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NUCLEI project teams of nuclear theorists, applied mathematicians 
and computer scientists have developed large-scale computational 
codes to study the atomic nucleus using ab initio methods at DOE’s 
Leadership Computing Facilities.  
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MFDn 
Many Fermion Dynamics – nuclear 
260,000 cores/simulation, 1 nucleus @ largest model space 
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AGFMC  
Argonne Green’s Function Monte Carlo 
131,072 cores/simulation, single trial wave function 

NUCCOR-j  
Nuclear Coupled-Cluster Oak Ridge – j-coupled 
100,000 cores/simulation, 1 nucleus for all model spaces 
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These applications coupled with computing power at these facilities 
enable unprecedented first-principles studies of nuclei and the forces 
that hold them together.  

To continue to push scientific frontiers in low-energy nuclear physics, 
NUCLEI application teams with diverse scientific backgrounds are 
addressing the challenges created by the considerable change in 
computing architectures.  
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What is the nuclear structure of 14C that  
leads to its anomalously long half-life? 
Members of the NUCLEI collaboration were awarded 30 million core-hours 
on Jaguar XT5 through the 2008 OLCF Early Science program.  Using 
MFDn, they made the first microscopic nuclear structure calculations to 
show the necessity for 3-nucleon forces in nuclear models and solve the 
puzzle of the long half-life of 14C.    (

Ab initio reaction calculations for 12C 
Reliable fundamental calculations of neutrino and electron 
reactions with 12C are critical input for neutrino detector calibration, 
supernova simulations, and other scattering experiments at JLab.  
NUCLEI members were chosen as one of the 2012 ALCF Early 
Science projects and awarded 110 Million core-hours on Mira to 
conduct detailed ab initio reaction studies of 12C using AGFMC.   
Studies include the second 0+ (Hoyle) state which is the doorway 
for triple-alpha burning and essential for the production of carbon 
and other elements necessary for life. This state has resisted 
precise calculation by shell-model based methods; AGFMC which 
uses more flexible variational wave functions and propagation is 
positioned to overcome these difficulties. 

AGFMC propagates a trial wave function in imaginary time and 
filters out unwanted excited state contamination to get the desired 
exact eigenfunction of the Hamiltonian used in the propagation. 
Propagation is done on a collection of Monte Carlo samples used 
to compute integrals of the many-body wave function.  The 
propagation is broken into many small time steps and done 
iteratively.  At each time step a sample may be discarded 
because it has evolved to something negligible, or it may be 
replicated because it has evolved to making a large contribution.  
Thus the number of samples fluctuates during the calculation, and 
load balancing is crucial. Fortran90, Asynchronous Dynamic Load 
Balancing (ADLB) library, MPI, OpenMP. 

MFDn solves the nuclear many-body problem through 
diagonalization of a large, sparse Hamiltonian matrix.  It 
evaluates and stores the sparse symmetric many-body 
Hamiltonian matrix. We employ a Lanczos iteration scheme 
with reorthonormalization of vectors at each iteration. A low-
lying set of eigenvalues and eigenvectors is obtained and used 
to evaluate observables for comparison with experiment.  
Fortran90, MPI, OpenMP, MPI-IO. 

For medium mass nuclei, the coupled-cluster approach is the only 
microscopic method presently available. The core code, NUCCOR, 
iteratively solves for the cluster amplitudes of the coupled, non-linear 
algebraic CCSD (coupled-cluster with single and double excitations) 
equations that arise from application of an exponentiated cluster 
excitation operator onto a reference many-body wave-function.  The 
NUCCOR code suite includes  the triples correction (CCSD (T)) for 
greater accuracy, the equation-of-motion formalism (EOM) for static 
reaction calculations, coupling to the continuum to address resonant 
and weakly bound states, and the effects of three-nucleon forces.  
Fortran90, MPI, BLAS/LAPACK. 
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Leadership-class computing resources 
NUCLEI project members have been awarded allocations at DOE’s Leadership Computing Facilities through the 
INCITE program since 2008.  These computing resources are crucial to scientific discovery in low-energy nuclear 
physics, both experiment and theory.   
 
 
 
 
Close collaboration between nuclear 
physicists, applied mathematicians, 
and computer scientists enable 
NUCLEI research to effectively 
utilize high-performance computing 
resources.   
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State-of-the-art predictions for the shell 
evolution of neutron-rich calcium isotopes 

Magic numbers, where nuclei exhibit enhanced stability, are modified from 
conventional shell model theory in neutron-rich nuclei.  NUCLEI members 
use NUCCOR-j, with recent improvements to include effects of three-
nucleon forces (NN+3NFeff) and coupling to the continuum, and Jaguar 
XK6 at the OLCF to show how neutron-rich calcium isotopes evolve.  
Where data is available, results show good agreement with experiment 
and predict 54Ca to exhibit only a weak sub-shell closure, not magic, as 
previously disputed by other theoretical results.(
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Along with the new challenges created by recent and future changes in computing architectures, NUCLEI 
members are actively addressing computational challenges to push the scientific frontiers, including: 

• Million way parallelism 
• Hierarchical parallelism (MPI, node, instruction)  
• Load balancing at large scale 
• Fault tolerance 
• Algorithms to minimize data movement 
• Parallel I/O 

• Eigensolvers and non-linear solvers 
• Model validation 
• Uncertainty quantification 
• Multiresolution analysis 

The changing landscape 
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NUCLEI project teams of nuclear theorists, applied mathematicians 
and computer scientists have developed large-scale computational 
codes to study the atomic nucleus using ab initio methods at DOE’s 
Leadership Computing Facilities.  
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MFDn 
Many Fermion Dynamics – nuclear 
260,000 cores/simulation, 1 nucleus @ largest model space 
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AGFMC  
Argonne Green’s Function Monte Carlo 
131,072 cores/simulation, single trial wave function 

NUCCOR-j  
Nuclear Coupled-Cluster Oak Ridge – j-coupled 
100,000 cores/simulation, 1 nucleus for all model spaces 
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These applications coupled with computing power at these facilities 
enable unprecedented first-principles studies of nuclei and the forces 
that hold them together.  

