma
rays to reach a more stable configuration. Once they reach
their ground-state or an isomeric state, they may further -
decay, and eventually emit so-called g-delayed neutrons and
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y-rays. In this work, we are only interested in the former,
prompt particles.

All modern evaluations of prompt fission neutrons rely
on the original or a modified version of the Los Alamos
or Madland-Nix model [6]. With only a handful of in-
put parameters, this model has been very successful in
computing the average prompt fission neutron spectrum
(PFNS) as a function of the incident neutron energy and
of the fissioning system. The neutrons are evaporated in
Weisskopf-type spectra whose temperatures follow a trian-
gular distribution that corresponds to a specific excitation
energy distribution. This calculation is usually performed
for only a few fragments centered around the peaks of the
fission fragment distribution. Moreover, the neutrons are not
emitted sequentially, but rather from an effective spectrum
and effective temperature distribution.

Although the original model has been modified in sev-
eral ways (many fragmentations [7], different temperatures
in the light and heavy fragments [8]), it remains limited
to the prediction of average quantities, and cannot make
predictions of prompt y-ray spectrum and multiplicity. To
bypass this limitation, we have implemented Monte Carlo
simulations of the Hauser-Feshbach equations applied to the
de-excitation of the fission fragments.

3.1 Monte Carlo Hauser-Feshbach Modeling

In this approach, a primary fission fragment (4, Z)
formed with an initial excitation energy U, decays by emit-
ting neutrons, unti} it becomes energetically impossible.
Neutrons are evaporated in a Weisskopf-type spectrum at
temperature 7"

#(e) < € o(€) exp(—€/T), ®

where € is the center-of-mass neutron energy and o(e) is
the inverse compound nucleus formation cross section. The
Monte Carlo technique is used to sample this spectrum, a
neutron at a specific energy € being chosen, and a new,
residual nucleus (4 — 1,Z) being formed at a residual
excitation energy

Uy = Us - € — Bn(4,2), ®

with B,(4, Z) the neutron binding energy of the nucleus
(4,2). The assumption of isotropic neutron emission in
the center-of-mass reference frame is used to obtain the
corresponding neutron energy in the laboratory frame. The
sequence of successive neutron emissions is followed until
the residual excitation energy is too low, and only y rays can
be further emitted.

The primary fission fragment yields Y(4,Z, TKE) as a
function of the mass A, charge Z and total kinetic energy
TKE are reconstructed from experimental data. For a par-
ticular pair of fragments and 7K £ value, the total excitation
energy shared by the two fragments is simply given by

U=E, ~TKE, (10)

where E, stands for the fission energy release, and simply
depends on nuclear masses, taken from the Audi-Wapstra

tables [9], on the incident neutron energy and on the neutron
binding energy for the target nucleus.

While the total excitation energy U is well characterized
for a given (A4;, Z;, Ay, Ty, TKE) fragment configuration, its
distribution among the light and heavy fragments is not
known. In our calculations, we introduce the parameter

Rr =T/ T, (1

which represents the ratio of the average temperatures in
the light and heavy fragments respectively. It is important
to note that these temperatures are not to be considered
at the time of scission, but rather at the time of neutron
emission, i.e., once both fragments are fully accelerated and
with their deformation energies already transformed into
intrinsic excitation energies.

Another important ingredient entering in these calcula-
tions are the average level density parameters a(4, Z). They
are used to go back and forth between excitation energy and
nuclear temperature in the Fermi-gas approximation

U =af*, (12)

The Gilbert-Cameron-Ignatyuk formalism is used, and the
a-parameter has the following energy-dependency

a4, U) = a‘(A){l 4 % [l —exp(—yU)]}, (13)

where &£ is the shell correction energy, and vy is a damping
parameter introduced to account for the washing-out of
shell effects with increasing excitation energy. In this work,
systematics for the level density parameters were taken from
Kawano et al. [10].

3.2 Numerical Results

Numerical results are shown here for the low-energy
neutron-induced fission of 233U. In this case, the experi-
mental fission fragment yields from F.J.-Hambsch [12] were
used as a starting point in our Monte Carlo simulations.
Note that what was measured are the fission products,
i.e., after prompt neutron emission, and an iterative pro-
cedure was used to infer the pre-neutron emission fission
Sfragments. Independent direct measurements of the fission
fragments are encouraged so that any ambiguity resulting
from this iterative procedure gets lifted.

