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1. Executive summary 
 

This was another successful year for our fission program. As documented below, a number of crucial 
milestones were reached and important scientific deliverables, including new science and software, 
were produced. Our group organized meetings on fission and extreme-scale computing and helped 
write white papers. These reports define several major research thrusts to be enabled by extreme 
scale computers that have a strong foundation in our achievements. 
 

 
2. Accomplishments 

 
The main goals of the project, can be summarized as follows: 
 

i. Development of effective energy functionals that are appropriate for the description of heavy 
nuclei.  Our goal is to improve the existing energy density (Skyrme) functionals to develop a 
force that will be used in calculations of fission dynamics.  To this end, we use specialty Hartree-
Fock (HF) and Hartree-Fock-Bogoliubov (HFB) codes.  

ii. Systematic self-consistent calculations of binding energies and fission barriers of actinide, pre-
actinide, and trans-actinide nuclei using modern density functionals.  This is followed by 
calculations of spontaneous fission lifetimes and mass and charge splits using dynamic adiabatic 
approaches based on the WKB approximation.  

iii. Investigate novel microscopic (non-adiabatic) methods to study the fission process.  In 
particular, we are going to assess whether the imaginary time method and the generator 
coordinate method can be used in practical self-consistent calculations. 

iv. Develop codes and technology that can be freely used by NNSA researchers and, generally, by 
the low-energy nuclear physics community. 

v. Train junior scientists and students to apply nuclear many-body techniques to describe low-
energy nuclear phenomena. 
 

We are pleased to report substantial progress in the all areas of the program. One measure of this 
progress is publications and invited material. During the reported period, our research resulted in 6 
publications (Section 5.A). We presented our research in 9 invited and contributed talks at international 
meetings, colloquia, and seminars (Section 5.B). The results obtained under this project have been 
crucial for identifying microscopic description of fission as the forefront scientific problem in the era of 
extreme computing.  

 
Our group has been very active, in terms of presentations, publications, and organizational involvement, 
in publicizing the research covered by this grant.  Specifically: 
• We presented the status of microscopic fission theory at several meetings, including SSAA Annual 

Workshop and several conferences in the U.S., Europe, and Asia (see below). 
• We established a fission project website, https://people.nscl.msu.edu/~witek/fission/fission.html, that 

popularizes our research. 
• Our work on fission barriers has been chosen as a highlight in the 2013 SSAA Annual: “Theoretical 

Description of the Fission Process”, W. Nazarewicz, Stewardship Science Academic Alliances 



Annual 2013 DOE/NA-0019, p.11 (2013). 
• Computational approach to superheavy elements and fission was presented at LLNL during a 

celebration of the discovery of the two heaviest elements on the periodic table, Flerovium and 
Livermorium. 

• Our graduate student Kemper Talley, and his fission work, were highlighted by UTK. 
• Our spontaneous fission work was highlighted by PRC as Kaleidoscope. This was further featured 

by UTK’s Physics Department in a short blurb on The Beauty of Nuclear Physics. 
• A 2-month program on Quantitative Large Amplitude Shape Dynamics: Fission and Heavy Ion 

Fusion by A.N. Andreyev, G.F. Bertsch, W. Loveland, and W. Nazarewicz, and W. Loveland 
was held at the the Institute for Nuclear Theory during September 23 - November 15, 2013, see 
http://www.int.washington.edu/PROGRAMS/13-3/ (see Sec. 5.E). 

• Our paper on Adaptive multi-resolution 3D Hartree-Fock-Bogoliubov solver for nuclear 
structure was highlighted by Phys. Rev. C as Editors' Suggestion. 

• Our guide on Error estimates of theoretical models, and a Focus Issue of J. Phys. G on 
uncertainty quantification have been highlighted by IOP. 

 
 
3. Products 

 
A. Completed projects - Publications 

 
1. “Spontaneous fission lifetimes from the minimization of self-consistent collective action,” Jhilam 

Sadhukhan, K. Mazurek, A. Baran, J. Dobaczewski, W. Nazarewicz, and J.A Sheikh, Phys. Rev. 
C 88, 064314 (2013). The spontaneous fission lifetime of 264Fm has been studied within nuclear 
density functional theory by minimizing the collective action integral for fission in a two-
dimensional quadrupole collective space representing elongation and triaxiality. The collective 
potential and inertia tensor are obtained self-consistently using the Skyrme energy density 
functional and density-dependent pairing interaction. The resulting spontaneous fission lifetimes 
are compared with the static result obtained with the minimum-energy pathway. We show that 
fission pathways strongly depend on assumptions underlying collective inertia. With the non-
perturbative mass parameters, the dynamic fission pathway becomes strongly triaxial and it 
approaches the static fission valley. On the other hand, when the standard perturbative cranking 
inertia tensor is used, axial symmetry is restored along the path to fission; an effect that is an 
artifact of the approximation used. The calculation of the full ATDHFB inertia is in progress, 
also developments are initiated in the context of dynamical effects due to the competition 
between triaxial and reflection asymmetric degrees of freedom, and pairing. 