To continue to push scientific frontiers in low-energy nuclear physics, 
NUCLEI application teams with diverse scientific backgrounds are 
addressing the challenges created by the considerable change in 
computing architectures.  
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What is the nuclear structure of 14C that  
leads to its anomalously long half-life? 
Members of the NUCLEI collaboration were awarded 30 million core-hours 
on Jaguar XT5 through the 2008 OLCF Early Science program.  Using 
MFDn, they made the first microscopic nuclear structure calculations to 
show the necessity for 3-nucleon forces in nuclear models and solve the 
puzzle of the long half-life of 14C.    (

Ab initio reaction calculations for 12C 
Reliable fundamental calculations of neutrino and electron 
reactions with 12C are critical input for neutrino detector calibration, 
supernova simulations, and other scattering experiments at JLab.  
NUCLEI members were chosen as one of the 2012 ALCF Early 
Science projects and awarded 110 Million core-hours on Mira to 
conduct detailed ab initio reaction studies of 12C using AGFMC.   
Studies include the second 0+ (Hoyle) state which is the doorway 
for triple-alpha burning and essential for the production of carbon 
and other elements necessary for life. This state has resisted 
precise calculation by shell-model based methods; AGFMC which 
uses more flexible variational wave functions and propagation is 
positioned to overcome these difficulties. 

AGFMC propagates a trial wave function in imaginary time and 
filters out unwanted excited state contamination to get the desired 
exact eigenfunction of the Hamiltonian used in the propagation. 
Propagation is done on a collection of Monte Carlo samples used 
to compute integrals of the many-body wave function.  The 
propagation is broken into many small time steps and done 
iteratively.  At each time step a sample may be discarded 
because it has evolved to something negligible, or it may be 
replicated because it has evolved to making a large contribution.  
Thus the number of samples fluctuates during the calculation, and 
load balancing is crucial. Fortran90, Asynchronous Dynamic Load 
Balancing (ADLB) library, MPI, OpenMP. 

MFDn solves the nuclear many-body problem through 
diagonalization of a large, sparse Hamiltonian matrix.  It 
evaluates and stores the sparse symmetric many-body 
Hamiltonian matrix. We employ a Lanczos iteration scheme 
with reorthonormalization of vectors at each iteration. A low-
lying set of eigenvalues and eigenvectors is obtained and used 
to evaluate observables for comparison with experiment.  
Fortran90, MPI, OpenMP, MPI-IO. 

For medium mass nuclei, the coupled-cluster approach is the only 
microscopic method presently available. The core code, NUCCOR, 
iteratively solves for the cluster amplitudes of the coupled, non-linear 
algebraic CCSD (coupled-cluster with single and double excitations) 
equations that arise from application of an exponentiated cluster 
excitation operator onto a reference many-body wave-function.  The 
NUCCOR code suite includes  the triples correction (CCSD (T)) for 
greater accuracy, the equation-of-motion formalism (EOM) for static 
reaction calculations, coupling to the continuum to address resonant 
and weakly bound states, and the effects of three-nucleon forces.  
Fortran90, MPI, BLAS/LAPACK. 
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Leadership-class computing resources 
NUCLEI project members have been awarded allocations at DOE’s Leadership Computing Facilities through the 
INCITE program since 2008.  These computing resources are crucial to scientific discovery in low-energy nuclear 
physics, both experiment and theory.   
 
 
 
 
Close collaboration between nuclear 
physicists, applied mathematicians, 
and computer scientists enable 
NUCLEI research to effectively 
utilize high-performance computing 
resources.   
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State-of-the-art predictions for the shell 
evolution of neutron-rich calcium isotopes 

Magic numbers, where nuclei exhibit enhanced stability, are modified from 
conventional shell model theory in neutron-rich nuclei.  NUCLEI members 
use NUCCOR-j, with recent improvements to include effects of three-
nucleon forces (NN+3NFeff) and coupling to the continuum, and Jaguar 
XK6 at the OLCF to show how neutron-rich calcium isotopes evolve.  
Where data is available, results show good agreement with experiment 
and predict 54Ca to exhibit only a weak sub-shell closure, not magic, as 
previously disputed by other theoretical results.(
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Along with the new challenges created by recent and future changes in computing architectures, NUCLEI 
members are actively addressing computational challenges to push the scientific frontiers, including: 

• Million way parallelism 
• Hierarchical parallelism (MPI, node, instruction)  
• Load balancing at large scale 
• Fault tolerance 
• Algorithms to minimize data movement 
• Parallel I/O 

• Eigensolvers and non-linear solvers 
• Model validation 
• Uncertainty quantification 
• Multiresolution analysis 

The changing landscape 
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Experimental relevance:
FRIB, LENP Facilities, 
NNSA facilities, JLab, JINA,
SNS, …

The Nuclear Landscape and the Big Questions (NAS report)

• How did visible matter come into being and how does it 
evolve?

• How does subatomic matter organize itself and what 
phenomena emerge?

• Are the fundamental interactions that are basic to the 
structure of matter fully understood?

• How can the knowledge and technological progress 
provided by nuclear physics best be used to benefit 
society? 



Nuclear Interactions and 
Structure:
           chiral EFT, light nuclei, 

Reactions in light nuclei:
       BBN, solar neutrinos, 
       accelerator neutrinos, NIF, ...

Density functional theory 
        FRIB, fission, astrophysics

Nucleonic matter:
     neutron stars, ν opacities

Major Physics Goals



Validated	  Nuclear
InteracHons

Structure	  and	  ReacHons:
Light	  and	  Medium	  Nuclei

Structure	  and	  ReacHons:
Heavy	  Nuclei

Chiral	  EFT
Ab-‐ini/o

Op/miza/on
Model	  valida/on
Uncertainty	  Quan/fica/on

Neutron	  Stars Fission
Neutrinos	  and	  Fundamental	  

Symmetries

Ab-‐ini/o
RGM
CI

Load	  balancing
Eigensolvers
Nonlinear	  solvers
Model	  valida/on
Uncertainty	  Quan/fica/on

DFT
TDDFT

Load	  balancing
Op/miza/on
Model	  valida/on
Uncertainty	  Quan/fica/on
Eigensolvers
Nonlinear	  solvers
Mul/resolu/on	  analysis

Stellar	  burning

fusion

NUclear	  Computa/onal	  Low-‐Energy	  Ini/a/ve	  	  

Neutron	  drops

EOS
Correla/ons

FRIB
TJNAFNIF

Majorana

LENP	  facili/es

SNS
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The	  ADLB	  (Asynchronous	  Dynamic	  Load-‐Balancing)	  
library	  &	  GFMC.	  GFMC	  energy	  93.5(6)	  MeV;	  expt.	  92.16	  
MeV.	  	  GFMC	  pp	  radius	  2.35	  fm;	  expt.	  2.33	  fm.	  

