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2 Project Objectives

Our understanding of nuclear fission, a fundamental nuclear decay crucial for many areas of science and
technology, is still incomplete due to the complexity of the process. The phenomenon of nuclear fission is
an excellent example of an area where theoretical progress is truly needed. But, as Bohr and Wheeler knew
all along, this would in all likelihood take time: “An accurate estimate for the stability of a heavy nucleus
against fission in its ground state, involves a very complicated mathematical problem” [9].

We propose to carry out a programmatic study of the fission process in nuclei, based on the nuclear
density functional theory (DFT) and its extensions, focusing on the actinide and transactinide regions. Our
principal goal is to obtain a comprehensive understanding of the nuclear fission process by taking advantage
of state-of-the-art theoretical techniques and advanced computational tools. The main objectives of the
project are:

(i) Develop the full adiabatic time-dependent description of spontaneous and compound-nucleus fission
within the nuclear density functional theory framework.

(ii) Develop and validate Skyrme-like and microscopic energy density functionals that are optimized for
fission of heavy deformed nuclei.

(iii) Develop a microscopic framework to compute nuclear level densities based on the combinatorial
model.

(iv) Carry out systematic self-consistent calculations of spontaneous fission pathways using modern den-
sity functionals. Perform the direct minimization of the collective action in a multidimensional col-
lective space to compute fission lifetimes, mass and charge divisions, and level densities in actinide
and trans-actinide nuclei using dynamic adiabatic approaches.

(v) Carry out systematic self-consistent calculations of isentropic fission pathways of compound nuclei
using modern density functionals. Perform the direct minimization of the collective action in a mul-
tidimensional collective space to compute fission lifetimes, mass and charge divisions, and level den-
sities for fission from excited states in actinide and trans-actinide nuclei using dynamic adiabatic
approaches.

(vi) Investigate novel non-adiabatic methods to study fission process.

(vii) Train junior scientists and students to apply nuclear many-body techniques to describe low-energy
nuclear phenomena in specific areas of research relevant to stockpile stewardship.

(viii) Develop numerical codes and computational frameworks for fission, optimized for leadership-class
computers, that can be freely used by NNSA researchers and, generally, by the low-energy nuclear
physics community.

(ix) Strengthen the collaboration in the area of fission between UTK and LANL and LLNL through ex-
change of personnel.

(x) Provide data for predictive fission cross-section calculations and the SCALE code.
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3 Mission relevance, outcomes, and impacts

Understanding of the fission process is crucial for many areas of science and technology. Fission governs the
existence of many transuranium elements, including the predicted long-lived superheavy species. In nuclear
astrophysics, fission influences the formation of heavy elements on the final stages of the r-process in a
very high neutron density environment. Fission applications are numerous. Improved understanding of the
fission process will enable scientists to enhance the safety and reliability of the nation’s nuclear stockpile and
nuclear reactors. The deployment of a fleet of safe and efficient advanced reactors, which will also minimize
radiotoxic waste and be proliferation-resistant, is a goal for the advanced nuclear fuel cycles program. While
in the past the design, construction, and operation of reactors were supported through empirical trials, this
new phase in nuclear energy production is expected to rely heavily on advanced modeling and simulation
capabilities [16, 15].

Much of the research outlined here has applications that can impact NNSA programs in stockpile stew-
ardship and non-proliferation. Specifically, the research described in this proposal will support the research
goals of the SSAA Program in Topic Research Area 2: Low-Energy Nuclear Science, sub-area 2c: Physics of
the fission process, including division of mass and charge as a function of excitation, production of energy,
and the reaction properties of prompt fission products.

The principal impact will be in the delivery of fission models capable of providing nuclear data not only
of a higher quality, but also with quantified uncertainties. For many NNSA applications, the required data on
fission cross sections or fission products cannot be obtained via experiment, because very neutron-rich nuclei
with short half-lives are required. Understanding fission and in particular properties of fission fragments is
essential to successfully analyzing fission yields under a variety of conditions and is the starting point for
the complex modeling of the prompt fission neutron spectrum [60].
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4 Scientific and technical merit

Today, a comprehensive, microscopic explanation of nuclear fission still eludes us due to the complexity
of the process. This fundamental nuclear decay, of great relevance to society, is an example of a quantal
large-amplitude collective motion. During fission, the nucleus evolves in a multidimensional manifold of
collective coordinates, possibly through a classically forbidden region in which the potential energy of
the system exceeds the total energy. The resulting evolution can be understood in terms of many-body
tunneling involving transitions between mean fields with different intrinsic symmetries. We have yet to
obtain a microscopic picture of fission that is comparable to what we have for ground and excited states of
atomic nuclei.
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Figure 1: Our approach to fission. Calculations are based on quality density functionals optimized for large defor-
mations, such as UNEDF1 [30] (upper left) and state-of-the art numerical techniques [3, 55] (lower left). Large-scale
DFT calculations in multidimensional collective spaces are needed to produce accurate potential energy surfaces,
which enable us to identify the multiple fission channels [54] (middle). Based on this information, large-scale dynam-
ical simulations are carried out using the microscopic inertia tensor [4] (upper right) to calculate fission lifetimes [54],
fission fragment properties, and other observables (lower right).

Our principal goal is to obtain a comprehensive understanding of the nuclear fission process by taking
advantage of state-of-the-art theoretical techniques, going far beyond the existing mean-field methods, and
advanced computational tools, including the leadership-class computers [16, 15]. There are several factors
that make us believe that this goal can be met. First, under the current project Theoretical Description of
the Fission Process supported by NNSA SSAA (grant DOE-DE-FG52-09NA29461), we put together an
excellent team of scientists that have unique expertise in the theoretical treatment of fission. Second, we
advanced fission theory by developing key ingredients of adiabatic fission dynamics and optimizing and
validating theoretical input. Third, we have developed specialized software for fission calculations.

We are pleased to report substantial progress in all areas of the program. One measure of this progress
is publications and invited material. Our fission work under grant DOE-DE-FG52-09NA29461 resulted in
19 publications and 20 presentations. The prior results are highlighted below in the sections describing
the proposed work.

Figure 1 presents key elements of our strategy. The quality of simulations strongly depends on validated
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microscopic input. A significant effort has been devoted to develop energy functionals that produce correct
physics at large shape elongations [30, 43] and advance numerical techniques and tools that would facilitate
symmetry-free constrained DFT calculations [45, 3, 55, 51]. A starting point in the adiabatic approach to
fission is the capability to compute accurate multidimensional potential energy surfaces (PES), and use them
to compute observables such as fission half-lives or fragment distributions. The methodology to compute
multidimensional PESs is in place. It allows us to characterize competing fission pathways [54] and com-
pute the collective action needed to predict half-lives. While the collective action along a one-dimensional
trajectory yields very encouraging results [54], a more precise theory will require a full Adiabatic Time-
Dependent Hartree-Fock-Bogoliubov (ATDHFB) treatment of the collective inertia tensor. The extension of
ATDHFB to compound-nucleus fission [27], and development of self-consistent formalism to compute level
densities will allow us to make detailed predictions used in further fission simulations.

