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Key science drivers of rare isotopes

ÅTest the predictive power of models by extending experiments to new

regions of mass and proton-to-neutron ratio

ÅIdentify new phenomena that will challengeexisting many-body theory

ÅCreate and study super heavy nuclei

ÅCharacterize neutron skins and excitation modes

ÅConstrain r-process site and explosive nucleosynthesis

ÅConstrain nuclear equation of state (neutron star crusts) 

ÅSocietal Applications: Energy, Security

ÅBeyond óStandard Modelô: bb0ndecay; Dark Matter, EDMé

ROADMAP
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ÅQCD governs nucleons and

their interactionsé:  GeV

ÅNuclear excitations:    MeV

ÅResonances in U:         keV

Decay time scales vastly different

From 10-21 s to long-lived 

meta stable states

Huge variation in reaction rates

Nuclei are multiscale



Present and next Generation Radioactive Ion Beam facilities

(multi $100M investments world wide)

ÅFuture U.S. FRIB based

on a heavy-ion linac driver

a high priority. 

ÅOptions in the interim? 

ñ[C]ountries throughout the

world are aggressively pursuing

rare-isotope science, often as 

their highest priority in nuclear

science, attesting to the significance 

accorded internationally

to this exciting area of researchò

NAS RISAC Report



Landscape and consequences



Changing shell gaps: one of the challenges



Nuclear Discovery: 60 years

Why do theory at all? 

ÅDiscovery of new nuclei a rather slow process

ÅIncreasingly costly (except e-machine gets 104 intensity with modest $$)

ÅProbably will not reach ALL nuclei that are relevant even with FRIB

ÅProbably cannot measure all relevant nuclear properties

ÅPoints to need for robust, predictive theory with quantifiable error bars



The challenge of theory for nuclei

ñThe first, the basic approach, is to study the elementary particles, their properties 

and mutual interaction. Thus one hopes to obtain knowledge of the nuclear forces.

If the forces are known, one should,  in principle, be able to calculate deductively 

the properties of individual nuclei. Only after this has been accomplished can one 

say that one completely understands nuclear structure é.The other approach is 

that of the experimentalist and consists in obtaining by direct experimentation 

as many data as possible for individual nuclei. One hopes in this way to find regularities 

and correlations which give a clue to the structure of the nucleusé.The shell model, 

although proposed by theoreticians, really corresponds to the experimentalistôs approach.ò

ïM. Goeppert-Mayer, Nobel Lecture

Two ways of doing business (I will focus primarily on the first):

ÅQCD Ą NN (and NNN) forces Ą calculate Ą predict Ą experiment 

ÅExperiment Ą effective forces Ą calculate Ą predict

ÅProgress involves feedbacké



Effective Lagrangian Ą obeys QCD 

symmetries (spin, isospin, chiral 

symmetry breaking)

Lagrangian 

Ą infinite sum of Feynman diagrams. 

Invoke power counting: 

Expand in O(Q/LQCD)

Weinberg, Ordonez, Ray, van Kolck

NN amplitude uniquely determined by two

classes of contributions: contact terms and 

pion exchange diagrams. 

3-body (and higher) forces are inevitable. 

Dotted lines == pions

lines             == nucleons

Fat dots   == contact terms

Progress on the interaction: Effective Field Theory

Thus one hopes to obtain knowledge of the nuclear forces. If the forces are knowné 

(MGM)



Effective field theory potentials bring a 3-body force

Challenge: Deliver the best NN and NNN interactions with their 

roots in QCD (eventually from LQCD, 

see Ishii, Aoki and Hatsuda, arXiv:nucl-th/0611096); Bedaque

dashed Ą NLO

dot Ą N2LO

solid Ą N3LO

ñéthe force should be chosen on the basis of NN experiments(and possibly

subsidiary experimental evidenceé) (Bethe)



Begin with a NN (+3N) Hamiltonian

Basis expansions: 

ÅDetermine the appropriate basis

ÅGenerate Heff in that basis

ÅUse many-body technique to solve problem
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Nucleus 4 shells 7 shells

4He 4E4 9E6

8B 4E8 5E13

12C 6E11 4E19

16O 3E14 9E24

Oscillator

single-particle 

basis states

Many-body 

basis states

From the interaction to solving the nuclear many-body problem

Bare (GFMC)

(Local only, Av18

plus adjusted 3-body)

Exponential scaling

Basis expansion

(explore forces)

Substantial progress in

many-body developments

Å GFMC; AFDMC

Å No Core shell model 

(not a model)

Å Coupled-cluster theory

Å UCOM,é

Å AFMC
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Progress: Embracing renormalization

ÅRenormalize at a momentum cutoff L

ÅProject onto oscillator basis

ÅPreserves phase shifts to the cutoff

Åñreasonableò convergence

Challenges: 

ÅDoes not recover bare result  

ÅRequires 3-body force for 

experimental binding

éadjust to He-4

ÅL-independence

Schwenk, Bogner, Furnstahl,é

Recovers Bare A-body in large space

Requires addition of 3-body force

for experimental binding (adjust to He-4) 

Challenge: slow convergence

Project H into large basis; 

Perform Lee-Suzuki (NCSM)

Use Heff as 2-(+3) body interaction



ñébe able to calculate deductively

the properties of individual nucleiò

ÅComputation absolutely essential

ÅñMooreôs lawò power law in

raw computing power: 2 year

doubling time. 

ÅPetascale: 3 years 

ÅExascale: 10 years

ÅChallenge: develop algorithms

that will effectively utilize both 

core speed and memory to attack

nuclear problems. 

ÅMeasure of success: predictive nuclear

theory in medium-mass nuclei (to 

mass 100). 



Progress (example): Coupled Cluster Calculations in 16O

Wolch et al PRL 94, 24501 (2005)

Note, converged spectrum

but 3- is 6 MeV high. 
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Challenge: how does the

3-body force affect these states?



Ab initio in medium mass nuclei

Error estimate:     << 1%       < 1%     1%

4He

16O

40Ca

1063 many-body basis states

Hagen et al., arXiv:0707.1516



Progress: inclusion of full TNF in CCSD: F-Y comparisons in 4He

<E>=-28.24 MeV 

+/- 0.1MeV (sys)

Challenge: do we really need the full 

3-body force, or just its density 

dependent terms? 
Hagen, Papenbrock, Dean, Schwenk, Nogga, Wloch, Piecuch

arXiv:0704.3439

Solution at CCSD and CCSD(T) levels 

involve roughly 67 more diagramsé..



n-ascattering

Nollett et al, nucl-th/0612035

Progress: from structure to reactions in the same framework

Navratil et al., PRC73, 065801 (2006)

NCSM clusters



Progress: Level Densities with Auxiliary Field Monte Carlo

ÅLevel densities are the most uncertain input

to many reaction models

ÅAFMC has an MC sign problem

ÅShift MC integration to the Hartree 

minimum of the fields

ÅFully realistic shell model interactions

ÅEven and odd nuclei

ÅSee also work by Alhassid, Langanke,é

Stoicheva, Ormand, Neuhausser, Dean



R. Sanchez et al, PRL. 96 (2006) 33002.

12C 10C14C16C18C

Decoupling of proton and neutron 

deformation in FMD calculations 

(Feldmeier et al)

Progress: understanding scale separation

Challenge: the continuum