Ab	  ini&o	  descrip&on	  of	  12C
GFMS	  (Pieper	  et	  al.)

3

FIG. 2: (Color online) The integrand of Eq. (5) (×2µ/k!w)
is shown for the p1/2 (red squares) and p3/2 (blue circles)
neutrons in 8Li → n 7Li. It is binned by the n-7Li separation
rcc with bars showing Monte Carlo errors. The solid curves
are cumulative integrals of Eq. (5), starting from the origin; at
large rcc, they are the ANCs (divided by 2 for visibility on this
scale). The dotted curve with no scale shows the distribution
of Monte Carlo samples.

integral is computed with relatively small statistical er-
rors.

The computed Clj depend sensitively on the separation
energies B. Equation (5) contains B implicitly through
k =

√
2µB/! and η ∝ 1/

√
B, and it is rigorously true

when B = Eint − E for the given potential. However,
there are often significant differences between this B and
the experimental separation energy Bexpt. We computed
several ANCs in light nuclei, first using the GFMC BH

for the AV18+UIX Hamiltonian and then using Bexpt.
The use of Bexpt in Eq. (5) may be understood by con-

sidering small changes to the potential. When B $ |E|,
they can produce small changes in the wave-function
interior but large fractional changes in B. The short-
range part of the variational wave function derived from
AV18+UIX is, therefore, similar to the solution that
would be obtained from a slightly different potential
tuned (e.g. with small extra terms) so that BH = Bexpt.
Inserting a k ∝

√

Bexpt into Eq. (5) matches a wave-
function interior approximating the true wave function
onto the asymptotic form corresponding to Bexpt. In-
structive illustrations of this general principle, applied to
much simpler wave functions, may be found in Ref. [27].

The use of Eq. (5) to compute asymptotic overlaps
is demonstrated in Fig. 1, where 8Li → n7Li over-
laps computed directly from Eq. (1) are plotted next to
CljW−ηm/r from Eq. (5). It can be seen that the W−ηm

corresponding to BH = 1.3 MeV [28] are rather different
from those for Bexpt = 2.03 MeV, though both energies
are small fractions of the 41.3 MeV total binding energy
for 8Li.
For both B values, the asymptotic Rlj match the short-

to

2.13

(full range to 2.0)

FIG. 3: (Color online) Predicted ANCs from Eq. (5), divided
by experimentally-derived values from the references given at
the right (those not appearing elsewhere are Refs. [29–31]).
For each ANC, small error bars indicate the Monte Carlo error
of Table I and larger error bars indicate its quadrature sum
with the experimental error. Results for the same computed
ANC divided by different “experimental” numbers are joined
with dashed lines. Parentheses indicate particularly uncertain
experimental constraints.

range overlaps at ∼ 4 fm, where the ANC integral starts
to converge. Use of BH yields C2

p 1/2 = 0.029(2) fm−1

and C2
p 3/2 = 0.237(9) fm−1, compared with the respec-

tive values 0.048(6) fm−1 and 0.384(38) fm−1 from a
transfer-reaction study [5]. The match between the com-
puted and “measured” results is poor. Using Bexpt yields
0.048(3) fm−1 and 0.382(14) fm−1, in very good agree-
ment with experiment. This pattern of agreement with
experiment for Bexpt but disagreement for BH repeats
in all cases of substantial difference between BH and
Bexpt. In the following, we consider only ANCs computed
from Bexpt, and we assign uncertainties based entirely on
Monte Carlo statistics rather than (difficult) assessments
of the variational wave functions. Limited testing with
variant wave functions suggests that the total uncertainty
is not much larger than the statistical uncertainties.

Our results are shown in Table I and compared
with experimentally-derived numbers (where available)
in Fig. 3. The lowest three sections of Table I re-

Nolle^	  and	  Wiringa,	  2012

Asympto&c	  Normaliza&ons



Making a simple programming model scalable:
  The Asnychronous Dynamic Load Balancing Library

ImpactObjec8ves	  

 Enable	  large-‐scale	  computa4ons	  at	  high	  efficiency

 Simplify	  programming	  model

 Scale	  to	  leadership	  class	  machines

 Demonstrate	  capabili4es	  of	  simple	  programming	  models	  at	  
petascale	  and	  beyond

 Show	  path	  forward	  with	  hybrid	  programming	  models	  in	  
library	  implementa4on

Deployment	  of	  DetecHon	  Network

Improved	  Efficiency	  (compute	  Hme/wall	  Hme)	  with	  more	  nodes

NUCLEI Ab Initio Calculations Address Leadership-Class Challenges 
H. Nam1, G. Hagen1, T. Papenbrock1-2, E. L. Lusk3, S. C. Pieper3,  

J. P. Vary4, P. Maris4, M. Sosonkina5-6, E. Ng7, C. Yang7, H. M. Aktulga7 
1)   Oak Ridge National Laboratory, Oak Ridge, TN 37831      2)   Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996  

3)   Argonne National Laboratory, Argonne, IL 60439       4)   Department of Physics and Astronomy, Iowa State University, Ames, IA 50011       5)   Ames Laboratory, Iowa State University, Ames, IA 50011        
6)   Old Dominion University, Norfolk, VA 23529       7)   Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

NUCLEI project teams of nuclear theorists, applied mathematicians 
and computer scientists have developed large-scale computational 
codes to study the atomic nucleus using ab initio methods at DOE’s 
Leadership Computing Facilities.  
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MFDn 
Many Fermion Dynamics – nuclear 
260,000 cores/simulation, 1 nucleus @ largest model space 
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AGFMC  
Argonne Green’s Function Monte Carlo 
131,072 cores/simulation, single trial wave function 

NUCCOR-j  
Nuclear Coupled-Cluster Oak Ridge – j-coupled 
100,000 cores/simulation, 1 nucleus for all model spaces 
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These applications coupled with computing power at these facilities 
enable unprecedented first-principles studies of nuclei and the forces 
that hold them together.  