The fission work described in this proposal will be complementary to our DFT computational effort
recently proposed under SciDAC-3, which will be primarily dealing with computational infrastructure for
fission – optimized for leadership-class computers – and the development of 3D fully adaptive wavelet DFT
solver based on the MADNESS framework [61, 62, 20]. If funded and successful, we will use these new
exciting tools for production runs carried out under this grant and beyond the project period.

4.1 Quality input for DFT fission calculations

One of the focus areas of our fission effort is to develop high-quality input for microscopic fission calcula-
tions. Without such input, even the most sophisticated theoretical many-body approaches to fission would
not be able to produce reliable results that could be compared to experimental data quantitatively. Verified
and validated theoretical input is crucial for interpreting experimental data, assessing importance and fea-
sibility of planned measurements, predicting nuclear properties in the regions that are impossible to access
experimentally, and defining future research directions.

The nuclear DFT used in our work is based on the self consistent mean-field approach rooted in the
self-consistent Hartree-Fock-Bogoliubov (HFB) problem [7]. The quality of a DFT calculation relies on the
form and parametrization of an underlying energy density functional (EDF). Since the coupling constants
of the nuclear EDF cannot yet be computed by means of ab-initio methods, it is customary to adjust those
to experimental data using least-square optimization techniques [28, 48, 29, 30]. As the parameters of
currently used EDFs are primarily constrained by global properties of nuclei near the valley of stability
and some nuclear matter parameters, dramatic extrapolations are involved when extending mass tables into
unexplored regions.

In our fission work, we employ pseudo-local Skyrme energy density functionals [7, 46]. Recent studies
[49] indicate that commonly used EDF parametrizations exhibit a significant spread in bulk deformation
properties, e.g., the surface-symmetry coefficient. Consequently, predicted fission barriers of actinides and
superheavy elements strongly depend on the choice of EDF [10]. The resulting theoretical uncertainties
could be greatly reduced by considering data corresponding to large deformation in the optimization process
[59]. Let us recall that the early Skyrme-type EDF SkM∗ [5] was in fact optimized for fission studies in the
actinide region by considering the experimental information on the fission barrier of 240Pu. However, the
optimization was not performed directly at the deformed HFB level; instead, a semi-classical approach
was used based on the Thomas-Fermi approximation together with shell-correction techniques. The D1S
parameterization of the finite-range Gogny force was also fine-tuned to the first barrier height of 240Pu [8],
considering a rotational correction to the energy of the deformed state. However, this fine-tuning again was
not done directly at the HFB level but by a manual readjustment of the surface coefficient of the EDF using
a phenomenological model. Also, in the Bsk14 EDF of the HFB-14 mass model [22] by the Bruxelles-
Montréal collaboration, data on fission barriers were utilized to optimize the EDF parameters by adding
phenomenological collective corrections, including a rotational one. One may, therefore, conclude that no
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EDF has ever been systematically optimized at the deformed HFB level (and without phenomenological
corrections added) by explicitly considering constraints on states at large deformations.

In the first step towards developing an optimized EDF for fission, we performed an assessment of ex-
isting models with respect to their deformability. This was done in Ref. [43], which constituted the Ph.D.
thesis of Nikola Nikolov and was also featured in Stewardship Science Academic Alliances Annual 2012
DOE/NA-0018, p.42 (2012). Our calculations have demonstrated that deformation properties of neutron-
rich nuclei are governed by an interplay of the deformation-driving Coulomb and surface-symmetry terms,
and the surface energy that acts against shape deformation. To estimate this interplay, we extracted the
smooth deformation part of the HFB energy by means of the shell correction procedure and demonstrated
that inter-parametrization differences to a large extent reflect macroscopic properties of EDFs. To illustrate
this point, Fig. 2 shows the liquid-drop model fission limit for the SkI3 and SkM* EDFs. A clear message
drawn from Fig. 2 is that the surface-symmetry term can significantly impact fission barriers. This result
is especially important in the context of the fission recycling mechanism in the r-process and hot fission
reactions leading to excited neutron-rich superheavy nuclei. As discussed in Ref. [43], the uncertainty in the
surface-symmetry energy makes it difficult to reliably predict fission rates of the heaviest and superheavy
neutron-rich nuclei.

150 160 170 180 190

120

200

100

110

90

80140
Neutron number 

Pr
ot

on
 n

um
be

r 

SkM*

SkI3

LDM

=0

Figure 2: The importance of the surface-symmetry term on fission can be quantified at the liquid drop model level
by the dimensionless fissility parameter x = ECoul(sph)

2Esurf(sph) ≈ Z2

47A(1−ηI2) , where I = (N − Z)/A is the neutron excess,
η ≡ −assym/asurf, and asurf are assym symmetry and surface-symmetry energy coefficients. If x > 1, the nuclear liquid
drop is unstable to fission. In the presence of neutron excess, the fissility parameter increases. The x = 1 fission limit
is marked for for the SkI3 and SkM* energy density functionals, as well as for η = 1.7826 used in Ref. [6], and η = 0
(no isospin dependence). The region of known nuclides is marked by black squares. (From Ref. [43].)

The results obtained in Ref. [43] have suggested that adding the data on strongly deformed nuclear
states (such as excitation energies of fission isomers) in the optimization protocol, combined with the usual
constraints on bulk properties and shell structure, should constrain quite effectively the surface properties of
the nuclear energy density functional. This is exactly what has been done in the recent optimization work
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resulting in the development of the functional UNEDF1 [30]. The main focus of this study – carried out
jointly under UNEDF SciDAC-2 project and our SSAA grant – was to improve the description of fission
properties of the actinide nuclei and to provide a high-quality EDF for time-dependent applications involving
heavy systems. The most notable change in the form of the energy density as compared with the previously
obtained parametrization UNEDF0 [29] was the removal of the center-of-mass correction. Compared with
UNEDF0, the dataset was enlarged by adding ground-state masses of three deformed actinide nuclei and
excitation energies of fission isomers in 236,238U, 240Pu, and 242Cm.

The most striking feature of UNEDF1 is its ability to reproduce the empirical fission barriers in the
actinide region (see the upper-left panel of Fig. 1). We find it most encouraging that, by including only a
handful of fission isomer bandheads, deformation properties of the functional seem well constrained. The
UNEDF1 results for fission barrier heights in selected actinide nuclei are listed in Tables 1 (inner barrier
EA) and 2 (outer barrier EB). For comparison, we also list the empirical barrier heights from the Reference
Input Parameter Library (RIPL-3) [11]; the HFB fission barriers obtained by fitting the neutron-induced
fission cross section [24]; and predictions of ETFSI [33], FRLDM [38], and HFB-14 [22] models, together
with calculations with the SkM∗ [5] EDF. Overall, the description of experimental data by UNEDF1 is
very reasonable, with the rms deviations from experimental values of EA and EB comparable to the values
obtained in more phenomenological models. (See also recent study of inner barriers in covariant DFT [1].)
This result is remarkable since it was obtained by adding only four excitation energies to the dataset. Jordan
McDonnell, who was responsible for the survey of UNEDF1 barriers, was selected as the winner of the
poster competition at the recent 2012 SSAA Annual Symposium.

