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FRIB facility for rare isotope beams

Google FRIB?

The Facility for Rare Isotope Beams (FRIB) will be a new national user 
facility for nuclear science that will provide intense beams of rare isotopes 
(that is, short-lived nuclei not normally found on Earth). 

FRIB will enable scientists to make discoveries about the properties of 
these rare isotopes in order to better understand the physics of nuclei, these rare isotopes in order to better understand the physics of nuclei, 
nuclear astrophysics, fundamental interactions, and applications for society. 



Big science questions: why is matter stable?

o JLAB addresses the nature and stability of nucleons, protons and 
neutrons, and how their properties may change inside a nucleus

o FRIB addresses the stability of finite nuclei and extended nuclear 
matter. 

o What makes the nuclei of atoms possible? 
o How and why do they decay?  
o What is the nature of neutron star matter?o What is the nature of neutron star matter?

o FRIB addresses how nuclei interact. It probes the low-energy 
reaction of nuclei relevant to astrophysics, energy, and other fields



properties of nuclei: chart of nuclei



properties of nuclei: chart of nuclei
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weakly bound systems: halo nuclei

Very large spatial extension:
correct asymptotic behaviour needed

finite range effects crucial



the heaviest halo so far

22C



Big science questions: our history



Big science questions: origin of the elements

Question 3Question 3Question 3
How were the heavy 
elements made? 
Where did it come 
from?
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heavy elements: r-process in the chart

UM-Deaborn, Sep 2010



Big science questions: origin of the elements

o The stability of matter is closely related to its origin. 
o FRIB explores the likely series of nuclear reactions and decays 
that have led to the synthesis of the elements and their isotopes.

o Experimentally the study of the origin of matter has two parts
o Nuclear astrophysics with intense stable beams studies the 
reactions of stable isotopes in stars – role for stable beam 
facilities and an underground acceleratorfacilities and an underground accelerator
o FRIB addresses the key role unstable isotopes play in 
astrophysical processes

o With data from FRIB and improved astrophysical modeling it will 
be possible to use abundance data from stars to infer the local 
history – “stellar archeology”



Big science questions: fundamental symmetries

o FRIB will use of the decay of unstable nuclei to explore 
fundamental symmetries in physics.

o Angular correlations in β-decay and search for scalar and tensor 
weak currents (mass scale for new particle comparable with LHC, 
possibly with 6He and 18Ne at 1012/s)
o Testing time reversal with Electric Dipole Moments: 225Ac, 223Rn, 
225Ra, 229Pa (~10,000x more sensitive than 199Hg; 229Pa > 1010/s)Ra, Pa (~10,000x more sensitive than Hg; Pa > 10 /s)
o Parity non-conservation in atomic transitions: long chain of 
francium  isotopes at >109/s)
o Unitarity of CKM matrix: Vud by super-allowed Fermi decay, and 
probe the validity of nuclear corrections
o Neutrinoless double-beta decay in nuclei and the majorana
neutrinos



Big science questions: how can rare isotopes by 
used for societal benefit 

• Many sciences use isotopes as diagnostics for physical and biological 
process (FRIB will provide access to the widest range of isotopes ever available 

and will be able to provide them for exploratory studies with a very short 
development time).

• What quantities of key isotopes can be used for targeted cancer therapy?

• Study relevant nuclear reactions needed for the US Forensics and 
Stewardship missions

• Separated samples of all actinides and allow their properties and fission• Separated samples of all actinides and allow their properties and fission
products to be measured, in connection to energy generation. 

• FRIB will provide isotopes for study of climate change, biological catalyst 
pathways, production of advanced materials, etc.



FRIB Scientific Program
Properties of nuclei 

– Develop a predictive model of nuclei and their interactions
– Many-body quantum problem: intellectual overlap to mesoscopic 

science, quantum dots, atomic clusters, etc.
– The limits of stability of elements and isotopes

Astrophysical processes
– Stellar archeology
– Origin of the elements in the cosmos– Origin of the elements in the cosmos
– Explosive environments: novae, 

supernovae, X-ray bursts …
– Properties of neutron stars

Tests of fundamental symmetries
– Effects of symmetry violations are 

amplified in certain nuclei

Societal applications and benefits
– Biology, environment, energy, material 

sciences, national security

Sherrill HITES 2012



The Reach of FRIB – Designer Isotopes

http://groups.nscl.msu.edu/frib/rates/ 
Separated fast beam rates

Theory is key

Sherrill HITES 2012

O. Tarasov LISE++



Questions?
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theory rooted on the fundamental interactions

Ab-initio 

Shell model

DFT

Lattice QCD

Chiral EFT 

Soft interactions 

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



No-free-lunch theorem

Ab-initio 

Shell model

DFT 
Poorly known easy to solve

interactions

Q
M

 m
any

Lattice QCD

Chiral EFT 

Soft interactions 

Well known hard to solve

interactions

Q
M

 m
any-body problem

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



Multiple Scales in Nuclear Physics
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Old View
• Multiple scales complicate life
• No easy way to connect them

Modern View
• Ratio of scales => small parameters!
• Effective theories at each scale 
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• Effective theories at each scale 
connected by renormalization group

Use RG to pick a convenient  Λ
“resolution scale”

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



Why are nuclear many-body problems hard?

