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Take-away messages:

•Rare isotopes offer a broad and exciting scientific agenda, 

closely coupled to key intellectual drivers in many areas of 

science

•Nuclear scientists, experimentalists and theorists, are getting 

better and better at controlling short-lived nuclei, in particular 

those which are useful

•Rare isotopes provide society with numerous opportunities*



•How did the matter that makes up the visible universe come 

into being and how does it evolve?
• Nature of building blocks (quarks+gluons, hadrons, nuclei, atoms,…)

• Cosmic evolution of the visible matter

•How do the building blocks of subatomic matter organize 

themselves and what phenomena emerge as they do so?
• Nature of composite structures and phases

• Origin of simple patterns in complex systems

•How have forces hidden from view shaped the properties of 

matter?
• In search of the New Standard Model

• The nucleus as a laboratory for testing fundamental symmetries

•How can we best use the unique properties of nuclei and 

technologies developed in nuclear physics to benefit society?
• Unique opportunities for applications

• Public must be properly compensated for supporting what is  fundamentally an 

intellectual enterprise.

The intellectual drivers of nuclear physics today

(overarching questions)



Nuclear structure

Nuclear reactions

Hot and dense quark-gluon matter

Hadron structure

Nuclear astrophysics 

New standard model

Applications of nuclear science

Hadron-Nuclear interface
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The Nuclear Many-Body Problem

Energy, Distance, Complexity

A lot of progress is taking 

place at interfaces
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Over the last decade, tremendous progress has been made in 

techniques to produce designer nuclei, rare atomic nuclei with 

characteristics adjusted to specific research needs

+
+
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225Ra

45Fe

18F,22Na 149Tb

nuclear structure

astrophysics

applications

tests of 

fundamental laws 

of nature

Some nuclei are more important than others
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• How do protons and neutrons make 
stable nuclei and rare isotopes?

• What are properties of neutron 
matter? 

• What are the heaviest nuclei that can 
exist?



number of nuclei < number of processors!

Interfaces provide

crucial clues



Science: Overarching Themes



The Structure

hadron spectroscopy
•“missing” resonances (N*)

•glueballs, hybrids, exotic hadrons…

•collective excitations

The origin of confinement

The origin of mass, spin

Quantum numbers and symmetries

nuclear spectroscopy
•weakly bound nuclei and resonances

•exotic nuclear states 

•collective excitations

The origin of binding, 

The origin of binding, spin

Quantum numbers and symmetries

s=1/2 J=2

proton nucleus



Phases, Phase Transitions, Emergent Behavior

How do complex systems and patterns arise out of a 

multiplicity of elementary interactions?

What symmetries are broken spontaneously and what are 

the corresponding collective modes/Goldstone bosons?

How can we best characterize emergent behavior of 

strongly interacting matter?

•Quark masses

•Collective states of hadrons (Roper resonance)

•Variety of nuclear shape and spin deformations

•Quark-gluon fluid created in heavy ion collisions

•Nucleonic and quark superconductivity

•…



CFL

The Phases of 
Water and Ice

The Phases of nuclei and 
extended nuclear matter
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EOS for the nucleonic 

matter of such a heavy 

neutron star indicate that 

the density at its center 

must be roughly five times 

that of ordinary nuclei. 

December 16, 2010 1:9 WSPC/ INSTRUCTION FILE gebfest j̇l

4 James M Lattimer and Madappa Prakash

Fig. 1. Measured neutron star masses. References in parenthesis following source numbers are

identified in Table 1.

Lattimer & Prakash 2010

J1614-2230

1.97 ± 0.04



Particle Correlations/distributions
Detailed, high quality measurements enabled by technical advances

jet quenching

45Fe

First observation of 

3p 

Digital photography of the 

ground-state 2-proton 

emitter 45Fe

Miernik et al. PRL 99, 192501 (2007) and PRC 76, 041304 (2007)

two-proton decay

R Subedi et al. Science 320, 1475 (2008)

Dominance of proton–neutron pairs at 

intermediate range (c.o.m. momenta 

around 400 MeV/c). Explained by the 

tensor force.

two-nucleon 

knockout

the observed deficit of high-energy jets in Au+Au 

collisions is the result of quenching the most 

energetic quarks as they propagate through a newly 

formed medium (a dense quark-gluon plasma).

STAR



Science: Rare Isotopes
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132 Sn region

K. Jones et al., Nature 465, 454 (2010)



N=2

8

N=20

Old paradigms revisited. Crucial input for theory

Shell structure: a moving target

M. Bender et al. 

Phys. Lett. B 515, 42–48 (2001)

Shell energy
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Neutron star 
crust

Astronomical 
observables

Nuclear 
observables

Many-body 
theory

Nuclear
interactions

Nuclear matter 
equation of state

Microphysics
(transport,…)

Quest for understanding the neutron-rich 

matter on Earth and in the Cosmos

RNB

facilities



Nucleus as an open quantum system
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Limits of Mass and Charge: Superheavies

22 mg of 249Bk target

Nature, 433, 705 (2005)
Discovery of Z=117:

Phys. Rev. Lett. 104 (2010)

long-lived SHE



Periodic Table of Elements 2011
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!

protons

How does the physics of nuclei impact the physical universe? 