Nuclide Exp. [11] HFB+Fit [24] ETFSI [33] FRLDM [38] HFB-14 [22] SkM∗ UNEDF1

236U 5.00 5.52 5.20 4.45 5.52 6.93 6.39
238U 6.30 5.80 5.70 5.08 5.93 7.25 6.50
238Pu 5.60 5.57 5.40 5.27 5.96 7.39 6.83
240Pu 6.05 5.89 5.80 5.99 6.49 7.51 6.77
242Pu 5.85 6.02 6.20 6.42 6.81 7.44 6.59
244Pu 5.70 - 6.40 6.59 6.85 7.82 6.10
242Cm 6.65 6.20 6.10 6.56 6.75 8.76 7.12
244Cm 6.18 6.18 6.40 6.92 7.10 8.81 6.99
246Cm 6.00 6.00 6.50 7.01 7.31 8.41 6.69
248Cm 5.80 - 6.50 6.80 7.25 7.94 6.12

∆EA 0.47 0.75 0.87 1.97 0.79

Table 1: Empirical and theoretical inner barrier heights EA (in MeV) for selected actinide nuclei. The rms deviations
from experiment are ∆EA are shown in the last row.

The functional UNEDF1 will be the input of choice for microscopic studies of the nuclear fission pro-
cess. In the next step we intend to improve the spectroscopic quality of UNEDF1 functional by considering
the experimental data on spin-orbit splittings and shell gaps. We shall also improve the density dependence
of the kinetic term by adding new constraints on giant resonances. During Year-2 of the proposed project,
we intend to develop microscopically based energy density functionals [58] optimized for fission. Those
functionals will form a key input to our fission barrier and level density calculations used in predictive fis-
sion cross-section simulations of neutron-induced fission cross sections carried out in a collaboration with
Talou (LANL). In this way, we intend to develop a coherent microscopic framework for fission that will suc-
cessfully compete with the current mean-field standard [23, 24, 25] and will provide necessary uncertainty
quantification.
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Nuclide Exp. [11] HFB+Fit [24] ETFSI [33] FRLDM [38] HFB-14 [22] SkM∗ UNEDF1

236U 5.67 6.03 4.00 5.03 6.03 6.70 5.56
238U 5.50 6.17 4.90 5.64 6.48 7.36 6.42
238Pu 5.10 5.35 2.90 4.47 5.24 5.99 4.62
240Pu 5.15 5.73 3.40 4.91 5.61 6.40 5.42
242Pu 5.05 5.61 3.60 5.72 6.02 6.90 6.20
244Pu 4.85 - 3.90 6.47 6.25 7.49 6.50
242Cm 5.00 4.90 1.70 4.45 4.51 6.31 4.08
244Cm 5.10 5.10 2.10 5.07 4.83 7.00 5.03
246Cm 4.80 4.80 2.40 5.87 5.23 7.42 5.51
248Cm 4.80 - 2.60 6.65 5.25 7.32 5.55

∆EB 2.11 0.94 0.70 1.89 0.84

Table 2: Similar to Table 1 except for the outer barrier heights EB (in MeV).

4.2 Software developments

Under the present SSAA grant we developed specialized software enhancing our DFT framework. Some
of the new capabilities, stimulated by our fission needs, were developed in a close collaboration with the
SciDAC-2 UNEDF project. The work on Broyden’s method for the numerical solution of nonlinear equa-
tions in many variables [3] is a good example of this collaboration (see the lower-left panel of Fig. 1 for an
application of Broyden’s method to fission of 252Fm).

The workhorse of our fission work is a symmetry-unrestricted DFT solver HFODD, which solves the
Skyrme-HFB equations in the Cartesian-deformed harmonic-oscillator basis. HFODD perfectly suits our
needs, as it is capable of simultaneously treating all possible collective degrees of freedom that may appear
on the way to fission. A number of new fission-related features have been added to the last version of the
code [51].

We developed an accurate 2D lattice Skyrme-HFB solver HFBAX based on B-splines [45]. We used this
code to study fission barriers. In addition to providing new physics insights, HFBAX can serve as a useful
tool to assess the reliability and applicability of coordinate-space and configuration-space HFB solvers, both
existing (HFTODD, HFBTHO [57]) and in development.

To improve the precision of our constrained calculations, crucial in the context of collective inertia, we
implemented the augmented Lagrangian method (ALM) in our DFT solver [55]. ALM is widely used in
quantum chemistry constrained optimization problems; it allows precise calculations of multidimensional
energy surfaces in the space of collective coordinates that are needed to determine fission pathways and
saddle points; it improves accuracy of computed derivatives with respect to collective variables that are used
to determine collective inertia; and is well adapted to supercomputer applications. Figure 3 shows the total
energy surface of 252Fm in the Q20-Q30 plane obtained with ALM. Compared with the standard quadratic
penalty method, one can see interesting physics in the region which was inaccessible by the latter approach,
namely the appearance of the second (fusion) valley at large values of Q30 separated from the spontaneous
fission valley by a steep ridge. Based on HFODD with ALM, we developed codes to calculate collective
inertia [4] (see Sec. 4.4).

The future work in the area of numerical enhancement and new algorithms will be carried out in a
close collaboration with Schunck (LLNL), and we shall take advantage of the proposed SciDAC-3 program.
Adopting new microscopic functionals as described in Sec. 4.1, moving to non-adiabatic approaches, and the
constant need for higher precision are likely to create bottlenecks. To this end, we will invest on improving
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Figure 3: Two dimensional constrained calculations in a (Q20, Q30) plane for 252Fm performed with HFODD using
the augmented Lagrangian method. (From Ref. [55].)

the scalability of the code by parallelizing its kernel and developing optimized libraries for dense linear
algebra.

4.3 Multidimensional fission pathways

The microscopic description of fission represents an extreme-scale application of the nuclear DFT, see Fig. 1.
The methodology to compute multidimensional PESs, which are essential elements of the DFT fission de-
scription, is in place [54, 55, 56, 36]. It allows us to characterize competing fission pathways and compute
the collective action needed to predict half-lives.

To obtain a PES, the self-consistent equations are solved to minimize the total energy of the system at
each point in the collective space. To identify saddle points in a multidimensional energy surface is not a
simple task. As pointed out in Refs. [37, 17], saddle points obtained in calculations constrained by only one
collective variable are sometimes incorrect; hence, special numerical techniques are required to find them.
Multidimensional calculations, such as those of our work [54] displayed in the middle panel of Fig. 1, are
extremely useful in this respect as the competing fission pathways are usually well separated when studied in
more than one dimension. It is worth noting that calculations of self-consistent PESs are computer intensive;
hence, massively parallel computer platforms, enabling us to handle multi-dimensional collective spaces and
massive amounts of data, must be used.