To continue to push scientific frontiers in low-energy nuclear physics, 
NUCLEI application teams with diverse scientific backgrounds are 
addressing the challenges created by the considerable change in 
computing architectures.  
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What is the nuclear structure of 14C that  
leads to its anomalously long half-life? 
Members of the NUCLEI collaboration were awarded 30 million core-hours 
on Jaguar XT5 through the 2008 OLCF Early Science program.  Using 
MFDn, they made the first microscopic nuclear structure calculations to 
show the necessity for 3-nucleon forces in nuclear models and solve the 
puzzle of the long half-life of 14C.    (

Ab initio reaction calculations for 12C 
Reliable fundamental calculations of neutrino and electron 
reactions with 12C are critical input for neutrino detector calibration, 
supernova simulations, and other scattering experiments at JLab.  
NUCLEI members were chosen as one of the 2012 ALCF Early 
Science projects and awarded 110 Million core-hours on Mira to 
conduct detailed ab initio reaction studies of 12C using AGFMC.   
Studies include the second 0+ (Hoyle) state which is the doorway 
for triple-alpha burning and essential for the production of carbon 
and other elements necessary for life. This state has resisted 
precise calculation by shell-model based methods; AGFMC which 
uses more flexible variational wave functions and propagation is 
positioned to overcome these difficulties. 

AGFMC propagates a trial wave function in imaginary time and 
filters out unwanted excited state contamination to get the desired 
exact eigenfunction of the Hamiltonian used in the propagation. 
Propagation is done on a collection of Monte Carlo samples used 
to compute integrals of the many-body wave function.  The 
propagation is broken into many small time steps and done 
iteratively.  At each time step a sample may be discarded 
because it has evolved to something negligible, or it may be 
replicated because it has evolved to making a large contribution.  
Thus the number of samples fluctuates during the calculation, and 
load balancing is crucial. Fortran90, Asynchronous Dynamic Load 
Balancing (ADLB) library, MPI, OpenMP. 

MFDn solves the nuclear many-body problem through 
diagonalization of a large, sparse Hamiltonian matrix.  It 
evaluates and stores the sparse symmetric many-body 
Hamiltonian matrix. We employ a Lanczos iteration scheme 
with reorthonormalization of vectors at each iteration. A low-
lying set of eigenvalues and eigenvectors is obtained and used 
to evaluate observables for comparison with experiment.  
Fortran90, MPI, OpenMP, MPI-IO. 

For medium mass nuclei, the coupled-cluster approach is the only 
microscopic method presently available. The core code, NUCCOR, 
iteratively solves for the cluster amplitudes of the coupled, non-linear 
algebraic CCSD (coupled-cluster with single and double excitations) 
equations that arise from application of an exponentiated cluster 
excitation operator onto a reference many-body wave-function.  The 
NUCCOR code suite includes  the triples correction (CCSD (T)) for 
greater accuracy, the equation-of-motion formalism (EOM) for static 
reaction calculations, coupling to the continuum to address resonant 
and weakly bound states, and the effects of three-nucleon forces.  
Fortran90, MPI, BLAS/LAPACK. 
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Leadership-class computing resources 
NUCLEI project members have been awarded allocations at DOE’s Leadership Computing Facilities through the 
INCITE program since 2008.  These computing resources are crucial to scientific discovery in low-energy nuclear 
physics, both experiment and theory.   
 
 
 
 
Close collaboration between nuclear 
physicists, applied mathematicians, 
and computer scientists enable 
NUCLEI research to effectively 
utilize high-performance computing 
resources.   
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State-of-the-art predictions for the shell 
evolution of neutron-rich calcium isotopes 

Magic numbers, where nuclei exhibit enhanced stability, are modified from 
conventional shell model theory in neutron-rich nuclei.  NUCLEI members 
use NUCCOR-j, with recent improvements to include effects of three-
nucleon forces (NN+3NFeff) and coupling to the continuum, and Jaguar 
XK6 at the OLCF to show how neutron-rich calcium isotopes evolve.  
Where data is available, results show good agreement with experiment 
and predict 54Ca to exhibit only a weak sub-shell closure, not magic, as 
previously disputed by other theoretical results.(
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Along with the new challenges created by recent and future changes in computing architectures, NUCLEI 
members are actively addressing computational challenges to push the scientific frontiers, including: 

• Million way parallelism 
• Hierarchical parallelism (MPI, node, instruction)  
• Load balancing at large scale 
• Fault tolerance 
• Algorithms to minimize data movement 
• Parallel I/O 

• Eigensolvers and non-linear solvers 
• Model validation 
• Uncertainty quantification 
• Multiresolution analysis 

The changing landscape 
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OpenMP scaling on BG/Q nodes

See poster by Hai Ah Nam

SCIDAC-3 NUCLEI Project
Larger Computers (BG/Q)
Fault Tolerance
Performance Analysis
MPI-3 features



Anomalous	  Long	  Life4me	  of	  Carbon-‐14

3-‐nucleon	  forces	  suppress	  criHcal	  
component

net	  decay	  rate	  
Is	  very	  small

hBp://www.newscien4st.com/ar4cle/mg21128214.400-‐quantum-‐quirk-‐makes-‐carbon-‐da4ng-‐possible.html
hBp://phys.org/news/2011-‐05-‐physicists-‐life4me-‐carbon-‐.html

Anomalous	  long	  lifeHme	  of	  Carbon-‐14	  (used	  in	  carbon	  daHng)	  explained	  by	  ab-‐iniHo	  
calculaHons	  using	  NN	  and	  NNN	  forces.	  Phys.	  Rev.	  Le^.	  106,	  202502	  (2011)

NUCLEI Ab Initio Calculations Address Leadership-Class Challenges 
H. Nam1, G. Hagen1, T. Papenbrock1-2, E. L. Lusk3, S. C. Pieper3,  

J. P. Vary4, P. Maris4, M. Sosonkina5-6, E. Ng7, C. Yang7, H. M. Aktulga7 
1)   Oak Ridge National Laboratory, Oak Ridge, TN 37831      2)   Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996  

3)   Argonne National Laboratory, Argonne, IL 60439       4)   Department of Physics and Astronomy, Iowa State University, Ames, IA 50011       5)   Ames Laboratory, Iowa State University, Ames, IA 50011        
6)   Old Dominion University, Norfolk, VA 23529       7)   Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