• What is the origin of elements heavier than iron?

• How do stars burn and explode?

• What is the nucleonic structure of neutron stars?

Time (s)

X-ray burst

331

330

329

328

327
10 15 20

4U1728-34

Nova

T Pyxidis

Neutron star

• While motivations sometimes different, huge 

overlaps with nuclear structure research

• Synergy between nuclear science and 

astronomy 



Synthesis of e.g. 18F, 22Na, (26Al) very important for characteristic g-ray emission from nova

ESA INTEGRAL Satellite

searching for novae signatures

Nova QUVul, HST 

Hernanz et al, 2003

O Ne Mg Nova

predicted g-ray flux from 

decaying radionuclides 18F, 
22Na... synthesized in explosion

Example of synergy between nuclear science and astronomy

Rare isotope measurements for novae

total energy
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18Ne

17F

17O

on resonance 

(600 keV)

scattered

capture 
reaction

scattered

17F(p,g)18Ne

HRIBF

(2008)

21Na(p,g)22MgTRIUMF

(2004)

26gAl(p,g)27Si TRIUMF (2006)



Future facility reach

(here: FRIB)

STOP

NSCL Pn-decay campaign

(MSU, Mainz, PNNL, Maryland)

NSCL TOF

masses

GSI IMS mass measurements

GSI -decay

ISOLDE 130Cd -endpoint

GSI/Mainz /Pn-decay

JYFLTRAP masses

ISOLTRAP masses

HRIBF(d,p) transfer

HRIBF -decay 

STOP

STOPN=50

N=82

N=126

GSI/RISING 130Cd isomers

• The origin of about half of elements heavier than iron

• Goes through neutron-rich rare isotopes

Example: r (apid neutron capture) process



Surface symmetry energy and  fission

N. Nikolov et al., Phys. Rev. C 83, 034305 (2011)

fissility parameter
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Weak interaction
studies in N=Z nuclei

Parity violation
studies in francium

EDM search
in radium

Specific nuclei offer new opportunities 
for precision tests of:
 CP and P violation

 Unitarity of the CKM matrix

 …

How will we turn experimental signals into precise 

information on physics beyond the standard 

model?

Testing the fundamental symmetries of nature 

0searches

neutron EDM



nuclear meson decay

W. Satuła et al., PRL 106, 132502 (2011)

Rare Isotopes, Weak Force, and the 2008 Nobel Prize in Physics

Superallowed Fermi 0+ →0+ -decay studies

Kobayashi and Maskawa: … for 

"the discovery of the origin of 

broken symmetry, which predicts 

the existence of at least three 

families of quarks in nature." 

with new symmetry-breaking corrections:0.9999(6)

Towner and Hardy 2010

Impressive experimental effort worldwide



FRIB
GSI

RIKEN

TRIUMF NSCL GANIL

ISOLDE

Existing major

dedicated facilities

Future major 

facilities

HRIBF

Radioactive Ion Beam  Facilities Worldwide

Experiment

KORIA



1Teraflop=1012 flops

1peta=1015 flops (today)

1exa=1018 flops (next 10 years)

Theoretical Tools and Connections to Computational Science

Tremendous opportunities

for nuclear theory!



Petaflop-Yrs on Task

Transport in QCD (quenched)

Isotope separator optimization Energy Recovery Linac

Nucleon Spin

Deuteron

Alpha particle

10-1 1 10 102

Hot and 

Dense QCD 

Cold QCD 

Nuclear 

Structure

Nuclear 

Astrophysics

Accelerator 

Physics

Excited hadron spectrum

Nuclear force

Neutron EDM

103

Gluon distributions

Light nuclei

Light ion reactions
Triple process

0rates for 48Ca

Neutron induced fission

Weakly bound nuclei

Dynamics of neutron star crust

3D supernova

Global solar model
Precision nuclear network

Precision neutrino network
Multienergy neutrino transport

QCD critical point

High-T limit of QCD EOS
QCD at T>0

Continuum extrapolated QCD EOS

Quarkonium spectroscopy

Electron-cooling design 6D Vlasov

Nuclear Physics Requires Exascale Computing



Lusk and Pieper, SciDAC Review 2010

Navratil et al.,e-reports-ext.llnl.gov/pdf/386718.pdf

 The n-3H elastic cross section for 14 MeV neutrons, 
important for understanding how the fuel is assembled 
in an implosion at NIF, was not known precisely 
enough.  Nuclear theory was asked to help. 