“hard“hard--core” of V(r) => strong core” of V(r) => strong 
offdiagonaloffdiagonal V(V(k,kk,k’)’)

Characteristic kF ~ 1 fm-1

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



Why are nuclear many-body problems hard?

Characteristic kF ~ 1 fm-1

Complications: strong correlations, non-perturbative, 
poorly convergent basis expansions, ...

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



Principle of Low-Energy Effective Theories

If a system is probed at low energies, fine details not resolved

Use convenient dof to describe low-energy processes

Complicated short-distance structure replacedby something 
simpler without distorting low-E observables



Ex: Low-pass filter on fourier transform of a 2d-image 

filtered image contains
much less information

BUT

Long-wavelength info
preserved

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



Try a naive “low-pass’’ filter on V:

26

Now calculate low E observables (e.g., NN scattering) and see
what happens...

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



Try a naive “low-pass’’ filter on V:

27

δ(E) totally
wrong with
Vfilter

after low-pass 
filter

[Scott [Scott BognerBogner, Colloquium MSU 2012, Colloquium MSU 2012]]



2 Types of Renormalization Group Transformations

“V low k”
integrate-out high k states
preserves observables for k < Λ

“Similarity RG”
eliminate far off-diagonal coupling
preserves “all” observables 

Identical simplifications despite differences in appearance!



Low energy effective theories

Generic form of 
the effective theory

encodes the
effects of integrated
dof on low-E physics

universal form; depends
only on symmetries

The complicated short-distance structure of the “true” theory is 
encoded in a few numbers that can be calculated from the the
underlying theory

OR
in cases where the short-distance structure is unknown or too 
complicated, can be extracted from low E data

Effective Field Theory (EFT) is based on these ideas 





Nuclear forces from Chiral EFT

• Include long-range pion physics 
explicitly

• Short-distance details not resolved,
Encoded in short-range couplings fit to 
data once

Separation of scales: low momenta Q << Λb breakdown scale

• Systematic: can work to desired 
accuracy

Weinberg, van Kolck, Epelbaum, Meissner, Machleidt, …



Nuclear forces from Chiral EFT

• Explains why 2N>3N>4N

• Error determined from Λ variation

Separation of scales: low momenta Q << Λb breakdown scale

Weinberg, van Kolck, Epelbaum, Meissner, Machleidt, …



Beyond two-body forces

Nuclear properties require at least 3N forces
But 3N forces are a computational nightmare!



Beyond two-body forces

Nuclear properties require at least 3N forces
But 3N forces are a computational nightmare!



nuclei: the hardest many body problem ever

soft forces make it more like quantum chemistry
lead to approximations/controlled truncations



Ab-initio methods

• no core shell model (NCSM)
• based on harmonic oscillators
• good for energies, not so good for other observables
• up to A=16

• green’s function monte carlo (GFMC)
• need a good starting variational wavefunction
• implemented for specific forces• implemented for specific forces
• computationally demanding: hard limit A=12

• coupled cluster method (CC)
• widely used in quantum chemistry
• ansatz contains correlations in the exponential 
• scaling better than NCSM
• implemented with the gamow basis (continuum)
• applications up to 2 nucleons away from closed sub-shell



Ab-initio methods: coupled cluster for halos

Gaute Hagen, FRIB workshop, INT 2011



Traditional shell model

nuclear shell model

electronic shells



Traditional shell model

From Thomas Papenbrock’s lecture slides



Traditional shell model

nuclear shell model

magic numbers

16O

40Ca, 48Ca

56Ni, 78Ni

100Sn, 132Sn

208Pb

Doubly magic nuclei



understanding nuclei

where is the oxygen dripline?



understanding nuclei

Knowing limits of stability!

Slide from INT talk, A. Schwenk

Knowing limits of stability!



three-body force for Oxygen isotopes

Otsuka, Suzuki, Holt, Schwenk, Akaishi, PRL (2009)



shell structure away from stability

what happened to our magic numbers?
Brown, Viewpoint 2010



Continuum shell model

Oxygen Isotopes
Continuum Shell Model Calculation
• sd space,  HBUSD interaction
• single-nucleon reactions 

Volya, Zelevinsky



Density functional approach

• Hohenberg-Kohn: there exists a universal energy functional

• approximate the energy functional
• introduce orbitals and minimize energy functional 
• self-consistent



Density functional approach



Density functional approach

What is missing 
from Skyrme?

