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1. Executive summary 

 
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. 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.  
 
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 has been involved in the NNSA-sponsored meetings on extreme-scale 
computing in 2009 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. Brief summary of the goals and accomplishments of the project 

 
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 recently 
developed Hartree-Fock (HF) and Hartree-Fock-Bogoliubov (HFB) codes.  

ii. Systematic self-consistent calculations of binding energies and fission barriers of actinide and 
trans-actinide nuclei using modern density functionals.  This will be followed by calculations of 
spontaneous fission lifetimes and mass and charge divisions 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 5 
publications (Section 5A). We presented our research in 16 invited and contributed talks at international 
meetings, colloquia, and seminars (Section 5B). 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. Last but not least, Dr.Nicolas Schunck, a postdoctoral researcher involved in our project, has 
recently been hired by LLNL, Nuclear Theory and Modeling Group with the purpose of developing 
the microscopic theory of nuclear fission process. 

 
 

3. List of project participants  
 

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

• A. Baran (UT/University of Lublin) 
• J. McDonnell (UT, graduate student) 
• W. Nazarewicz (UT/ORNL, Principal Investigator)  
• N. Nikolov (UT, graduate student) 
• J. Pei (UT) 
• N. Schunck (UT, currently staff at LLNL) 
• A. Staszczak (UT/University of Lublin) 
 

Two graduate students were involved in our fission research. Mr. Nikolov was fully supported by the 
grant. His main task, and also a principal part of his Ph.D. thesis, is to investigate the role of the 
surface-symmetry energy on fission properties of neutron-rich nuclei.  This paper summarizing his 
results, and a key element of his thesis (Reference 5 in Sec. 5A), has just been accepted to Physical 
Review C. Jordan McDonnell is a U.S. Department of Energy/NNSA Stewardship Science Graduate 
Fellow; his support comes from the Krell Institute. His main project is to describe fission pathways and 
level densities in highly excited nuclei. Dr. Baran and Dr. Staszczak are senior researchers from 
Lublin/Poland who visited Tennessee for longer periods under this grant.  Dr. Staszczak has been 



responsible for the fission barrier calculations; Dr. Baran carries out dynamic calculations of fission 
lifetimes (see paper 4). Dr. Schunck and Jordan McDonnell were responsible for development of the 
HFB solver and improvements to the energy density functional. Dr. Pei, another postdoc, was leading 
the temperature-dependent fission barrier calculations; his primarily support came from the Joint 
Institute for Heavy Ion Research.  

 
 

4. Outreach 
 
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 DNP/APS 

meetings, SSAA Annual Workshop, NNSA/ASCR workshop on Scientific Grand Challenges in 
National Security: the Role of Computing at the Extreme Scale, and other meetings (see below). 

• A research topic related to the theory of fission has been listed on the website of the UTK Physics 
Department: http://www.phys.utk.edu/graduate/graduate_research.html.  

• We organized the annual fission workshop at the Joint Institute for Heavy Ion Research.  
• We established a fission project website, http://www.phys.utk.edu/witek/fission/fission.html, that 

popularizes our research. 
• We contributed to outreach activities at HRIBF, see http://www.phy.ornl.gov/hribf/science/abc/.   
• Our work on fission barriers has been chosen as one we would like to highlight in our 2011 SSAA 

Magazine. 
• We prepared a high-lever brochure for DOE Office of Science on Nuclear Physics Highlights, which 

also highlight nuclear fission theory, see http://www.er.doe.gov/np/docs/NPH_basicversion_std-
res.pdf 

• In a recent interview with Nature, Nazarewicz emphasized the importance of basic research on 
fission, see http://www.nature.com/news/2010/101201/full/news.2010.642.html. 

 
5. Deliverables 

 
A. Completed projects - Publications 

 
1. “Solution of the Skyrme–Hartree–Fock–Bogolyubov equations in the Cartesian deformed 

harmonic-oscillator basis.: (VI) hfodd (v2.40h): A new version of the program”, J. 
Dobaczewski, W. Satula, B. G. Carlsson, J. Engel, P. Olbratowski, P. Powalowski, M. 
Sadziak, J. Sarich, N. Schunck, A. Staszczak, M. V. Stoitsov, M. Zalewski, and H. Zdunczuk, 
Comput. Phys. Comm. 180, 2361 (2009). 