NUCLEI project teams of nuclear theorists, applied mathematicians 
and computer scientists have developed large-scale computational 
codes to study the atomic nucleus using ab initio methods at DOE’s 
Leadership Computing Facilities.  
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MFDn 
Many Fermion Dynamics – nuclear 
260,000 cores/simulation, 1 nucleus @ largest model space 

456758'9:;<,46''&6;;4:,6!:=>'&

AGFMC  
Argonne Green’s Function Monte Carlo 
131,072 cores/simulation, single trial wave function 

NUCCOR-j  
Nuclear Coupled-Cluster Oak Ridge – j-coupled 
100,000 cores/simulation, 1 nucleus for all model spaces 

67?6>,:>@&',:5>!:A:,&7:',=?58B& !=&!95&>5/!&@5>586!:=>&

These applications coupled with computing power at these facilities 
enable unprecedented first-principles studies of nuclei and the forces 
that hold them together.  

To continue to push scientific frontiers in low-energy nuclear physics, 
NUCLEI application teams with diverse scientific backgrounds are 
addressing the challenges created by the considerable change in 
computing architectures.  
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What is the nuclear structure of 14C that  
leads to its anomalously long half-life? 
Members of the NUCLEI collaboration were awarded 30 million core-hours 
on Jaguar XT5 through the 2008 OLCF Early Science program.  Using 
MFDn, they made the first microscopic nuclear structure calculations to 
show the necessity for 3-nucleon forces in nuclear models and solve the 
puzzle of the long half-life of 14C.    (

Ab initio reaction calculations for 12C 
Reliable fundamental calculations of neutrino and electron 
reactions with 12C are critical input for neutrino detector calibration, 
supernova simulations, and other scattering experiments at JLab.  
NUCLEI members were chosen as one of the 2012 ALCF Early 
Science projects and awarded 110 Million core-hours on Mira to 
conduct detailed ab initio reaction studies of 12C using AGFMC.   
Studies include the second 0+ (Hoyle) state which is the doorway 
for triple-alpha burning and essential for the production of carbon 
and other elements necessary for life. This state has resisted 
precise calculation by shell-model based methods; AGFMC which 
uses more flexible variational wave functions and propagation is 
positioned to overcome these difficulties. 

AGFMC propagates a trial wave function in imaginary time and 
filters out unwanted excited state contamination to get the desired 
exact eigenfunction of the Hamiltonian used in the propagation. 
Propagation is done on a collection of Monte Carlo samples used 
to compute integrals of the many-body wave function.  The 
propagation is broken into many small time steps and done 
iteratively.  At each time step a sample may be discarded 
because it has evolved to something negligible, or it may be 
replicated because it has evolved to making a large contribution.  
Thus the number of samples fluctuates during the calculation, and 
load balancing is crucial. Fortran90, Asynchronous Dynamic Load 
Balancing (ADLB) library, MPI, OpenMP. 

MFDn solves the nuclear many-body problem through 
diagonalization of a large, sparse Hamiltonian matrix.  It 
evaluates and stores the sparse symmetric many-body 
Hamiltonian matrix. We employ a Lanczos iteration scheme 
with reorthonormalization of vectors at each iteration. A low-
lying set of eigenvalues and eigenvectors is obtained and used 
to evaluate observables for comparison with experiment.  
Fortran90, MPI, OpenMP, MPI-IO. 

For medium mass nuclei, the coupled-cluster approach is the only 
microscopic method presently available. The core code, NUCCOR, 
iteratively solves for the cluster amplitudes of the coupled, non-linear 
algebraic CCSD (coupled-cluster with single and double excitations) 
equations that arise from application of an exponentiated cluster 
excitation operator onto a reference many-body wave-function.  The 
NUCCOR code suite includes  the triples correction (CCSD (T)) for 
greater accuracy, the equation-of-motion formalism (EOM) for static 
reaction calculations, coupling to the continuum to address resonant 
and weakly bound states, and the effects of three-nucleon forces.  
Fortran90, MPI, BLAS/LAPACK. 
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Leadership-class computing resources 
NUCLEI project members have been awarded allocations at DOE’s Leadership Computing Facilities through the 
INCITE program since 2008.  These computing resources are crucial to scientific discovery in low-energy nuclear 
physics, both experiment and theory.   
 
 
 
 
Close collaboration between nuclear 
physicists, applied mathematicians, 
and computer scientists enable 
NUCLEI research to effectively 
utilize high-performance computing 
resources.   
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State-of-the-art predictions for the shell 
evolution of neutron-rich calcium isotopes 

Magic numbers, where nuclei exhibit enhanced stability, are modified from 
conventional shell model theory in neutron-rich nuclei.  NUCLEI members 
use NUCCOR-j, with recent improvements to include effects of three-
nucleon forces (NN+3NFeff) and coupling to the continuum, and Jaguar 
XK6 at the OLCF to show how neutron-rich calcium isotopes evolve.  
Where data is available, results show good agreement with experiment 
and predict 54Ca to exhibit only a weak sub-shell closure, not magic, as 
previously disputed by other theoretical results.(
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Along with the new challenges created by recent and future changes in computing architectures, NUCLEI 
members are actively addressing computational challenges to push the scientific frontiers, including: 

• Million way parallelism 
• Hierarchical parallelism (MPI, node, instruction)  
• Load balancing at large scale 
• Fault tolerance 
• Algorithms to minimize data movement 
• Parallel I/O 

• Eigensolvers and non-linear solvers 
• Model validation 
• Uncertainty quantification 
• Multiresolution analysis 

The changing landscape 
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Strong	  Scaling	  of	  MFDn	  on	  Jaguar
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NUCLEI project: large-scale diagonalization
 ( Chao Yang poster )

	  Physics	  Requirement:	  Larger	  Model	  Spaces

	  Reduce	  memory	  requirements:	  	  regeneraHng	  Hamiltonian
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  flash-‐memory	  non-‐volaHle	  disk

	  Will	  also	  leverage	  work	  with	  FASTMath	  InsHtute	  to	  improve
	  	  	  	  numerical	  quality	  of	  solvers.