A representative example of our recent work is shown in Fig. 4, which displays the PES of of 180Hg in
the (Q20, Q30) plane. Our calculations, stimulated by experiments on beta-delayed fission in the mercury-
lead region [2], predict an asymmetric fission pathway that is separated by a potential-energy ridge from the
symmetric fusion valley corresponding to a 90Zr+90Zr split.

The future work will include systematic PES calculations in the mercury-lead region, actinides, and
the heaviest and superheavy regions, including the excitation-energy dependence of fission barriers (see
Sec. 4.5).
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Figure 4: Potential energy surface of 180Hg in the (Q20, Q30) plane calculated with the SkM* EDF. (From A. Staszczak
et al., to be published.)

4.4 Fission dynamics

In this study, we will employ ATDHFB, which is equivalent to a multidimensional barrier penetration prob-
lem with a microscopically determined collective mass (or collective inertia). This allows us to search for
the optimum collective trajectory in a multidimensional space that minimizes the collective action and then
to evaluate the barrier penetration probability, or a fission half-life, by integrating the action along this opti-
mum path. In practice, this is done by constraining the nuclear collective coordinates associated with shape
deformations to have prescribed values of the lowest multipole moments, Qλµ, by which we explore the
main degrees of freedom related to elongation (λµ=20), reflection-asymmetry (λµ=30), triaxiality (λµ=22),
and necking (λµ=40).

According to the path formulation of the fission problem [53], ATDHFB is the adiabatic limit of the
instanton dynamics; hence, it provides the best framework to calculate mass tensor. However, in most
applications, various approximations are adopted. In the commonly used perturbative cranking expression,
for instance, the derivatives with respect to collective coordinates (i.e., collective momenta) are evaluated
using the perturbation theory, and the Thouless-Valatin self-consistent terms yielding time-odd fields are
neglected. The resulting collective masses are known to be too small [64]; hence it is imperative to go
beyond the cranking treatment.

Recently, we performed benchmarking calculations of the collective mass tensor in the non-perturbative
cranking limit of ATDHFB (ATDHFB-C) [4]. This work represents a significant milestone in our quest
for realistic description of fission dynamics. To obtain collective inertia, we explicitly evaluated collective
momenta by taking the derivative of the HFB density matrix with respect to collective parameters. In prac-
tice, the derivative can be approximated by using the Lagrange formula, which involves the evaluation of the
density matrix in several neighboring points in the collective space. Figure 5 compares the results of the non-
perturbative cranking approach in the full quasiparticle basis (ATDHFB-C) with the perturbative cranking
approximation (ATDHFB-Cp), the perturbative-canonical cranking approximation (ATDHFB-Cpc), canon-
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ical cranking approximation (ATDHFB-Cc), and Gaussian overlap approximation (ATDHFBGOA). As seen
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Figure 5: The quadrupole mass parameter B(Q20) in ATDHFB-C (triangles) along the 1D static fission pathway of
256Fm calculated in SkM∗+HFB as a function of the mass quadrupole moment. The ATDHFB-C values are compared
with those obtained in the perturbative cranking approximation ATDHFB-Cp and perturbative-canonical cranking
approximation ATDHFB-Cpc (a); canonical cranking approximation ATDHFB-Cc (b); and Gaussian overlap approx-
imation ATDHFBGOA (c). (From Ref. [4]).

in Fig. 5, the total ATDHFB-C mass exhibits several maxima. The most pronounced peaks can be traced
back to configuration changes along the fission pathway that are indicative of changes in the shell structure
with elongation. It is interesting to see that the collective mass in ATDHFB-C is very close to that obtained
in ATDHFB-Cc. The peak-like structures are considerably suppressed in ATDHFB-Cp, ATDHFB-Cpc, and
ATDHFBGOA due to the very approximate treatment of density matrix derivatives, i.e., the collective mo-
mentum. It can thus be concluded that the exact treatment of derivatives gives rise to less adiabatic behavior
of collective mass. We also note that ATDHFB-Cp, ATDHFB-Cpc, and ATDHFBGOA results follow each
other with the ATDHFB-Cp mass being systematically larger than that in ATDHFB-Cpc, and the ATDHFB-
Cpc mass being systematically larger than that in ATDHFBGOA. Interestingly, the ATDHFB-Cp variant
yields collective masses that differ from ATDHFB-C primarily around the ground-state minimum and the
first barrier. At large elongations, beyond the bifurcation point, both approaches produce fairly similar
collective inertia.

While the collective action along one-dimensional time-even trajectory yields very encouraging results

12



NARRATIVE, Microscopic Description of the Fission Process 4.5 Temperature dependence

[54], more precise theory will require a full ATDHFB treatment of the collective inertia tensor, including the
Thouless-Valatin terms [14]. The time-odd response is expected to play a significant role in the description of
collective dynamics [35] and we intend to expand our current ATDHFB code by iteratively solving ATDHFB
equations. The work along these lines is in progress.

The full ATDHFB implementation will allow us to perform advanced multidimensional minimization of
the collective action along the pathways between the nuclear ground state and the hypersurface of scission
points [63]. To perform realistic simulations of fission yields and neutron multiplicities at high excitation
energies in actinides, in collaboration with Schunck (LLNL), we will develop the theory of collective inertia
at finite-temperature. This work will follow the lines of our previous studies on isentropic fission barriers in
complex nuclei described in Sec. 4.5.

The present methodology will be primarily applied to systematic fission studies of the actinides, as well
as transfermium and superheavy elements [13]. Such comprehensive investigation, the first of its kind, will
provide a deeper insight on the question of stability of the nuclear species.

4.5 Temperature dependence

It is well recognized that pairing and shell effects in atomic nuclei are strongly quenched with increasing
excitation energy (temperature) [39]. It is therefore expected that fission barriers, which are primarily de-
termined by shell effects, will strongly depend on temperature. The temperature-dependent HFB (or DFT)
equations are similar in structure to those at T=0 [21]. At finite temperature, HFB densities are modified
by the Fermi distribution function and need to be evaluated for each temperature by solving temperature-
dependent HFB equations self-consistently [18, 34]. Recently, we have initiated studies of temperature
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Figure 6: Symmetric isentropic fission pathways of 264Fm at the values of entropy S corresponding to temperatures
kT = 0, 0.5, 1.0, and 1.5 MeV [45]. The energy has been normalized to zero at the ground-state minimum. The effect
of triaxial degrees freedom on the first barrier is marked by dashed lines.

dependence of fission barriers using the newly developed DFT code HFB-AX [45]. The advantage of
this technique is that it provides a highly accurate and self-consistent treatment of bound and continuum
states. The primary effect of the temperature is to promote particles to excited configurations, including the
positive-energy space. The basis expansion method, which has been employed in earlier studies, is ill-suited
to investigate nuclear properties at higher temperatures as it offers a rather poor representation of the particle
continuum.

