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Key science drivers of rare isotopes

ATest the predictive power of models by extending experiments to new
regions of mass and protorto-neutron ratio
Aldentify new phenomena that willchallengeexisting many-body theory

ACreate and study super heavy nuclei

ACharacterize neutron skins and excitation modes

AConstrain r-process site and explosive nucleosynthesis

AConstrain nuclear equation of state (neutron star crusts)

ASocietal Applications: Energy, Security
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Present and next Generation Radioactive lon Beam facilities
(multi $100M investments world wide)

Superconducting LINAC
E =145 AMeV for heavy Tons Alg=3 |}
E =40 MeV for deuterons
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AFuture U.S. FRIB based

on a heavyion linac driver

a high priority.
AOptions in the interim?

Al Clountries thr
world are aggressively pursuing
rare-isotope science, often as
their highest priority in nuclear
science, attesting to the significanc
accorded internationally

to this exciting
NAS RISAC Report



Landscape and consequences

Stable nuclei 82 - I-process

Nuclei known
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Changing shell gaps: one of the challenges
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Why do theory at all?

Nuclear Discovery: 60 years
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40 Isotopes discovered per year for 70 years

1932, Chadwick discovers neutron

1%30 1940 1950 1960 1970 1980 1990 2000
Year

ADiscovery of new nuclei a rather slow process

Alncreasingly costly (except enachine gets 10intensity with modest $$)
AProbably will not reach ALL nuclei that are relevant even with FRIB
AProbably cannot measure all relevant nuclear properties

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



The challenge of theory for nuclei

AnThe first, the basic approach, I s to st
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 structuré . The ot her appr «
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 aThedhellemodelo t h
although proposed by theoreticians, real
I M. GoeppertMayer, Nobel Lecture

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

AQCD A NN (and NNN) forcesA calculateA predict A experiment
AExperiment A effective forcesA calculateA predict
AProgress involves feedbacké



Progress on the interaction: Effective Field Theory

Thus one hopes to obtain knowledge of the nuclearforcdsf t he f or ces
e
3N Force 4N Force

Dotted lines == pions
lines == nucleons
Fat dots == contact terms

Effective Lagrangian A obeys QCD
symmetries (spin, isospin, chiral
symmetry breaking)

Lagrangian
A infinite sum of Feynman diagrams.

Invoke power counting:
Expand in O(Q/L ocp)
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.




Effective field theory potentials bring a 3body force

net he force should be chose@ndmssibly he ba:c
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dashedA NLO Challenge: Deliver the best NN and NNN interactions with their
dot A N2LO roots in QCD (eventually from LQCD,
solid A N3LO see Ishii, Aoki and Hatsuda, arXiv:nuctth/0611096); Bedaque




‘ From the interaction to solving the nuclear manybody problem

Begin with a NN (+3N) Hamiltonian Bare (GFMC)

(Local only, Av18
plus adjusted 3body)
Exponential scaling

Basis expansion
(explore forces)

Basis expansions:

ADetermine the appropriate basis
AGenerate H in that basis

AUse manybody technique to solve proble

Substantial progress in
many-body developments

Nucleus | 4 shells | 7 shells

Oscillator
e e IE0 nggigge ﬁ EE I\C/lgr;eAthII\l/liodel
8B AES8 5E13 (not a model)
A Coupled-cluster theory
12C 6E1l 4E19 Many-body ﬁ XF(I:VICC): M, é
160 3E14 9E24 basis states




Progress: Embracing renormalization

Project H into large basis;
Perform Lee-Suzuki (NCSM)
Use H as 2(+3) body interaction

Exact
reproduction
of N
eigenvalues

Recovers Bare Abody in large space
Requires addition of 3body force

for experimental binding (adjust to He-4
Challenge: slow convergence

’I

J 2 VA (KL A) TAAL B A2)

— Vi k(K k) = =

dl T

ARenormalize at a momentum cutofiL
AProject onto oscillator basis
APreserves phase shifts to the cutoff
Aireasonabl ed conyv

[ RSN

Challenges:

ADoes not recover bare result

ARequires 3body force for
experimental binding

éadjustd t o He
A L-independence
Schwenk, Bogner



be able to cal
e properties O

AComputation absolutely essential

Ai Mooreds | awd power
raw computing power: 2 year
doubling time.

APetascale: 3 years

AExascale: 10 years

Performance Development

AChallenge: develop algorithms
that will effectively utilize both
core speed and memory to attack
nuclear problems.

AMeasure of success: predictive nuclear
theory in medium-mass nuclei (to
mass 100).




Progress (example): Coupled Cluster Calculations iffO

‘ Y > = eXp(T )‘ F > - . .E*(0+)=1:9.8 MeV
gt
) E (3)=12.0 MeV

E =(F|H|F)=(FleTHE'[F)

<F;’}‘§8‘H‘F>:O /ﬁ

RH | F > =E RI F > \‘/;/olch et al PRL 94, 24501 (2005)
R = excitationoperator ' '

POLYNOMIALSCALING!

Challenge: how does the
Note, converged spectrum 3-body force affect these states?

but 3-is 6 MeV high.



E(*He) [MeV]
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ADb Initio In medium mass nuclei

-136+

-138

Hagen et al., arXiv:0707.1516

Error estimate:

<< 1%

-140

16
Eepap( "0) [MeV]

-142

<1% 1%

‘He

Eo -11.8| -60.2(-347.5
AFocosp -17.1| -82.6|-143.7
AFEcosn(T) -0.3| -5.4| -11.7
Eccspm -29.2|-148.2-502.9
exact (FY) [-29.19(5)

40
Epep(°Ca) [MeV]

40Ca‘§

ho [MeV]

T30 32

102 many-body basis states




Progress: inclusion of full TNF in CCSD: FY comparisons in“He

Solution at CCSD and CCSD(T) levels
l nvol ve roughly 67

=~ @ 2-body only

<E>=-28.24 MeV _ - \\‘O-body 3NF
+/-0.1MeV (sys) : T ~a 1-body 3NF

AS
AS

Challenge: do we really need the ful
3-body force, or just its density
dependent terms?

Hagen, Papenbrock, Dean, Schwenk, Nogga, Wloch, Piecuch
arxXiv:0704.3439




Progress: from structure to reactions in the same framework
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Progress: Level Densities with Auxiliary Field Monte Carlo

A Level densities are the most uncertain input
to many reaction models
AAFMC has an MC sign problem
A Shift MC integration to the Hartree
minimum of the fields
A Fully realistic shell model interactions
A Even and odd nuclei
ASee al so work by Al has;g

Stoicheva Ormand, Neuhausser, Dean 0 R
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Progress: understanding scale separation

|. Tanihata et al.
Phys. Rev. Lett. 55, 2676 (1985)

Interaction cross section
measurements at Bevalac
(790 MeV/u)

Nuclear radius (fm)

10

Mass number

9
Li Isotope

effective NN interaction

strong in-medium effectr =
1
\
\

(almost) bare NN interaction R. Sanchez et al, PRL. 96 (2006) 33002.

weak in-medium effects

FIG. 2 (color online). Experimental charge radii of lithium
i (red, @) compared with theoretical predictions: A:
GFMC calculations [4.22]. V: SVMC model [27.28] (¥: assum-
ing a frozen °Li core), ®: FMD [26], O: DCM [19], O and <:
ab initio NCSM [23,24].

Decoupling of proton and neutron
deformation in FMD calculations
(Feldmeier et al)

Challenge: the continuum
18C 16C 14C 12C
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