	  The	  MADNESS	  team	  will	  export	  a	  prototyped	  	  scalable	  dense
	  	  	  	  eigensolvers	  from	  MADNESS	  with	  an	  open	  interface	  for	  other	  
	  	  	  	  applicaHons	  in	  the	  NUCLEI	  project.



Nuclear reactions

Ab	  ini8o	  theory	  reduces	  uncertainty	  due	  
to	  conflicHng	  data  ``First measurements of the differential cross sections for 

the elastic n-2H and n-3H scattering at 14.1 MeV using an 
Inertial Confinement Facility”, by J.A. Frenje et al., Phys. 
Rev. Lett. 107, 122502 (2011)

http://physics.aps.org/synopsis-for/10.1103/PhysRevLett.107.122502

3He

d 4He

p

Navratil	  &	  Quaglioni
PRL108,	  042503	  (2012)

NCSM/RGM	  is	  pioneering	  ab	  
ini8o	  calcula4ons	  of	  light-‐
nuclei	  fusion	  reac4on	  with	  NN	  
interac4on.	  Here,	  3He(d,p)
4He S-factor.

Data deviate from NCSM/RGM results at 
low energy due to lab. electron-screening

PRC 84, 034607(2011), PRC 85, 054621 (2012)

NIF



Larger Nuclei: Coupled-cluster method 
G. Hagen et al., Phys. Rev. Lett. 109, 032502 (2012)

Neutron Drops,...

 Coupling Ab-Initio Approaches
to Density Functional TheoryNeutron drip line and R-process 

nucleosynthesis



Optimization Plans in NUCLEI
Stefan Wild / SUPER

New Optimization Capabilities Coupling NUCLEI Subgroups
 Incorporate new observables from various 

NUCLEI subgroups 
 giant resonance data, 
 binding energy of neutron droplets in 

a trap,
 …

 State-of-the art mathematical/numerical 
optimizations of next-generation EDFs 
(with LLNL, ORNL, Tennessee)

 Optimization of basis states and non-
perturbative coupling constants arising 
in chiral Hamiltonians (with ISU)

 Enable nucleus lifetime computations 
with collective action minimizations (with 
LLNL, others)

 Exploit additional parallelism at the 
simulation-optimization interface

 Extend POUNDERS to address missing 
states and available sensitivity 
information

 Incorporate uncertainties and QUEST 
technologies

 Introduce performance, energy, and 
resilience tools developed by the SUPER 
SciDAC Institute for use in NUCLEI codes

 Deliver representative 
NUCLEI computational 
kernels to SUPER

Deploy code optimization tools



How many protons and neutrons can be bound in a nucleus?
Skyrme-‐DFT:	  6,900±500syst

The limits: Skyrme-DFT Benchmark 2012

288
~3,000

Asymptotic freedom ?

Erler et al., 
Nature 486, 509 (2012)

• Systematic errors (due to incorrect assumptions/poor modeling)
• Statistical errors (optimization and numerical errors)

hBp://www.livescience.com/21214-‐atomic-‐nuclei-‐varia4ons-‐es4mate.html
hBp://www.sciencedaily.com/releases/2012/06/120627142518.htm



OpHmized	  FuncHonals

Numerical	  Techniques

Large-‐scale	  DFT

ConfrontaHon	  with	  
experiment;	  predicHons

CollecHve	  dynamics

LACM, Fission: the ultimate challenge
   (see Jordan McDonnell poster)

PRC 78, 014318 (2008)

PRC 85, 024304 (2012) PRC 84, 054321(2011)

PRC 80, 014309 (2009)

PRC 80, 014309 (2009)



Neutron	  star	  crust
Astronomical	  
observables

Nuclear	  
observables

Many-‐body	  
theory

Nuclear
interacHons

Nuclear	  ma^er	  
equaHon	  of	  state

Microphysics
(transport,…)

Quest for understanding the neutron-rich 
matter on Earth and in the Cosmos

RNB
Facilities/

NuN topical
collaborationPhys.	  Rev.	  C	  85,	  032801(R)	  (2012)

Phys.	  Rev.	  Le^.	  108,	  081102	  (2012)
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EquaHon	  of	  State	  and	  Neutron	  Stars

EquaHon	  of	  State

Mass/Radius
Phys.	  Rev.	  Le^.	  108,	  081102	  (2012)
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Connec&ons	  to	  Other	  Fields:	  	  Cold	  Atoms

Vortex	  Dynamics

Bulgac	  et	  al.,	  
Science,	  332,	  1288	  (2011)

ExoHc	  pairing	  phases

J.	  Pei	  et	  al.,	  Phys.	  Rev.	  A	  82,	  021603(R)	  (2010)

Gezerlis	  and	  Carlson,	  Phys.	  Rev.	  C	  77,	  032801(R)	  (2008)
Carlson,	  Gandolfi,	  Gezerlis,	  PTEP	  (2012) EquaHon	  of	  State

hBp://www.physicstoday.org/resource/1/phtoad/v64/i8/p19_s1
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	  Efficient	  usage	  of	  heterogeneous	  machines	  (GPUs)

	  Reducing	  communicaHons	  (topology	  awareness)

	  Load	  Balancing	  at	  the	  Largest	  Scale	  Computers

	  Matching	  Across	  Physical	  Scales	  (UQ)

NUCLEI:	  some	  Computa&onal	  Challenges
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Outlook:

Have	  developed	  effec&ve	  collabora&ons	  between	  
math/CS	  and	  physics.	  Excellent	  team	  of	  applied	  
mathema&cians,	  computer	  scien&sts,	  and	  
physicists.