• Simplistic density dependence
• No connection to pion-
exchange (NN+NNN)
• Does not capture different 
spin-orbit NN and NNN 

Turn to underlying 
NN+NNN forces + 

microscopic many-body 
theories for guidance

spin-orbit NN and NNN 
mechanisms (short versus long 
range)



Why exotic stuff?

Nuclear forces constrained in the valley of stability
predict diverging properties away from stability
need exotic nuclei for reliability
feeds back into our understanding of stable matter

Moving along an isotopic line: provides sensitivity to isospin
Moving to low binding energies: sensitivity to 3NMoving to low binding energies: sensitivity to 3N
Moving toward nuclear dripline: probes density dependence

Wider variety of nuclear phenomena away from stability



Questions?
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why do reactions? elastic

traditionally used to extract 
optical potentials, rms radii, 

density distributions.
[[LapouxLapoux et al, PRC 66 (02) 034608]et al, PRC 66 (02) 034608]



why do reactions? inelastic

[Summers et al, PLB 650 (2007) 124][Summers et al, PLB 650 (2007) 124]

traditionally used to extract 
electromagnetic transitions 

or nuclear deformations



why do reactions? transfer

d(132Sn,133Sn)p@5 MeV/u

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

traditionally used to extract 
spin,parity and probabilities



reactions probe magicity

Doubly magic nuclei

208Pb(d,p)209Pb

132Sn(d,p)133Sn

SF

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



why do reactions? transfer

x=pairing parameter

[[PllumbiPllumbi et al., Phys. Rev. C, 034613 (2011)et al., Phys. Rev. C, 034613 (2011) traditionally used to study 
two nucleon correlations and 

pairing



why do reactions? breakup

two nucleon 
correlation 
function

14Be ���� n+n+12Be

Pb

23O(Pb,Pb)22O+n+g
[[NociforoNociforo et al, PLB 605 (2005) 79]et al, PLB 605 (2005) 79]

n

23O + γ � n + 22O
208Pb

22O
γγγγ

23O

γγγγ

[Marques et al, PRC 64 (2001) 061301][Marques et al, PRC 64 (2001) 061301]

C



Why do reactions? knockout

o Just like (e,e’p) but with a nuclear probe

o Includes elastic and inelastic breakup as well as transfer

o Needs less beam than transfer or breakup, integrated information



Knockout typical result: 12Be

Daniel Bazin, ECT* May 20123



Questions?



why bother with reactions? 

a) nuclei of interest are beams

b) offers much more than energy levels 

HiRA data



example of deuteron and Vnp

any simple central interaction can give correct binding

But the large body of reaction analysis could provide But the large body of reaction analysis could provide 
the detailed structure of the deuteron
and show the relevance of tensor interaction

Pieper and Wiringa, ANL



why bother with reactions? 

a) nuclei of interest are beams

b) offers much more than energy levels 

HiRA data



nucleosynthesis of the r-process



• direct measurement

why do reactions? astrophysics

14C(n,γ)15C

• Coulomb dissociation

• transfer reaction

• Coulomb dissociation

n

208Pb

14

Cγγγγ

low relative energy

15C

14C(d,p)15C



nuclear reactions and tomography



putting reaction theory in perspective 

Compare theory to data: structure=data/reaction



putting reaction theory in perspective 

Compare theory to data: 
cross section(theory)=cross section(exp) ?

If yes: structure assumptions correct
If no: try again!

need absolute confidence in reaction model



putting reaction theory in perspective 



reactions at FRIB

3He(d,p)4He

140Sn(d,p)141Sn



reducing the many body to a few body problem

� isolating the important degrees of freedom in a reaction� isolating the important degrees of freedom in a reaction
� keeping track of all relevant channels
� connecting back to the many-body problem

� effective nucleon-nucleus interactions (or nucleus-nucleus)
(energy dependence/non-local)

� many body input



do we know how to solve the few body problem?

Benchmark of 4N bound state

Lazauskas et al., Phys. Rev. C 71, 034004 (2005)H. Kamada, et al, PRC 64, 044001 (2001)



differences  between 3-body methods for d+A

3 jacobi coordinate sets

Faddeev AGS:
• all three Jacobi components are included
• elastic, breakup and rearrangement 

channels are fully coupled
• computationally expensive

DeltuvaDeltuva and Fonseca, Phys. Rev. C79, 014606 (2009).and Fonseca, Phys. Rev. C79, 014606 (2009).