In Refs. [45, 52, 44], we investigated the dependence of fission barriers on the excitation energy of the
compound nucleus and the energy dependence of thermal neutron gas [44]. In particular, we (i) demon-
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strated the relationship between isothermal and isentropic description of fission; (ii) studied the isentropic
fission pathways, and (iii) predicted a more rapid decrease of fission barriers with excitation energy in nuclei
around 278112 produced in reactions with lead and bismuth targets compared to the nuclei around 292114
synthesized in “hot fusion” reactions with actinide targets. As a representative example, Fig. 6 shows the
dependence of fission barrier of 264Fm on excitation energy. A large reduction of barriers with temperature
is expected to dramatically modify fission half-lives. The survey of the barrier damping parameter obtained
in our work is shown in Fig 7: it nicely illustrates the appreciable particle number dependence of barrier
damping. We also (iv) investigated the transition from asymmetric to symmetric fission with increasing
excitation energy. Experimental studies indicate that there is a systematic increase in the symmetric mass
yield relative to the asymmetric one with excitation energy. By calculating the reflection-asymmetric defor-
mations along static fission pathways, we showed that such a transition indeed takes place in selected nuclei
[52, 36].
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Figure 7: Inverse barrier damping parameter extracted from our calculations for 48 even-even superheavy nuclei [52].

In this project, we intend to carry out a systematic analysis of the temperature dependence of fission
properties. This work will constitute a principal part of Jordan McDonnell’s Ph.D. thesis. Stimulated by
recent experimental work on hyperdeformed sub-barrier fission resonances [42, 12], a proof-of-principle
study of 232Th and 232U has been completed using several state-of-the art nuclear density functionals [36].
The main conclusion of this work – featured in Stewardship Science Academic Alliances Annual 2011
DOE/NA-0016, p.18 (2011) – is the disappearance of the third hyperdeformed minimum (quasi-molecular
metastable state) with excitation energy. Based on the the temperature-dependent DFT approach, we will
also develop the theory of collective inertia at finite temperature. This work will be done in a collaboration
with Schunck (LLNL).

4.6 Microscopic level densities

Level densities represent one of the key ingredients of nuclear reaction cross section calculations [11, 47].
Within DFT, they can be extracted from the nuclear partition function [27]. Under this project, we in-
tend to use our temperature-dependent formulation of DFT (see Sec. 4.5) and the combinatorial model of
Refs. [23, 24, 25] to determine nuclear level densities at the saddle points and local minima of computed
fission pathways of actinides. The microscopic nuclear level densities and barriers will be applied to the
calculation of cross sections in a collaboration with Talou (LANL).
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4.7 Non-adiabatic approaches fo fission

While the existing time-dependent theories coupled with the semi-classical approximation provide a rea-
sonable description of fission, they are plagued with several deficiencies; in particular, the assumption of
adiabaticity [40]. It is highly desirable to have a non-adiabatic theoretical tool, the predictive power of which
can be improved systematically. The path integral representation of the time-evolution operator [31, 32, 27]
holds the promise of removing many deficiencies of the current mean-field models. The application of
the saddle-point or stationary phase approximation to the path integral results in the mean-field solutions
propagating in imaginary time, which are similar to the instanton solutions in the relativistic quantum field
theories. This approach is fully microscopic and the trajectory in the space of Slater determinants is fully
determined by self-consistent equations. However, in the context of fission [41], the imaginary-time method
has been solved only for relatively simple systems due to the numerical difficulties associated with the
solution of the periodic mean-field equation in imaginary time.

Recently, under this project, a description of nuclear spontaneous fission in terms of instantons has been
formulated [53]. In particular, it has been demonstrated that instanton is the imaginary-time analog of the
self-consistent TDHF solution in the representation of time-even and time-odd components of the density
matrix. One of the goals of this present project is to continue working along these lines and study the
fission dynamics for realistic systems using the instanton method. The imaginary-time approach will be
compared with ATDHFB, TDDFT approach based on the MADNESS framework that will be developed
under SciDAC-3, and the time-dependent formalism of Ref. [26] based on the Gaussian overlap approxima-
tion. The TDDFT approach will be used to derive fission mode probabilities and fission fragment excitation
energies.
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5 Management plan

The management plan for this project is modeled on that of the successful SSAA fission theory grants DE-
FG03-03NA0083 (2003-2008) and DOE-DE-FG52-09NA29461 (2009-2012) led by Nazarewicz. Annual
meetings at JIHIR, as well as more frequent meetings of smaller teams, will be used to maintain focus and
rapid progress.

5.1 Project Timetable

The work described in this proposal will be performed in the following three stages:

YEAR 1:
• In a collaboration with LLNL, carry out systematic studies of fission pathways in multidimensional

spaces of collective coordinates for actinide nuclei and the heaviest elements.
• Study beta-delayed fission in the mercury-lead region, including the excitation-energy dependence of

fission barriers.
• Using optimized Skyrme-like functionals, compute fission barriers and level densities used in predic-

tive fission cross-section calculations carried out in a collaboration with LANL.
• Implementation of the full ATDHFB collective inertia for fission. Calculations of fission half-lives

using the static collective action for actinides and the heaviest elements ranging from Z=90 to 124.
• Develop the framework to compute microscopic nuclear level densities within the DFT plus combi-

natorial method.
YEAR 2:

• Investigations of kinetic-energy and mass distributions of the fission fragments based on the static
pathways.

• Minimize the collective action for 240Pu in a three-dimensional collective space (elongation, mass
asymmetry, triaxiality) using the full ATDHFB inertia tensor and compute the spontaneous fission
half-life.

• Using microscopically based energy density functionals, compute fission barriers and level densities
used in predictive fission cross-section calculations for key actinide nuclei carried out in a collabora-
tion with LANL.

YEAR 3:
• Using microscopically based energy density functionals, carry out systematic studies of fission path-

ways in multidimensional spaces of collective coordinates for actinide nuclei and the heaviest ele-
ments.

• Minimize the collective action for 240Pu in a four-dimensional collective space (elongation, triaxiality,
mass asymmetry, necking) and compute fission half-life.

• In a collaboration with LLNL, develop collective inertia at nonzero temperature.
• Apply the time-dependent DFT formalism to neutron-induced fission of 240Pu. Study the limitations

of ATDHFB. The TDDFT approach will be used to derive fission mode probabilities and fission
fragment excitation energies; these data will be further processed at LANL.

• Assess the applicability of the imaginary-time formulation of DFT to realistic fission studies. If
successful, this activity will be continued beyond the project period.
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5.2 Roles of Participants

5.2.1 Personnel

The work described in this proposal will be performed by the University of Tennessee nuclear theory group
led by W. Nazarewicz in a close collaboration with visitors (Andrzej Baran, Jacek Dobaczewski, Javid
Sheikh, Andrzej Staszczak, and Michał Warda), collaborators from the Nuclear Theory and Modeling Group
at LLNL (Nicolas Schunck, Walid Younes, and Daniel Gogny), collaborators from the T-2 group at LANL
(Patrick Talou, Toshihiko Kawano and J.Eric Lynn), and collaborators from Nuclear Data & Criticality
Safety Group at ORNL (Marco Pigni). We will involve one undergraduate and three graduate UTK students
in various aspects of the project. We will also employ a visiting research professor and a post-doctoral
associate. In summary, in the submitted proposal we are asking for the support of one senior scientist (6
months/year), one post-doctoral fellow, two graduate students, and travel funds to support the UTK-LANL-
LLNL collaboration meetings, SSAA Annual symposia, and fission-related conferences and meetings.