2. “Fission barriers and neutron gas in compound superheavy nuclei”, J.C. Pei, W. Nazarewicz, 
J.A. Sheikh, and A.K. Kerman, Nucl. Phys. A 834, 381c (2010). Fission and neutron emission 
are the principal cooling mechanisms of the compound superheavy nuclei. In the framework of 
the Finite-Temperature Hartree-Fock-Bogoliubov method, the fission barriers and neutron gas 
have been studied in the excited superheavy systems. Very different energy dependence of 
fission barriers has been found for 278112 and 292114. On the other hand, the energy dependence 
of thermal neutron gas has been found to be almost identical for both systems. 

3. “Augmented Lagrangian Method for Constrained Nuclear Density Functional Theory”, A. 
Staszczak, M.Stoitsov, A. Baran, and W. Nazarewicz, Eur. Phys. J. A 46, 85 (2010). The 



augmented Lagrangiam method, widely used in quantum chemistry constrained optimization 
problems, is applied in the context of the nuclear Density Functional Theory in the self-
consistent constrained Skyrme Hartree-Fock-Bogoliubov variant. The ALM allows precise 
calculations of multidimensional energy surfaces in the space of collective coordinates that are 
needed to, e.g., 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. 

4. “Quadrupole collective inertia in nuclear fission: cranking approximation”, A. Baran, J. A. 
Sheikh, J. Dobaczewski and W. Nazarewicz. arXiv:1007.3763; submitted to Phys. Rev. C. 
Collective mass tensor derived from the cranking approximation to the adiabatic time-dependent 
Hartree-Fock-Bogoliubov (ATDHFB) approach is compared with that obtained in the Gaussian 
Overlap Approximation to the generator coordinate method. Illustrative calculations are carried 
out for one-dimensional quadrupole fission pathways in 256Fm. It is shown that the collective 
mass exhibits strong variations with the quadrupole collective coordinate. These variations are 
related to the changes in the intrinsic shell structure. The differences between collective inertia 
obtained in cranking and perturbative cranking approximations to ATDHFB, and within GOA, 
are discussed. 

5. “Surface Symmetry Energy of Nuclear Energy Density Functionals”. N. Nikolov, N. Schunck, 
W. Nazarewicz, M. Bender and J. Pei, arXiv:1012.5829; Phys. Rev. C, in press (2011). We 
study the bulk deformation properties of the Skyrme nuclear energy density functionals. 
Following simple arguments based on the leptodermous expansion and liquid drop model, we 
apply the nuclear density functional theory to assess the role of the surface symmetry energy in 
nuclei. To this end, we validate the commonly used functional parametrizations against the data 
on excitation energies of superdeformed band-heads in Hg and Pb isotopes, and fission isomers 
in actinide nuclei. After subtracting shell effects, the results of our self-consistent calculations 
are consistent with macroscopic arguments and indicate that experimental data on strongly 
deformed configurations in neutron-rich nuclei are essential for optimizing future nuclear energy 
density functionals. The resulting survey provides a useful benchmark for further theoretical 
improvements. Unlike in nuclei close to the stability valley, whose macroscopic deformability 
hangs on the balance of surface and Coulomb terms, the deformability of neutron-rich nuclei 
strongly depends on the surface-symmetry energy; hence, its proper determination is crucial for 
the stability of deformed phases of the neutron- rich matter and description of fission rates for r-
process nucleosynthesis. 

 
 

B. Talks/Posters 
 

1. “Microscopic description of nuclear fission", W. Nazarewicz, Meeting on Scientific 
Grand Challenges in National Security: The Role of Computing at the Extreme Scale, 
Washington D.C., Oct. 6-8, 2009. 

2. “Welcome and Introduction to the Superheavy Elements", W. Nazarewicz, One-Day 
Workshop On Nuclear Structure and Reactions, Oak Ridge, TN, Nov. 16, 2009. 

3. “Microscopic Description of the Fission Process", W. Nazarewicz, 2010 SSAA 
Symposium, Washington, DC, Jan. 20-22, 2010. 

4. “Fission Barriers of Compound Superheavy Nuclei", W. Nazarewicz, APS April Meeting 
2010, Washington, DC, February 13-17, 2010. 



5. “Frontiers in Nuclear Physics,” W. Nazarewicz, Texas A&M University, Commerce, TX, 
Colloquium, March 2010. 