2. “Nuclear energy density optimization: Shell structure”, M. Kortelainen, J. McDonnell, W. 
Nazarewicz, E. Olsen, P.-G. Reinhard, J. Sarich, N. Schunck, S.M. Wild, D. Davesne, J. Erler, and 
A. Pastore, Phys. Rev. C 89, 054314 (2014). We proposed a new parameterization UNEDF2 that 
lifts restrictions on the tensor term, offering a very general form of the energy density functional up 
to second order in derivatives of the one-body density matrix. In order to impose constraints on all 
the parameters of the functional, selected data on single-particle splittings in spherical doubly-magic 
nuclei were included into the experimental dataset. While a small improvement on single-particle 
spectra and binding energies of closed shell nuclei has been obtained, the reproduction of other 
observables, including fission barriers and fission isomer excitation energies, has degraded. This 



result suggests that the standard Skyrme energy density has reached its limits and significant changes 
to the form of the functional are needed. 

3. “Error Estimates of Theoretical Models: a Guide.” J. Dobaczewski, W. Nazarewicz, and P.-G. 
Reinhard J. Phys. G 41, 074001 (2014). Recently, we published a guide, which offers 
suggestions/insights on uncertainty quantification of nuclear structure models. Therein, we 
discuss a simple approach to statistical error estimates, strategies to assess systematic errors, and 
show how to uncover inter-dependencies by correlation analysis. By providing theoretical error 
bars on predicted quantities and using statistical methods to study correlations between 
observables, theory can significantly enhance the feedback between experiment and nuclear 
modeling. As a follow up, we are editing the Focus Issue of Journal of Physics G on Enhancing 
the interaction between nuclear experiment and theory through information and statistics, which 
will contain many excellent examples of uncertainty quantification in nuclear modeling, and in 
fission modeling in particular.  

4. “Excitation-energy dependence of fission in the mercury region,” J. D. McDonnell, W. 
Nazarewicz, J. A. Sheikh, A. Staszczak, and M. Warda, Phys. Rev. C. 90, 021302(R) (2014). To 
elucidate the roles of proton and neutron numbers and excitation energy in determining 
symmetric- and asymmetric-fission yields, we compute and analyze the isentropic potential 
energy surfaces of Hg and Po nuclei. Our self-consistent theory suggests that excitation energy 
weakly affects the fission pattern of the nuclei considered. The transition from the asymmetric 
fission in the proton-rich nuclei to a more symmetric fission in the heavier isotopes is governed 
by the shell structure of pre-scission configurations. 

5. “Adaptive multi-resolution 3D Hartree-Fock-Bogoliubov solver for nuclear structure,” J. C. Pei, 
G. I. Fann, R. J. Harrison, W. Nazarewicz, Yue Shi, and S. Thornton, Phys. Rev. C. 90, 024317 
(2014) (Editors suggestion). To describe complex superfluid many-fermion systems, we 
introduce an adaptive pseudospectral method for solving self-consistent equations of nuclear 
density functional theory in three dimensions, without symmetry restrictions. The numerical 
method is based on the multi-resolution and computational harmonic analysis techniques with a 
multi-wavelet basis. The application of state-of-the-art parallel programming techniques include 
sophisticated object-oriented templates which parse the high-level code into distributed parallel 
tasks with a multi-thread task queue scheduler for each multi-core node. The internode 
communications are asynchronous. The algorithm is variational and is capable of solving 
coupled complex-geometric systems of equations adaptively, with functional and boundary 
constraints, in a finite spatial domain of very large size, limited by existing parallel computer 
memory. For smooth functions, user-defined finite precision is guaranteed. The proposed 
MADNESS-HFB framework has many attractive features when applied to nuclear and atomic 
problems involving many-particle superfluid systems. Of particular interest are strongly 
elongated and dinuclear configurations such as those present in fission and heavy-ion fusion. 