During the previous period, three graduate students were involved in our fission research. Nikola
Nikolov was fully supported by the grant. His main task, and also a principal part of his Ph.D. thesis,
was to investigate the role of the surface-symmetry energy on fission properties of neutron-rich nuclei. A
paper summarizing his results, and a key element of his thesis, appeared in Physical Review C [43] and
Nikola defended his doctoral thesis in May 2011. Jordan McDonnell is a U.S. Department of Energy/NNSA
Stewardship Science Graduate Fellow; his support comes from the Krell Institute. His main task is to de-
scribe fission pathways for ground-state and excited nuclear configurations. Jordan has greatly contributed
to several recent deliverables by our group [50, 51, 30]. Erik Olsen, the third student, is currently working
with two undergraduate students, Noah Birge and Alex Perhac, who will hopefully join our team. All three
have been involved in microscopic mass-table calculations, in particular assessing systematic and statistical
uncertainties of DFT calculations for ground-state nuclear properties, see Ref. [19]. Another graduate stu-
dent who has recently joined our effort is Kemper Talley. Kemper is a CIRE graduate student supported by
NSF who came to us through the Bredesen Center for Interdisciplinary Research and Graduate Education.
Kemper’s interests in research include nuclear theory and nuclear data as it pertains to nuclear engineering
problems. Currently, some of the work he is doing is concerned with updating delayed neutron codes and
tables for SCALE. He is jointly supervised by Nazarewicz and Mark Williams from the Reactor Physics
Group of the Reactor and Nuclear Systems Division at ORNL.

Drs. Baran, Staszczak, and Warda are senior researchers from the Maria Sklodowska-Curie University,
Lublin, Poland; Dr. Dobaczewski is the head of nuclear theory group at the University of Warsaw, Warsaw,
Poland and University of Jyväskylä, Finland; and Dr. Sheikh is a Dean of the Faculty at the University of
Kashmir, Srinagar, India. They all visited Tennessee for longer periods under this grant. Staszczak has been
mainly responsible for our fission barrier calculations and software developments; Baran has carried out
dynamic calculations of fission lifetimes and – together with Dobaczewski and Sheikh – has been working
on ATDHFB framework for fission; Warda and Staszczak have collaborated with us on beta-delayed fission
in the mercury-lead region. Dobaczewski is the author of the symmetry-free DFT solver HFODD used in
our fission calculations. Dr. Junchen Pei, our postdoc, was leading the temperature-dependent fission barrier
calculations carried out with Sheikh, McDonnell, and Kerman (MIT); his primarily support came from the
Joint Institute for Heavy Ion Research. Junchen has left us very recently to accept a Professor appointment
at the Pekin University (China).

5.2.2 Interactions with Personnel at NNSA/DP Laboratories

Over the years, we developed scientific contacts and collaborations with researchers from NNSA/DP Labo-
ratories in the area of fission modeling; namely, Patrick Talou, Peter Möller, and Arnie Sierk from LANL,
and Nicolas Schunck, Walid Younes, and Daniel Gogny from LLNL. As in previous years, travel funds will
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be allocated in this project to support the scientific exchange between University of Tennessee and LANL
and LLNL.

With Patrick Talou, we are involved in the NEUP Project 09-783 on Improvements to nuclear data and
its uncertainties by theoretical modeling (other collaborators are Yaron Danon from RPI and Anil Prinja
from UNM). Our role in this project is to provide microscopic input for predictive fission cross section
calculations at LANL. The NEUP grant will end in September 2012, and we intend to continue and extend
collaboration with Talou under this proposal. (A letter from Dr. Talou is attached in Appendix 7.) We
have had fruitful interactions with Möller and Sierk, especially at the annual workshops (see below), and
these interactions will continue.

During the period of the current SSAA grant, we expanded existing collaboration in the area of mi-
croscopic treatment of fission with the LLNL theory group, in particular with Nicolas Schunck and Walid
Younes. Before joining the Nuclear Theory and Modeling Group at LLNL, Schunck was a postdoctoral
researcher in our UTK group, involved in our fission project. (A letter from Dr. Walid Younes and Dr.
Nicolas Schunck is attached in Appendix 7.) We also have had fruitful interactions with Gogny and
Ormand, especially at the annual workshops (see below), and these discussions will continue. Jordan Mc-
Donnell conducted his SSGF practicum site visit at LLNL during the summer of 2010. He studied reaction
theory and carried out ab initio NCSM+RGM calculations for light nuclei relevant to NIF under Petr Navratil
and Sofia Quaglioni. This research was summarized in poster and presentation on “Analyzing Powers for
Deuterium-tritium Fusion from ab initio NCSM+RGM”. During the practicum, Jordan also interacted with
Gogny, Ormand, and Younes on various aspects of fission.

In order to better exchange information and ideas, we will continue hosting successful workshops at the
Joint Institute for Heavy Ion Research, partly devoted to the fission problem. During these workshops, we
will solicit input from NNSA laboratory researchers on what is relevant to calculate. The programs for the
previous seven workshops, held in 2004-2011, can be found on the project’s website. A reference to the
SSAA program was displayed during these meetings.

We will also continue co-organizing other workshops and conferences related to our SSAA activities.
Here, a relevant example would be a recent topical meeting on Theory of Nuclear Fission held in GANIL,
Caen, France on January 4-6, 2012. The meeting was organized by Dubray (CEA DAM DIF, France),
Goutte (GANIL, France), Nazarewicz, and Schunck (LLNL), and provided an excellent review of theoretical
programs on fission at CEA, LANL, LLNL, and other places.

We have been actively involved in other NNSA-related activities pertaining to the fission problem. In
particular, we presented the status of microscopic fission theory at NNSA/ASCR workshop on Scientific
Grand Challenges in National Security: the Role of Computing at the Extreme Scale and contributed to the
resulting DOE exascale National Security report [15]. Our programmatic goals are well aligned with the
Nuclear Physics part of the National Security Report.

5.3 Training and Outreach

As demonstrated in Sec. 5.2.1, training of next-generation nuclear theorists is an important part of our
undertaking. We hope that at least one of the undergraduate students currently working with us will apply for
a Stewardship Science Graduate Fellowship. In this context, we designed a graduate-level nuclear physics
course to prepare students working in this area. This turned out to be a useful resource in the context of
TALENT activities. It is crucial that there is a continuous influx of young, well-trained low-energy nuclear
physicists entering the NNSA lab, and we are happy to do our part.