6. “Frontiers in Nuclear Physics,” W. Nazarewicz, KTH Stockholm, Sweden, Colloquium, 
May 2010. 

7. “Computing Atomic Nuclei, W. Nazarewicz, Ohio State University, Colloquium, April 
2010. 

8. “Computing atomic nuclei”, W. Nazarewicz, Fall 2010 ACS National Meeting, Boston 
Convention & Exhibition Center, August 2010. 

9. “Information content of a new observable", W. Nazarewicz, Aizu-JUSTIPEN-EFES 
Symposium on "Cutting-Edge Physics of Unstable Nuclei", University of Aizu (Aizu-
Wakamatsu, Japan), November 10-13, 2010. 

10. “Computing exotic nuclei", W. Nazarewicz, International Symposium on "New Faces of 
Atomic Nuclei", Okinawa Institute of Science and Technology (OIST), Okinawa, Japan, 
November 15-17, 2010. 

11. “Constraints on Nuclear Energy Functionals from the Leptodermous Expansion”, N. 
Nikolov, The 4th LACM-EFES-JUSTIPEN Workshop, Joint Institute for Heavy Ion 
Research, Oak Ridge, Tennessee, March 15-17, 2010. 

12. “Augmented Lagrangian Method for Precise Constrained Density Functional Theory 
Calculations”, M. Stoitsov, The 4th LACM-EFES-JUSTIPEN Workshop, Joint Institute for 
Heavy Ion Research, Oak Ridge, Tennessee, March 15-17, 2010. 

13.  “Report on the 4th International Workshop on Nuclear Fission and Fission Product 
Spectroscopy”, Nuclear Physics Seminar, University of Tennessee, Knoxville, TN, Oct. 19, 
2009. 

14. “Microscopic Study of Fission in Two Collective Coordinates", 4th LACM-EFES-
JUSTIPEN Workshop, Oak Ridge, TN, March 15, 2010.   

15. "Thermal Fission Barriers for Thorium-232 in Two Collective Coordinates", poster, J.D. 
McDonnell, W. Nazarewicz, N. Schunck, and J.A. Sheikh, Stewardship Science Graduate 
Fellowship Annual Conference, Washington, D.C., June 21, 2010.   

16.  “Third Minima in Actinide Nuclei”, poster, J .D. McDonnell, W. Nazarewicz, N. Schunck, 
J.A. Sheikh, Stewardship Science Center External Review, Oak Ridge, TN, Dec. 2, 2010. 
 

 
C. Code developments  
 

As stated in our original proposal, “Developing codes and technology that can be freely used by 
NNSA is also one of our goals.”  We developed  an accurate 2D lattice Skyrme-HFB solver HFBAX 
based on B-splines. 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 and in development. Another code 
developed by our group is HFODD (v2.40h), which solves the Skyrme-Hartree-Fock-Bogoliubov 
equations in the Cartesian-deformed harmonic-oscillator basis.  This code is currently used in all our 
advanced fission calculations that require breaking of most self-consistent symmetries.  Based on 
HFODD, we developed codes to calculate collective inertia (tensor of mass parameters). 

 
D. Annual workshop.  As stated in our original proposal, “We will hold workshops at the Joint 

Institute for Heavy Ion Research devoted to the fission problems that we will pursue under this 



proposal.  We will solicit input from NNSA laboratory researchers on what is relevant to 
calculate.” In 2007, 2008, 2009, and 2010 we held Joint JUSTIPEN-LACM Meetings at the 
Joint Institute for Heavy Ion Research in Oak Ridge.  The meeting in 2007 was a merger of two 
workshops: (i) the US-Japan theory meeting under the auspices of the Japan-US Theory Institute 
for Physics with Exotic Nuclei (JUSTIPEN), and (ii) the annual NNSA-JIHIR meeting on the 
nuclear large-amplitude collective motion (LACM) with an emphasis on fission.  The workshops 
were very well attended (60 participants in 2007, over 70 participants in 2008, 90 participants in 
2009, and 60 participants in 2010) and involved participants from NNSA/DP Laboratories 
(LANL, LLNL, NNSA), as well as students and post-docs.  The workshops were partly 
sponsored by this grant, and reference to NNSA support was displayed during the meeting.  The 
program of the last workshop can be found at 
http://www.phy.ornl.gov/theory/papenbro/march10.htm.  

 
 