Look	  forward	  to	  working	  with	  Ins&tutes:
FASTMath,	  	  SUPER,	  QUEST

Exci&ng	  science:	  	  nuclear	  science	  and	  applica&ons
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  astrophysics
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  neutrino	  physics
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BACKUP	  SLIDES





Nuclear	  Reac4ons

Desired	  Trajectory
Flat	  Trajectory
Flat-‐Flat	  Trajectory

2012 202020202020 20282030

Microscopic	  Theory
of	  Fission

2012 202020202020 20282030



Neutrinos	  as	  Nuclear
Physics	  Laboratories

Desired	  Trajectory
Flat	  Trajectory
Flat-‐Flat	  Trajectory

2012 202020202020 20282030

Physics	  of	  Extreme	  Neutron-‐Rich
Nuclei	  and	  Neutron	  Stars

2012 202020202020 20282030



Junior Scientists in UNEDF 
POST-DOCTORAL ASSOCIATES (2010)

Christopher Calderon, LBNL (staff, Numerica co.)
Joaquin Drut (Professor, UNC)
Stefano Gandolfi, LANL (staff, LANL)
Kai Hebeler, OSU (TRIUMF)
Heiko Hergert, MSU (OSU)
Jason Holt, UTK/ORNL
Eric Jurgenson, LLNL (staff, LLNL)
Markus Kortelainen, UTK (U. Jyväskylä)
Plamen Krastev, UCSD (research, Harvard)
Pieter Maris, ISU (Research Prof. ISU)
Eric McDonald, MSU (staff scientist, MSU) 
Gustavo Nobre, LLNL (BNL, NNDC)
Junchen Pei, UTK (Prof., Pekin U.)
Nicolas Schunck UTK (staff, LLNL)
Roman Senkov, CMU
Ionel Stetcu, UW (staff, LANL)
Jun Terasaki, UNC (staff, U. Tsukuba)
Stefan Wild, ANL (staff, ANL)

Effect of UNEDF on workforce
Year-1: 9 students, 17 postdocs; 
Year-2: 12 and 12;
Year-3: 10 and 18;
Year-4: 11 and 19

2010: Early 
Career Award

2011: Faculty 
UNC/Chapel 
Hill 

2010:Staff
LLNL

2012: Faculty
Guelph

2012:
Harvard
Research
Computing

2010:
Math/CS
Staff ANL

Relevant instruction (workshops, courses)  
is crucial for the future of the field



 Energy density functional (EDF) predictions rely on large-
scale computer simulations that must be calibrated to 
experimental data

 TAO 2.0’s POUNDERS developed for UNEDF to exploit the 
mathematical structure of this calibration problem

 Substantial computational savings over alternative 
algorithms enables fitting of complex EDFs

Deriva4ve-‐free	  Op4miza4on	  for	  Energy	  Density	  Func4onal	  Calibra4on
New	  algorithm	  for	  tuning	  large-‐scale	  nuclear	  structure	  simula4ons	  turns	  days	  into	  hours

 Previous optimizations required too many evaluations to obtain 
desirable features exhibited by UNEDF0, UNEDF1, …

 Derivative-free sensitivity analysis procedure developed for 
UNEDF exposes correlations and constraining data in 1 minute 
using 20k cores

• “Nuclear Energy Density Optimization” Kortelainen et al.,  PhysRevC ‘10.
• “N.E.D.O.: Large Deformations” Kortelainen et al.,  PhysRevC ‘12.
• “Occupa8on	  Number-‐based	  Energy	  Func8onal	  for	  Nuclear	  Masses” Bertolli et al.,  

PhysRevC ‘12.
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Noise Impacts in UNEDF & BeyondComputational Noise 
 Uncertainty in computed outputs
 Unstable derivative estimates for 

sensitivity analysis
 Can be unrelated to/overwhelm 

truncation error
 Blurs relationship between 

tolerance values and stability

Our optimal forward difference parameter

 ECNoise provides reliable estimates of stochastic and 
deterministic noise in few simulations

 Nonintrusive stability bounds for extreme scale simulations, 
can instruct precision levels/tolerances for subroutines

 Optimal difference parameters calculated without computationally 
expensive parameter sweeps

“Estimating Computational Noise,” Moré & Wild, SIAM Sci. Comp., ’11
“Estimating Derivatives of Noisy Simulations,” Moré & Wild, ACM TOMS‘12

Tools & Techniques

Optimal step was obtained with only two simulation 
evaluations. Classical approach (circles): result of a sweep 

across 100 difference parameters, each point requiring a new 
simulation.

In all computations of DOE
interest containing

adaptivity,
discretizations
 iterative methods
petaflops,
 roundoff errors

Includes deterministic computations

OpHmal	  DerivaHves	  of	  Noisy	  Numerical	  SimulaHons	  



Making a simple programming model scalable:
  The Asnychronous Dynamic Load Balancing Library

ImpactObjec8ves	  

 Enable	  Green’s	  Func4on	  Monte	  Carlo	  calcula4ons	  for	  12C	  on	  
full	  BG/P	  as	  part	  of	  UNEDF	  project

 Simplify	  programming	  model

 Scale	  to	  leadership	  class	  machines

 Demonstrate	  capabili4es	  of	  simple	  programming	  models	  at	  
petascale	  and	  beyond

 Show	  path	  forward	  with	  hybrid	  programming	  models	  in	  
library	  implementa4on

Deployment	  of	  DetecHon	  Network

 Initial load balancing was of 
CPU cycles

 Next it became necessary to 
balance memory utilization as 
well

 Finally ADLB acquired the 
capability to balance message 
flow

 “More Scalability, Less Pain” by 
E. Lusk, S.C. Pieper and R. 
Butler published in SciDAC 
Review 17, 30 (2010) 

ProgressImproved	  Efficiency	  (compute	  Hme/wall	  Hme)	  with	  more	  nodes



Phase	  2:	  Invariant	  
Subspace	  Projec/on

In-‐core	  implementaHon	  to	  
reduce	  I/O	  overheads	  in	  the	  
out-‐of-‐core	  version

6Li,	  Nmax=14,	  J=3
dimension	  of	  H	  ~	  1.7x108

10x	  speed-‐up,	  default	  striping
4x	  speed-‐up,	  op4mal	  striping

MFDn:	  Total-‐J	  Progress

	  M-‐scheme	  approach:	  works	  directly	  on	  the	  Hamiltonian,	  extracts	  all	  low	  energy	  states
	  J-‐scheme	  approach:	  alternaHve	  to	  find	  a	  large	  number	  of	  low	  energy	  states	  for	  a	  	  	  	  
	  	  	  	  prescribed	  total	  angular	  momentum	  (J)	  value
	  Targeted	  applica/ons:	  invesHgaHon	  of	  nuclear	  level	  densiHes,	  
	  	  	  	  evaluaHon	  of	  sca^ering	  amplitudes
	  Total-‐J	  code:	  implementaHon	  of	  the	  J-‐scheme	  approach	  in	  Fortran,	  MPI
	  CS	  Challenges	  in	  Total-‐J:	  Three	  disHnct	  phases,	  each	  with	  very	  different	  compuHng	  
	  	  	  	  and	  storage	  characterisHcs