As in the past (see the project’s website for details), we will be active in publicizing our fission research
and NNSA/SSAA goals through presentations and public lectures. Our group has been very active, in terms
of presentations, publications, and organizational involvement, in publicizing the research covered by this
grant. Specifically:
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• We presented the status of microscopic fission theory at several meetings, including SSAA Annual
Workshop and several conferences in the U.S., Europe, Asia, and Africa;

• A research topic related to the theory of fission has been listed on the website of the UTK Physics
Department;

• We established a fission project website to popularize our research.

• Our work on fission barriers in compound nuclei has been highlighted by ORNL;

• Our work on fission barriers and nuclear energy density functionals has been chosen as a highlight in
the 2011 SSAA Annual and in the 2012 SSAA Annual;

• We prepared a high-lever brochure for DOE Office of Science on Nuclear Physics Highlights, which
also highlights nuclear fission theory;

• In an interview with Nature, Nazarewicz emphasized the importance of basic research on fission;

• In an interview with Science News, Nazarewicz commented on the recent discovery of asymmetric
fission in 180Hg.

• A 2-month program on Quantitative Large Amplitude Shape Dynamics: Fission and Heavy Ion Fusion
by G.F. Bertsch, W. Nazarewicz, A.N. Andreyev, and W. Loveland was approved by the board of the
Institute for Nuclear Theory for September 23 - November 15, 2013. This program will heavily
involve NNSA researchers.
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6 Deliverables

The deliverables associated with this project can be summarized as follows:

• The main essence of this research proposal is to provide a deeper understanding of the fission process
by taking advantage of state-of-the-art theoretical techniques and advanced computational tools. The
science that we plan to deliver is outlined in Sections 2 and 3, and we do not repeat this discussion
here. The results of our work will be published in peer-reviewed scientific journals and will also be
presented at conferences and meetings.

• Calculated fission barriers, fission fragment properties, and level densities will be provided to our
collaborators from LANL to inform their predictive fission cross-section calculations.

• The theoretical data obtained in the course of this work will be easily accessible to the research com-
munity in a format designed for its ease of use and interpretation. To this end, we will tabulate fission
data obtained in our simulations on expanded versions of our websites: Database of Experimental
Data and Related Software and Mass Explorer.

• The numerical codes and computational frameworks for fission, and corresponding visualization tools,
will be made available to NNSA researchers and, generally, to the low-energy nuclear physics com-
munity.

• We will train junior scientists and (graduate and undergraduate) students to apply nuclear many-body
techniques to describe low-energy nuclear phenomena important to NNSA missions.

• We intend to send our graduate students to LANL and LLNL for research visits and advanced practicums,
both to facilitate collaborative work and to inform students about NNSA laboratories, in the context
of potential future employment.

• Calculated properties of fission fragments and level densities will be used to update the data used by
the SCALE code. This work will be done by Kemper Talley in collaboration with the Reactor Physics
Group of the Reactor and Nuclear Systems Division at ORNL.
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P. Möller, and A. J. Sierk. New type of asymmetric fission in proton-rich nuclei. Phys. Rev. Lett., 105:
252502, 2010. doi:10.1103/PhysRevLett.105.252502.

[3] A. Baran, A. Bulgac, M. Forbes, G. Hagen, W. Nazarewicz, N. Schunck, and M. V.
Stoitsov. Broyden’s method in nuclear structure calculations. Phys. Rev. C, 78:014318, 2008.
doi:10.1103/PhysRevC.78.014318.

[4] A. Baran, J. Sheikh, J. Dobaczewski, W. Nazarewicz, and A. Staszczak. Quadrupole col-
lective inertia in nuclear fission: Cranking approximation. Phys. Rev. C, 84:054321, 2011.
doi:10.1103/PhysRevC.84.054321.

[5] J. Bartel, P. Quentin, M. Brack, C. Guet, and H.-B. Håkansson. Towards a better parametrisation
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[13] S. Ćwiok, P. Heenen, and W. Nazarewicz. Shape coexistence and triaxiality in the superheavy nuclei.
Nature, 433:705, 2005. doi:10.1038/nature03336.

http://dx.doi.org/10.1103/PhysRevC.82.044303
http://dx.doi.org/10.1103/PhysRevLett.105.252502
http://dx.doi.org/10.1103/PhysRevC.78.014318
http://dx.doi.org/10.1103/PhysRevC.84.054321
http://dx.doi.org/10.1016/0375-9474(82)90403-1
http://dx.doi.org/10.1103/PhysRev.158.1127
http://dx.doi.org/10.1103/RevModPhys.75.121
http://dx.doi.org/10.1016/0375-9474(89)90656-8
http://dx.doi.org/10.1103/PhysRev.56.426
http://dx.doi.org/10.1103/PhysRevC.69.014307
http://dx.doi.org/10.1016/j.nds.2009.10.004
http://dx.doi.org/10.1103/PhysRevC.80.011301
http://dx.doi.org/10.1038/nature03336


[14] J. Dobaczewski and J. Skalski. The quadrupole vibrational inertial function in the adia-
batic time-dependent Hartree-Fock-Bogolyubov approximation. Nucl. Phys. A, 369:123, 1981.
doi:10.1016/0375-9474(81)90010-5.

[15] DOE report on Scientific Grand Challenges for National Security, 2009. Available
at http://science.energy.gov/˜/media/ascr/pdf/program-documents/docs/
Nnsa_grand_challenges_report.pdf.

[16] DOE report on Scientific Grand Challenges: Forefront Questions in Nuclear Science and the role of
Computing at the Extreme Scale, January 2009. Available at http://science.energy.gov/
˜/media/ascr/pdf/program-documents/docs/Np_report.pdf.

[17] N. Dubray and D. Regnier. Numerical search of discontinuities in self-consistent potential energy
surfaces. arXiv, 2011. URL http://arxiv.org/abs/1112.4196.

[18] J. Egido, L. Robledo, and V. Martin. Behavior of shell effects with the excitation energy in atomic
nuclei. Phys. Rev. Lett., 85:26, 2000. doi:10.1103/PhysRevLett.85.26.

[19] J. Erler, N. Birge, M. Kortelainen, W. Nazarewicz, E. Olsen, A. Perhac, and M. Stoitsov. Microscopic
nuclear mass table with high-performance computing. J. Phys. Conf. Ser., 2012.

[20] G. Fann, J. Pei, R. Harrison, J. Jia, J. Hill, M. Ou, W. Nazarewicz, W. Shelton, and N. Schunck. Fast
multiresolution methods for density functional theory in nuclear physics. J. Phys.: Conf. Ser., 180:
012080, 2009. doi:10.1088/1742-6596/180/1/012080.

[21] A. Goodman. Finite-temperature HFB theory. Nucl. Phys. A, 352:45, 1981. doi:10.1016/0375-
9474(81)90557-1.

[22] S. Goriely, M. Samyn, and J. M. Pearson. Further explorations of Skyrme-Hartree-Fock-Bogoliubov
mass formulas. vii. simultaneous fits to masses and fission barriers. Phys. Rev. C, 75:064312, 2007.
doi:10.1103/PhysRevC.75.064312.