The calculated average prompt neutron multiplicity as
a function of the fragment mass is shown in Fig. 4, and
compared with experimental data from Nishio [11]. The
impact of the Ry parameter on v(4) is evident from this
figure, and tends to shift upwards (resp. downwards) the
light fragments curve (resp. the heavy fragments curve)
with increasing Ry values. This shift is almost constant
across the mass range for a given value of Ry. This result is
remarkable as one would expect Rr to depend significantly
on the specific fragmentation considered. As the energy
of the incident neutron is increased, and the intrinsic part
of the total excitation energy increases, R+ would tend to
go toward unity reflecting a fissioning system in thermal
equilibrium.
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The total neutron spectrum calculated in the laboratory
frame is shown in Fig. 5, as a ratio to a Maxwellian at tem-
perature 1.35 MeV, for different values of the Ry parameter.
It is also compared to the ENDF/B-VII.O evaluation ob-
tained by applying the Los Alamos model, with parameters
fitted to reproduce existing experimental data. Increasing
Ry values lead to harder spectra, as more neutrons are
emitted from the light fragment, for which the intrinsic
temperatures are higher than for the heavy fragment. The
kinematic boost is also more important for the light than for
the heavy fragment, adding to the hardness of the spectrum.
On this figure, all calculated spectra are normalized to unity.
However, to compare with experimental data, those need
to be re-normalized within the energy limits of observa-
tion. Figure 6 shows calculated spectra, ENDF/B-VII.0 and
Monte Carlo with Rr=1.0, along with several experimental

data sets obtained for thermal as well as 0.5 MeV neutrons.
In this case, the Monte Carlo calculations were performed
for thermal neutrons. The Monte Carlo results were scaled
to provide the same normalization as the experimental
data sets in the observed energy range. The results are in
very good agreement with the experimental data over the
whole energy range. Interestingly, the low-energy part of
the calculated spectra, below 100 keV, is 10-15% higher
than the ENDF/B-VIL.0 result, in agreement with results
by Starostov et al. [13]. As some authors have suggested
different explanations for this higher spectrum, including
the presence of scission neutrons, the present calculations
suggest that there is no need for an extra neutron source, but
instead that a more exact treatment of the fission fragment
decay can account for this.
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Fig. 6. Same as Fig. 5 but for thermal neutrons. The calculated

Monte Carlo result was re-normalized to the experimental data

sets on the experimental outgoing energy range. Experimental
error bars were removed for sake of clarity.

The calculated exclusive spectra for specific neutron
multiplicities v; are shown in Fig. 7. The hardness of the
spectrum shows a strong sensitivity to the neutron multi-
plicity, the spectrum for only | neutron out is significantly
harder than the spectrum calculated for 3 neutrons out. This
result can be used to devise better strategies for detector
efficiency calculations, which always assume that the neu-
tron spectrum is independent on the number of neutrons de-
tected. Advanced Monte Carlo transport caiculations could
be performed making use of the new data generated by this
Monte Carlo approach.

Another quantity of interest is the neutron multiplicity
distribution, P(v). It is shown in Fig. 8, and compared with
experimental data by Franklyn [14], Boldeman [15] and
Diven [16]. Except for Franklyn’s data, which are not direct
measurements of P(v) but instead the result of simulations,
the agreement between the Monte Carlo results and the
experimental data is remarkable. It also depends only very
weakly on the Ry value, as the total neutron multiplicity
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depends mostly on TXE and very little on how this energy is
shared among the primary fragments. Calculated exclusive
data such as the ones presented in Figs. 7 and 8§ are new
results that can/should be incorporated in future evaluated
data files, and used in advanced transport simulations.
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Fig. 8. Prompt neutron multiplicity distribution P(v) for n(0.5
MeV)+2*U.

While those results are very encouraging, the sensitivity
of the results to the model parameters has not been tested
thoroughly yet. In addition, several approximations have not
been lifted yet. For instance, the neutron-y-ray competition
was not taken into account properly in the present calcula-
tions, as y-rays can be emitted long before the excitation
energy reaches the neutron separation energy if the spin
of the fragments is considered, i.e., if the Yrast line is
reached. Very little is known on the initial spin distribution
of the fragments, and one has to rely on adjusted parameters
to perform such calculations. Other parameters, such as

the level density parameters and deformation energies of
the initial fragments, should be well constrained before
extending this approach to more isotopes. This work is
underway.

4. THE NEXT GENERATION OF EVALUATION
TOOLS FOR NUCLEAR FISSION

At this stage, an all-encompassing evaluation too! for
fission data remains elusive. While not tackling the full
complexity of the fission problem, the two examples above,
i.e., advanced modeling of fission cross sections and prompt
fission neutrons and y rays, show that it is indeed possible
to move in that direction. In particular, it is important for
any future evaluation work on fission to be performed with
a global view in mind. Fission fragment distributions should
be linked to fission cross sections, as well as prompt fission
neutrons and gamma rays. It is also important to perform
such calculations not only for a select few, but for a large
set of isotopes, linked either through experimental setups
(e.g., fission cross section ratio measurements) or through
physical constraints (e.g., multi-chance fissions in a suite
of isotopes). Such a global approach will lead to less phe-
nomenology, more physical constraints on the remaining
model parameters, and more predictive capabilities.
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