6. “Pairing-induced speedup of nuclear spontaneous fission,” J. Sadhukhan, J. Dobaczewski, W. 
Nazarewicz, J. A. Sheikh, and A. Baran, arXiv:1410.1264 (2014). Collective inertia is strongly 
influenced at the level crossing at which quantum system changes diabatically its microscopic 
configuration. Pairing correlations tend to make the large-amplitude nuclear collective motion 
more adiabatic by reducing the effect of those configuration changes. Competition between 
pairing and level crossing is thus expected to have a profound impact on spontaneous fission 
lifetimes. To elucidate the role of nucleonic pairing on spontaneous fission, we study the 
dynamic fission trajectories of 264-Fm and 240-Pu using the state-of-the-art self-consistent 
framework. Along with shape variables, proton and neutron pairing correlations are taken as 



collective coordinates. The collective inertia tensor is calculated within the nonperturbative 
cranking approximation. The fission paths are obtained by using the least action principle in a 
four-dimensional collective space of shape and pairing coordinates. Pairing correlations are 
enhanced along the minimum-action fission path. For the symmetric fission of 264-Fm, where 
the effect of triaxiality on the fission barrier is large, the geometry of fission pathway in the 
space of shape degrees of freedom is weakly impacted by pairing. This is not the case for 240-Pu 
where pairing fluctuations restore the axial symmetry of the dynamic fission trajectory. The 
minimum-action fission path is strongly impacted by nucleonic pairing. In some cases, the 
dynamical coupling between shape and pairing degrees of freedom can lead to a dramatic 
departure from the static picture. Consequently, in the dynamical description of nuclear fission, 
particle-particle correlations should be considered on the same footing as those associated with 
shape degrees of freedom. 

 
 

B. Presentations 
 

1.  “Density functional theory of spontaneous fission life-times”, J. Sadhukhan, INT Program 
13-3, on Quantitative Large Amplitude Shape Dynamics: fission and heavy ion fusion, Oct. 
2, 2013.  

2. “Stability and properties of heavy and superheavy nuclei in mean-field model with Skyrme 
energy density functional”, A. Staszczak, INT Program 13-3, on Quantitative Large 
Amplitude Shape Dynamics: fission and heavy ion fusion, Oct. 17, 2013. 

3. “The limits of nuclear mass and charge: superheavy nuclei,” W. Nazarewicz, ITP/CAS 
Colloquium, Beijing Dec. 18, 2013. 

4. “Microscopic Description of Fission Process”, W. Nazarewicz, 2014 SSAA Symposium, 
Bethesda, MD, Feb. 19-20, 2014. 

5. “The limits of the nuclear landscape,” W. Nazarewicz, MIT Laboratory of Nuclear Science, 
Feb. 24, 2014. 

6. “Computational nuclear structure in the eve of exascale,” W. Nazarewicz, GSI, Darmstadt, 
Germany, April 22, 2014. 

7. “Nuclear Structure” (4 lectures), W. Nazarewicz, National Nuclear Physics Summer School 
2014, College of William & Mary, Williamsburg, VA, June 12- 13, 2014. 

8. “Theory Discussion”, W. Nazarewicz, Recoil Separator for ReA12 Workshop. NSCL, July 
12, 2014. 

9. “Theory of Nuclei and Their Reactions”, W. Nazarewicz, Joint DNP Town Meetings on 
Nuclear Structure and Nuclear Astrophysics, Texas A&M University, August 21-23, 2014. 

 
 

 
C. INT 13-3 Program on fission. The INT program on Quantitative Large Amplitude Shape 

Dynamics: fission and heavy ion fusion was held in Seattle, WA from 23 September to 15 
November, 2013.  The organizers were:  A.N. Andreyev (University of York), G.F. Bertsch (Institute 
for Nuclear Theory), W. Loveland (Oregon State University), and W. Nazarewicz (University of 
Tennessee/ORNL).  The intent of this program was to: (i) bring together theorists working on 
predictive theories of the underlying shape dynamics to compare various approaches and 
computational methodologies; (ii) actively foster collaborations between the major actors in the 