Phase	  1:	  Construc/on	  of	  
the	  J-‐basis

Implemented	  a	  mulH-‐level	  
greedy	  load	  balancing	  
algorithm

Applica/on:
Predic4ng	  the	  Nuclear	  Level	  

Density	  of	  6Li
(PRELIMINARY)



Weak	  Scaling

be_er

ver6:	  current	  release	  
(end	  of	  SciDAC2)ver1:	  SC’08	  paper	  

(beginning	  of	  SciDAC2)

ide
al	  
sca
lin
g

Strong	  Scaling	  for	  10B,	  Nmax	  =	  8

M-‐scheme:	  Performance	  Improvements



• "Real-‐Time	  Dynamics	  of	  Quan4zed	  Vor4ces	  in	  a	  Unitary	  Fermi	  Superfluid,"	  A.	  Bulgac,	  Y.-‐L.	  Luo,	  P.	  Magierski,	  K.J.	  Roche,	  and	  Y.	  Yu,	  
Science	  332,	  1288	  (2011).

• "Origin	  of	  the	  anomalous	  long	  life4me	  of	  14C,"	  P.	  Maris,	  J.	  P.	  Vary,	  P.	  Navra4l,	  W.	  E.	  Ormand,	  H.	  Nam,	  and	  D.	  J.	  Dean,	  Phys.	  Rev.	  LeB.	  
106,	  202502	  (2011).

• "More	  Scalability,	  Less	  Pain,"	  E.	  Lusk,	  S.C.	  Pieper	  and	  R.	  Butler,	  SciDAC	  Review	  17,	  30	  (2010).	  
• "Nuclear	  Energy	  Density	  Op4miza4on,"	  M.	  Kortelainen,	  T.	  Lesinski,	  J.	  More,	  W.	  Nazarewicz,	  J.	  Sarich,	  N.	  Schunck,	  M.	  V.	  Stoitsov,	  and	  S.	  
Wild,	  Phys.	  Rev.	  C	  82,	  024313	  (2010).

• "One-‐quasipar4cle	  States	  in	  the	  Nuclear	  Energy	  Density	  Func4onal	  Theory,"	  N.	  Schunck,	  J.	  Dobaczewski,	  J.	  McDonnell,	  J.	  More,,	  W.	  
Nazarewicz,	  J.	  Sarich,	  and	  M.V.	  Stoitsov,	  Phys.	  Rev.	  C	  81,	  024316	  (2010).

• "Scaling	  of	  ab-‐ini4o	  nuclear	  physics	  calcula4ons	  on	  mul4core	  computer	  architectures,"	  P.	  Maris,	  M.	  Sosonkina,	  J.	  P.	  Vary,	  E.	  G.	  Ng	  and	  
C.	  Yang,	  Interna4onal	  Conference	  on	  Computer	  Science,	  ICCS	  2010,	  Procedia	  Computer	  Science	  1,	  97	  (2010).

• "Hamiltonian	  light-‐front	  field	  theory	  in	  a	  basis	  func4on	  approach,"	  J.	  P.	  Vary,	  H.	  Honkanen,	  Jun	  Li,	  P.	  Maris,	  S.	  J.	  Brodsky,	  A.	  
Harindranath,	  G.	  F.	  de	  Teramond,	  P.	  Sternberg,	  E.	  G.	  Ng,	  C.	  Yang,	  Phys.	  Rev.	  C	  81,	  035205	  (2010).

• "Ab	  ini4o	  nuclear	  structure:	  The	  Large	  sparse	  matrix	  eigenvalue	  problem,"	  J.P.	  Vary,	  P.	  Maris,	  E.	  Ng,	  C.	  Yang,	  and	  M.	  Sosonkina,	  J.	  
Phys.	  Conf.	  Ser.	  180,	  012083	  (2009).

• "Fast	  Mul4resolu4on	  Methods	  for	  Density	  Func4onal	  Theory	  in	  Nuclear	  Physics,"	  G.	  I.	  Fann,	  J.	  Pei,	  R.	  J.	  Harrison,	  J.	  Jia,	  J.	  Hill,	  M.	  Ou,	  
W.	  Nazarewicz,	  W.	  A.	  Shelton,	  and	  N.	  Schunck,	  Journal	  of	  Physics:	  Conference	  Series	  180,	  012080	  (2009).

• "Solu4on	  of	  the	  Skyrme-‐Hartree-‐Fock-‐Bogolyubov	  equa4ons	  in	  the	  Cartesian	  deformed	  harmonic-‐oscillator	  basis.	  (VI)	  HFODD	  
(v2.38j):	  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.	  Stoitsov,	  M.	  Zalewski,	  H.	  Zdunczuk,	  Comp.	  Phys.	  Comm.	  180,	  2361	  (2009).

• "Towards	  The	  Universal	  Nuclear	  Energy	  Density	  Func4onal,"	  M.	  Stoitsov,	  J.	  More,	  W.	  Nazarewicz,	  J.	  C.	  Pei,	  J.	  Sarich,	  N.	  Schunck,	  A.	  
Staszczak,	  and	  S.	  Wild,	  Journal	  of	  Physics:	  Conference	  Series	  180,	  012082	  (2009).

• "Deformed	  Coordinate-‐Space	  Hartree-‐Fock-‐Bogoliubov	  Approach	  to	  Weakly	  Bound	  Nuclei	  and	  Large	  Deforma4ons,"	  J.C.	  Pei,	  M.V.	  
Stoitsov,	  G.I.	  Fann,	  W.	  Nazarewicz,	  N.	  Schunck	  and	  F.R.	  Xu,	  Phys.	  Rev.	  C	  78,	  064306	  (2008).

• "Time-‐Dependent	  Density	  Func4onal	  Theory	  Applied	  to	  Superfluid	  Nuclei,"	  A.	  Bulgac	  and	  K.J.	  Roche,	  J.	  Phys.:	  Conf.	  Ser.	  125,	  012064	  
(2008).

• ...

One	  DemonstraHon	  of	  NP	  –	  ASCR	  Coupling:
Over	  20	  joint	  publicaHons	  resulHng	  from	  UNEDF


