


Building a universal nuclear energy density functional

Nuclear physics methodologies

Physics
Physics of nuclei

Density functional theory in chemistry and condensed matter physics





What do we want to know?

Binding Energies

Interactions with neutrons

Radioactive decay properties

From the report  “Nuclear Physics and Related Computational 
Science R&D for Advanced Fuel Cycles”, 2006

Nucleosynthesis

Fission properties



UNEDF goals

unedf.org/users/project_plan.pdf

We have 5 years to make a qualitative improvement in the reliability 
and accuracy of low-energy nuclear theory

Application to needs in nuclear technology

Leadership-class codes for CI,  DFT and DFT extensions



Density Functional Theory--What is it?

A quantum mechanical many-particle system may be 
characterized by its density distribution, n(r).

There exists a function of that function (a functional) that can be
minimized to get the energy of the system and its density

distribution (Hohenberg and Kohn, 1964).

Conceptual

Practical  --Kohn&Sham, 1965

Define a set of N orbitals

Minimize with respect to the orbital functions

E(n)
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The DFT Success Story
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Average error for simple molecules

Hartree-Fock      1929
LDA                    1965
GGA                   1989
tau                      1999

Image of vitamin C from Nobel Foundation website



DFT in nuclear physics

1935

E = acA + asA
2/3 + aC

Z2

A1/3
+ asym

N − Z)2

A
+ ∆

1972 F = Polynomial(ρi, τi,∇ρi,∇2ρi, ...)

Liquid Drop

Hardly any systematic studies until the SciDAC

But:



unedf.org -->  liquid drop model
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Present Status--nuclear binding energies
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It’s a daunting challenge

The liquid drop model is hard to beat.
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Initial activities

Benchmark  present theories and functionals

Evaluate numerical representations of the fields  φi("r)

Verify methodologies for ab initio wave functions



Density Functional Theory

φi(r) εi

QRPA

Projection, HW

map to SM

map to Bohr H



FPOs=4.10^16

Example I:  role of correlation energy in binding systematics

“Global study of  qudrupole  correlation effects”, M. Bender, G.F. 
Bertsch, and P.-H. Heenen, Phys. Rev. C73 034322 (2006).



Example 2: validating theories of 2+ excitations

Theory I:   Sly4  energy functional           axial Q generator + projection

B. Sabbey, et al., Phys. Rev. C75 044305 (2007)

Theory II:  Gogny functional              5-d collective Bohr Hamiltonian

Theory III Sly4  energy functional            QRPA

G.F. Bertsch, et al., Phys. Rev. Lett. 99 032502 (2007)

J. Terasaki,  UNEDF workshop (2007)

Comparison should give guidance on methodologies.



 0.01

 0.1

 1

 10

 0.01  0.1  1  10

Th
eo

re
tic

al
  (

e2 -b
2 )

Experimental  (e2-b2)

B(E2, 0+ --> 2+)

Electomagnetic transition strengths of 
excited states



Another view of the performance on B(E2)

 PRL 99 032502 (2007)







Performance of theories of the first 2+  state
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Example 3:  neutron-proton pairing

“Neutron-proton pairing reexamined”, W.A. Friedman and G.F. Bertsch,
Phys. Rev. C in press

Recoupling mechanism tested by 2-particle
spectroscopy.



58Cu from  ENSDF

S_n2p          S_p2n                delta_s
0.81             0.78              0.65 MeV



Work in progress:  R_42

R42 =
E4 − E0

E2 − E0

A good indicator of  strong deformation;  485 nuclei tabulated by Casten.



Calculated results:Capture mechanisms:

! Compound-Nucleus mechanism: incident energy

equally shared among all degrees of freedom

(dominant below 5 MeV)

! Direct-Semidirect mechanism: projectile scattered

into a bound state of the target either directly (direct

part) or through the excitation of the giant dipole

resonance (semidirect part)

! Microscopic single-particle bound states !b " for

even-even targets in the Hartree-Fock-BCS model: no

input parameters aside from the effective nucleon-

nucleon interaction (of the Skyrme type)
L. Bonneau, T. Kawano, et al., PRC75, 05461 (2007)

Preliminary results

DSD Formalism:



Role of  Evaluated Data

“Neutron-proton pairing reexamined”, W.A. Friedman and G.F. Bertsch,
Phys. Rev. C in press

“Global study of the spectroscopic properties of the first 2+ state in even-even nuclei”, B. Sabbey,
M. Bender, G.F. Bersch, and P.-H. Heenen, Phys. Rev. C75 044305 (2007).

“Systematics of the First 2+ Excitation with the Gogny Interaction”, G.F. Bertsch, M.Girod, S.Hilaire,
J.-P. Delaroche, H. Goutte and S. Peru, Phys. Rev. Lett. 99 032502 (2007).

“Fitting theories of nuclear binding energies”, G.F. Bertsch, B. Sabbey, and M. Uusnakki, 
Phys. Rev. C71 054311 (2005)



Suggestions for nndc.bnl.gov

1.   Data file for nndc.bnl.gov/be2/

2.   Neutron reaction database clickable from index

3.  R42 table and histogram

2.1  EFT based n+p capture data, with documentation and citations

4.  Who will update the mass tables?

5.  Beta decay table?