 Delivered evaluated data with required 5% uncertainty 
and successfully compared to measurements using an 
Inertial Confinement Facility

The ADLB (Asynchronous Dynamic Load-

Balancing) version of GFMC was used to

make calculations of 12C with a complete

Hamiltonian (two- and three-nucleon

potential AV18+IL7) on 32,000 processors

of the Argonne BGP. These are believed to

be the best converged ab initio calculations

of 12C ever made. The computed binding

energy is 93.5(6) MeV compared to the

experimental value of 92.16 MeV and the

point rms radius is 2.35 fm vs 2.33 from

experiment.



“Anomalous Long Lifetime of Carbon-14” 

Impact Objectives  
! Solve the puzzle of the long but 

useful lifetime of 14C 

! Determine the microscopic origin 
of the suppressed ! -decay rate 

! Establishes a major role for strong 3-nucleon forces in nuclei 

! Verifies accuracy of ab initio microscopic nuclear theory 

! Provides foundation for guiding DOE-supported experiments 

! Dimension of matrix solved 

for 8 lowest states ~ 1x109 
! Solution takes ~ 6 hours on 

215,000 cores  on Cray XT5 
Jaguar at ORNL 

! “Scaling of ab initio nuclear 

physics calculations on 
multicore computer 

architectures," P. Maris, M. 
Sosonkina, J. P. Vary, E. G. 

Ng and C. Yang, 2010 

Intern. Conf. on Computer 
Science, Procedia Computer 

Science 1, 97 (2010) 
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UNEDF functionals and neutron drops



DFT Mass Predictions

Model dependence…

N. Birge, A. Perhac, et al.



A. Staszczak et al.,  

B.Phys. Rev. C 80, 014309 (2009) 
1939 - Meitner & Frisch

1939 - Bohr & Wheeler
70 years ago!

UNEDF1 functional: focus 

on heavy nuclei and fission



Quality Control

Verification and Validation
• Cross-check of different 

methods and codes 
• Benchmarking

Uncertainty Quantification and 
Error Analysis
• Tools for correlation analysis to 

estimate errors and significance
• Uncertainty analysis

Assessment
• Development and application of 

statistical tools
• Analysis of experimental data 

significance

Integral to this project is the verification of methods  and codes, the estimation of 

uncertainties, and assessment.

Earlier fit (some 
masses from 
systematics) 

Final fit 



Quality Control (2)

Integral to this project is the verification of methods  and codes, the estimation of 

uncertainties, and assessment.

P.G. Reinhard and WN, Phys. Rev. C 81, 051303 (R)  (2010)



Nuclear theory is demanding…  

Input
Forces, parameters

Many-body
dynamics

Open 
channels

Time dependence

P11(1440)
11Li 

PSR J0108-1431 

Second Law: “Do not trust 
arguments based on the 
lowest order of 
perturbation theory

Third Law: “You may use any 
degrees of freedom you like 
to describe a physical 
system, but if you use the 
wrong ones, you’ll be sorry!”

First Law: “The 
conservation of 
Information” (You will 
get nowhere by churning 
equations)   … garbage in, 
garbage out…

Weinberg’s Laws of Progress in Theoretical Physics
From: “Asymptotic Realms of Physics” (ed. by Guth, Huang, Jaffe, MIT Press, 1983)



Outlook

• Exciting and transformational science; old paradigms revisited 

• Interdisciplinary science

• Science relevant to society

The study of rare isotopes makes the connection between the 

fundamental building block of matter, complex systems, and the cosmos

Thank You

Over the last decade, tremendous progress has been made in techniques 

to produce designer nuclei, rare atomic nuclei with characteristics adjusted 

to specific research needs. Guided by unique data on short-lived nuclei, 

we are embarking on a comprehensive study of all nuclei based on the 

most accurate knowledge of nuclear interactions, the most reliable 

theoretical approaches, and the massive use of the computer power 

available at this moment in time.  The prospects are excellent.



Backup
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Nuclei as open quantum systems

• A unification of structure and reaction aspects of nuclei

• Many phenomena (threshold effects, exceptional points, channel coupling…) are generic 

(atoms, molecules, nanotubes,  quantum dots, microwave cavities,…)



Low-lying Hadron Spectrum: LQCD
Dürr et al., Science 322, 1224  (2008)

Low-lying Nuclear Spectrum: QMC
Pieper et al, (2008)

Hadronic many-body problem

 Quantum Monte Carlo (GFMC) 12C
 No-Core Shell Model 14F, 14C
 Coupled-Cluster Techniques     17F, 56Ni
 Lattice EFT 12C (Hoyle)

Mass from nothing: DCSB

DSE and Lattice

Beane et al. PRL 97, 012001 (2006)

NN scattering

… Lattice explorations of 

the QCD phase diagram



Lusk and Pieper, SciDAC Review 2010

January 2009: best 

converged ab initio 

calculations of 12C 

ever made. 