field, including collaborations between experiment and theory; (iii) identify critical experimental 
data that will inform theoretical developments; and (iv) identify strategies and resources to break 
computational barriers in this area. We believe that excellent progress has been made in all four 
areas. The program was well attended, with 65 total participants. Week 4 of the program was 
organized as predominantly experimental workshop, which dealt largely with new data on fission 
and fusion to challenge nuclear theory. The talks at INT-13-3 can be viewed here: 
http://www.int.washington.edu/talks/WorkShops/int_13_3/. The program needs to be put into the 
perspective of the intellectual development that occurred since the last INT program on large-
amplitude dynamics, INT-95-3 (organized by Bertsch and Nazarewicz).    As presented in the talks, 
we now have accurate descriptions (< 1 MeV) of fission barriers based on self-consistent mean-field 
theory, with the beginnings of systematic error assessments of the theory.  Quantitative results are 
now available the calculation of heavy–ion fusion cross sections by TDHF.   The calculations of 
spontaneous fission lifetimes have become much more sophisticated in the context of the WKB 
barrier penetration model: more collective degrees of freedom are taken into account in setting the 
fission path; the path may now be determined by minimizing the action; the inertia term in the action 
integral may be treated in a way consistent with the instanton formulation of barrier penetration.   
We also saw a major advance in the theory of fission mass distributions:  many of the details can be 
reproduced by a statistical treatment with diffusive dynamics.   We expect that new experimental 
efforts discussed during the program will not only greatly increase the database for which current 
theory can be applied but will also provide its crucial tests. An initial goal of the program, to 
reevaluate the basic assumption in the theory of nuclear fission, is being realized by a position paper 
being drafted to investigate a new approach to making a theory that is both broad enough to treat the 
adiabatic and the dissipative limits of fission dynamics, as well as being computationally tractable.  
A reporting guide for theorists is being drafted by Bertsch, Loveland, Nazarewicz, and Talou to 
make it easier to compare different methods and to assess the reliability of theory for applications. 
The guide will include the list of measured/evaluated quantities (spontaneous fission half-lives, 
fission barrier heights, fission yield and TKE distributions, and excitation energies of fission 
isomers) that can be used to benchmark various methodologies and optimize models. The guide will 
give recommendations on error analysis of the theory and how to present the uncertainties. 

 
 

 
4. Participants  

 
Research was carried out by the principal investigator, two research professors, two postdocs, three 
graduate students, and a number of collaborators.  A list of personnel involved in the research covered 
by this grant includes: 
 

• A. Baran, A. Staszczak and M. Warda (UTK/University of Lublin) 
• J. Dobaczewski (University of Warsaw/ University of Jyväskylä) 
• J. McDonnell (postdoc at LLNL; graduated from UTK in 2012) 
• K. Mazurek (Institute of Nuclear Physics, Cracow, Poland) 
• W. Nazarewicz (UTK/ORNL, Principal Investigator)  
• E. Olsen (UTK, graduate student; graduated from UTK in 2014) 
• N. Birge and K. Talley (UTK, graduate students) 
• N. Schunck (staff at LLNL, formerly a postdoc with us) 



• J. Sadhukhan (UTK, postdoc) 
• J. Sheikh (UTK/ University of Kashmir Srinagar) 

 
Training of next-generation nuclear theorists is  an important part of our undertaking. Three graduate 
students were involved in our fission research. Erik Olsen was involved in developing software for our 
DFT and QRPA work. He was responsible for benchmarking energy density functionals in the context of 
fission, proton emission, and beta decay. He also contributed to various software developments. He 
completed his Ph.D. in August 2014, and is currently working on DFT developments at UTK as a 
postdoc. Noah Birge is a graduate student at UTK. He has been instrumental in our work on uncertainty 
quantification within nuclear DFT. Kemper Talley is a CIRE graduate student supported by NSF. He 
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. 
 
Dr. Jhilam Sadhukhan was working with us as a postdoc; he came from Variable Energy Cyclotron 
Centre, Kolkata, India. 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; Dr. Katarzyna 
Mazurek is a theorist from Cracow. Her background is in Langevin approach to fission. Dr. Sheikh is a 
Dean of the Faculty at the University of Kashmir, Srinagar, India and expert in nuclear self-consistent 
calculations. 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.  

 
5. Impact 

 
Advanced theoretical methods and high-performance computers may finally unlock the secrets of 
nuclear fission, a fundamental nuclear decay that is of great relevance to society. Under this project, 
we study the phenomenon of spontaneous fission using the symmetry-unrestricted nuclear density 
functional theory (DFT). Our results show that many observed properties of fissioning nuclei can be 
explained in terms of pathways in multidimensional collective space corresponding to different 
geometries of fission products. From the calculated collective potential and collective mass, we 
estimate spontaneous fission half-lives by minimizing the collective action integral. Our calculations 
demonstrate that fission barriers of excited nuclei vary rapidly with particle number, pointing to the 
importance of shell effects even at large excitation energies. Not only does this reveal clues about 
the conditions for creating new elements, it also provides a wider context for understanding other 
types of fission.  
 
Understanding of the fission process is crucial for many areas of science and technology. Fission 
governs 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 heavily rely on advanced modeling and simulation 
capabilities.  
 
Much of the research carried out under this grant has applications that can impact NNSA programs 
in stockpile stewardship and non-proliferation. Specifically, the research described in this proposal 
supports the research goals of the SSAA Program in Topic Research Area Low-Energy Nuclear 
Science, sub-area 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 is 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. For more details about impact, see Sec. 2 and 3. 
 
6. Changes/Problems 

 
None 
 
7. Special reporting requirements 

 
N/A 
 
 
8. Budgetary Information 

 
None 
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