[23] S. Goriely, S. Hilaire, and A. Koning. Improved microscopic nuclear level densities within
the Hartree-Fock-Bogoliubov plus combinatorial method. Phys. Rev. C, 78:064307, 2008.
doi:10.1103/PhysRevC.78.064307.

[24] S. Goriely, S. Hilaire, A. J. Koning, M. Sin, and R. Capote. Towards a prediction of fis-
sion cross sections on the basis of microscopic nuclear inputs. Phys. Rev. C, 79:024612, 2009.
doi:10.1103/PhysRevC.79.024612.

[25] S. Goriely, S. Hilaire, A. J. Koning, and R. Capote. Towards an improved evaluation of neutron-induced
fission cross sections on actinides. Phys. Rev. C, 83:034601, 2011. doi:10.1103/PhysRevC.83.034601.

[26] H. Goutte, J. F. Berger, P. Casoli, and D. Gogny. Microscopic approach of fission dynamics ap-
plied to fragment kinetic energy and mass distributions in 238U. Phys. Rev. C, 71:024316, 2005.
doi:10.1103/PhysRevC.71.024316.

[27] A. K. Kerman and S. Levit. Mean-field study of the nuclear partition function: application to level den-
sity and compound nucleus fission. Phys. Rev. C, 24:1029, Sep 1981. doi:10.1103/PhysRevC.24.1029.
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quasiparticle states in the nuclear energy density functional theory. Phys. Rev. C, 81(2):024316, 2010.
doi:10.1103/PhysRevC.81.024316.

[51] N. Schunck, J. Dobaczewski, J. McDonnell, W. Satuła, J. Sheikh, A. Staszczak, M. Stoitsov, and
P. Toivanen. Solution of the Skyrme-Hartree-Fock-Bogolyubov equations in the Cartesian deformed
harmonic-oscillator basis. (vii) HFODD (v2.49t): A new version of the program. Comp. Phys. Comm.,
183:166, 2012. doi:10.1016/j.cpc.2011.08.013.

[52] J. Sheikh, W. Nazarewicz, and J. Pei. Systematic study of fission barriers of excited superheavy nuclei.
Phys. Rev. C, 80:011302, 2009. doi:10.1103/PhysRevC.80.011302.

[53] J. Skalski. Nuclear fission with mean-field instantons. Phys. Rev. C, 77:064610, 2008.
doi:10.1103/PhysRevC.77.064610.

[54] A. Staszczak, A. Baran, J. Dobaczewski, and W. Nazarewicz. Microscopic description of complex
nuclear decay: multimodal fission. Phys. Rev. C, 80:014309, 2009. doi:10.1103/PhysRevC.80.014309.

[55] A. Staszczak, M. Stoitsov, A. Baran, and W. Nazarewicz. Augmented Lagrangian method for con-
strained nuclear density functional theory. Eur. Phys. J. A, 46:85, 2010. doi:10.1140/epja/i2010-
11018-9.

[56] A. Staszczak, A. Baran, and W. Nazarewicz. Breaking of axial and reflection symme-
tries in spontaneous fission of fermium isotopes. Int. J. Mod. Phys. E, 20:552, 2011.
doi:10.1142/S0218301311017995.

[57] M. Stoitsov, J. Dobaczewski, W. Nazarewicz, and P. Ring. Axially deformed solution of the Skyrme-
Hartree-Fock-Bogolyubov equations using the transformed harmonic oscillator basis. The program
HFBTHO (v1.66p). Comp. Phys. Comm., 167:43, 2005. doi:10.1016/j.cpc.2005.01.001.

[58] M. Stoitsov, M. Kortelainen, S. K. Bogner, T. Duguet, R. J. Furnstahl, B. Gebremariam,
and N. Schunck. Microscopically based energy density functionals for nuclei using the den-
sity matrix expansion: Implementation and pre-optimization. Phys. Rev. C, 82:054307, 2010.
doi:10.1103/PhysRevC.82.054307.

http://dx.doi.org/10.1103/PhysRevC.78.064306
http://www-nds.iaea.org/RIPL-3/
http://www-nds.iaea.org/RIPL-3/
http://dx.doi.org/10.1103/PhysRevC.81.051303
http://dx.doi.org/10.1103/PhysRevC.73.014309
http://dx.doi.org/10.1103/PhysRevC.81.024316
http://dx.doi.org/10.1016/j.cpc.2011.08.013
http://dx.doi.org/10.1103/PhysRevC.80.011302
http://dx.doi.org/10.1103/PhysRevC.77.064610
http://dx.doi.org/10.1103/PhysRevC.80.014309
http://dx.doi.org/10.1140/epja/i2010-11018-9
http://dx.doi.org/10.1140/epja/i2010-11018-9
http://dx.doi.org/10.1142/S0218301311017995
http://dx.doi.org/10.1016/j.cpc.2005.01.001
http://dx.doi.org/10.1103/PhysRevC.82.054307


[59] F. Tondeur. Fission barriers and the parametrisation of Skyrme forces. Nucl. Phys. A, 442:460, 1985.
doi:10.1016/S0375-9474(85)80026-9.

[60] R. Vogt, J. Randrup, J. Pruet, and W. Younes. Event-by-event study of prompt neutrons from
239Pu(n,f). Phys. Rev. C, 80:044611, 2011. doi:10.1103/PhysRevC.80.044611.

[61] T. Yanai, G. Fann, Z. Gan, R. Harrison, and G. Beylkin. Multiresolution quantum chem-
istry in multiwavelet bases: Hartree-Fock exchange. J. Chem. Phys., 121:6680–6688, 2004.
doi:10.1063/1.1790931.

[62] T. Yanai, G. Fann, Z. Gan, R. Harrison, and G. Beylkin. Multiresolution quantum chemistry in mul-
tiwavelet bases: Analytic derivatives for Hartree-Fock and density functional theory. J. Chem. Phys.,
121:2866–2876, 2004. doi:10.1063/1.1768161.

[63] W. Younes and D. Gogny. Nuclear scission and quantum localization. Phys. Rev. Lett., 107:132501,
2011. doi:10.1103/PhysRevLett.107.132501.

[64] E. Yuldashbaeva, J. Libert, P. Quentin, and M. Girod. Mass parameters for large amplitude collec-
tive motion: A perturbative microscopic approach. Phys. Lett. B, 461:1, 1999. doi:10.1016/S0370-
2693(99)00836-9.

http://dx.doi.org/10.1016/S0375-9474(85)80026-9
http://dx.doi.org/10.1103/PhysRevC.80.044611
http://dx.doi.org/10.1063/1.1790931
http://dx.doi.org/10.1063/1.1768161
http://dx.doi.org/10.1103/PhysRevLett.107.132501
http://dx.doi.org/10.1016/S0370-2693(99)00836-9
http://dx.doi.org/10.1016/S0370-2693(99)00836-9