E(th)=93.5(6) MeV

E(ex)=92.16 MeV

Staszczak et al.,  Phys. Rev. C 80, 014309 (2009) 

Multimodal fission 

within the nuclear DFT

Navratil et al.,e-reports-ext.llnl.gov/pdf/386718.pdf

 The n-3H elastic cross section for 14 MeV neutrons, 
important for understanding how the fuel is assembled 
in an implosion at NIF, was not known precisely 
enough.  Nuclear theory was asked to help. 

 Delivered evaluated data with required 5% uncertainty 
and successfully compared to measurements using an 
Inertial Confinement Facility



Muon radiography

Provides the capability to monitor large cargo 

containers for the presence of nuclear materials

Atom Trap Trace Analysis

81Kr

Used to date old ground water by laser-trapping 

atoms of a particular isotope.

Medical imaging

gamma and positron 

imaging devices

82Kr

82Rb

82Sr

β+

0+

1+

776.5

EC

stable 0+

2+

T1/2=1.26 min

T1/2=25.35 d

{

82Sr-82Rb Generator

The Sr/Rb generator is used 

by hospitals to provide a 

source of radioactive 82Rb 

which is used to image the 

heart muscle by means of 

PET. Precise nuclear 

measurements helped to 

determine the amount of 

radioactive Sr needed.

Medical isotopes

http://www.sc.doe.gov/n

p/brochure/index.shtml



Societal Benefits
• Energy, transmutation of waste…

• Medical and biological research

• Materials science

• Environmental science

• Stockpile stewardship

• Security

• Computing
http://www.sc.doe.gov/np/brochure/index.shtml



In the summer of 1935, John came to Berkeley to conduct research on the medical 

applications of radiation. He injected some leukemic mice with radioactive phosphorus 

produced by the cyclotron and then went fishing; when he returned he found the mice 

improved. It was the beginning of medical physics at Berkeley. John was also more 

aware than were the physicists in the laboratory of the dangers of exposure to radiation, 

so he insisted that they undertake some experiments with the radiation produced by the 

cyclotron. He conducted an experiment that he described, years later, in this way:

One of the first animals that we exposed - I'm not sure that it wasn't the first one - we … placed 

within the cyclotron between the two poles of the magnet near the beryllium target which was being 

struck with alpha particles. So Paul and I told Ernest to turn off the cyclotron because we wanted to 

go back and see how the rat was. Well, the rat was dead. That scared everybody because it had 

only been exposed for about a minute and the dose was very low. We were very scared and we 

then recommended increasing the shielding around the cyclotron. Later we found that the rat died 

of suffocation but not radiation.

Ernest and John Lawrence

John Lawrence was a physicist and 

physician, a pioneer of nuclear 

medicine.  He discovered treatments for 

leukemia and polycythemia by injecting 

infected mice with radioactive 

phosphorus derived from the cyclotron 

invented by his brother



None of these achievements however was as important and 

satisfying as that which occurred in 1937. Within months of John's 

arrival in Berkeley, he and Ernest learned that their mother was 

diagnosed with uterine cancer; she went to the Mayo Clinic for 

treatment. John went to Mayo immediately. Mother Lawrence was 

told that she had only three months to live. John tells the story in 

his oral history, in the archives at Berkeley:

So then I got on the phone with Ernest. I said, "They don't want to treat her here 

with radiation. How about my bringing her out and we'll talk to Dr. Stone?" We 

did talk to Dr. Stone and he said, "Sure, I'll take her." So I took her on the train, 

wheeled her across the station in Omaha. (…) She was about 67 or 68 years 

old then…. They started treating her through four fields…. To make a long story 

short, this massive tumor just started evaporating. At the end of ten years my 

mother finally agreed that she must be cured. It took me about ten years to 

convince her and she died at 83 and had the best years of her life…. It was 

really, really a fantastic result.



Example: Targeted Alpha Therapy in vivo

G.-J. Beyer et al. Eur. J. 

Nucl. Med. and Molecular 

Imaging 33, 547 (2004)

The radionuclide 149Tb decays to alpha particles 17 percent 

of the time and has a half-life of 4.1 hours, which is 

conveniently longer than some other alpha-emitting 

radionuclides. Low-energy alpha particles, such as in 149Tb 

decays, have been shown to be very efficient in killing cells, 

and their short range means that minimal damage is caused 

in the neighborhood of the target cells.

-knife!
First in vivo experiment to  demonstrate 

the efficiency of alpha targeted therapy 

using 149Tb produced at ISOLDE, CERN

What are the next medically viable radioisotopes required for 

enhanced and targeted treatment and functional diagnosis?
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2 days later the mice have been devided into 4 groups:
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