CDCC: continuum discretized coupled channels
• only one Jacobi component

ADWA: adiabatic wave approximation 
• only one Jacobi component
• elastic and breakup fully coupled (no rearrangement)
• adiabatic approximation for breakup
• only applicable to obtain transfer cross sections
• runs on desktop – practical

• only one Jacobi component

• elastic and breakup fully coupled (no rearrangement)
• computationally expensive

Johnson and Tandy NP (1974)Johnson and Tandy NP (1974)

AusternAustern, , KamimuraKamimura, , RawistcherRawistcher, , YahiroYahiro etc, etc, ProgProg. Theo. Phys (1986) . Theo. Phys (1986) 



transfer (d,p): comparing ADWA, CDCC & Faddeev

10Be(d,p) 11Be(g.s.) 12C(d,p) 12C(g.s.)

48Ca(d,p) 48Ca(g.s.)
56 MeV

12 MeV

21.4 MeV

40.9 MeV

71 MeV

48Ca(d,p) 48Ca(g.s.)
56 MeV

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



reaction methods: comparing CDCC with Faddeev

PRC 85, 054621 (2012)PRC 85, 054621 (2012)



Difference in method for heavy ion breakup

CDCC: (continuum discretized coupled channels) 
• elastic and breakup fully coupled (no rearrangement)
• computationally expensive

TDSE: (time dep Schrodinger Eq) 
• classical trajectory, lack quantum interferences
• runs on desktop

DEA: (dynamical eikonal approximation)
• improves TDSE by including quantal interferences
• improves eikonal by including dynamical effects
• runs on desktop – although can take days

CapelCapel, , EsbensenEsbensen, , NunesNunes, PRC(2011), PRC(2011)



breakup reactions and (n,γ)

Nakamura

208Pb(15C,14C+n)208Pb@68 MeV/u

Nakamura et al, NPA722(2003)301c

Reifarth et al, PRC77,015804 (2008)

• Reifarth

14C(n,γ)15C



Fusion of stable versus unstable nuclei



Central collision and Equation of State

Probing the equation of state of Nuclear matter:
Central collisions with unstable – probing isospin dependence

the symmetry energy
Central collisions with loosely bound – probing density 
dependence
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nscl production of rare isotopes



FRIB: Layout Frozen Since June 2011

Reaccelerator

Fast Beam Area Gas Stopping Stopped Beam Area Reaccelerated Beam Area

Fragment 
Separator

FRIB Project Update, June 2012

Target

Folding Segment 2

Linac Segment 3

Linac Segment 1

Beam Delivery System
Front End

Linac Segment 2

Folding Segment 1



• Heavy Ion, superconducting linear accelerator with 400 kW beam 
power at 200 MeV/u

• FRIB will produce beams of rare isotopes at a wide range of energies

– Options for ion trapping (from slowed ions)

– Reaccelerated beams to 15 MeV/u (intensity of 1012/s)

Key Features of FRIB

– Fast beams up to 250 MeV/u (used in-flight with no slowing)

• FRIB has options for multi-user capability

Sherrill HITES 2012



• Fast beams (>100 MeV/u)

– Decay studies, knockout, Coulomb 
excitation, nuclear structure, limits of 
existence, EOS of 
asymmetric matter

• Stopped beams (0-100 keV) 

– Ion thermalization - fast, efficient

– Precision experiments – masses, 

FRIB Features:
Fast, Stopped, and Reaccelerated Beams 

– Precision experiments – masses, 
moments, atomic structure, 
symmetries

• Reaccelerated beams 
(0.2-20 MeV/u) 

– Ion thermalization and reacceleration

– Detailed study of nucleus-nucleus 
collisions with exotic nuclei

– Astrophysical reaction rates

Sherrill HITES 2012



Reminder – Where we stand

� Estimated Possible: Erler, 
Birge, Kortelainen, 
Nazarewicz, Olsen, 
Stoitsov, to be published, 
based on a study of EDF 
models

� “Known” defined as 

Sherrill HITES 2012

� “Known” defined as 
isotopes with at least one 
excited state known (1900 
isotopes)

� The neutron drip line has 
only been determined to 
oxygen



The Number of Isotopes Available for Study at FRIB

� Estimated Possible: Erler, 
Birge, Kortelainen, 
Nazarewicz, Olsen, 
Stoitsov, to be published, 
based on a study of EDF 
models

� “Known” defined as 

Sherrill HITES 2012 , Slide 87

� “Known” defined as 
isotopes with at least one 
excited state known (1900 
isotopes)

� For Z<90 FRIB is predicted 
to make > 80% of all 
possible isotopes



come and visit us!



Some additional reading

Theory road map:
http://fribusers.org/8_THEORY/3_DOCUMENTS/Blue_Book_FINAL.pdf

Research opportunities with rare isotopes
http://books.nap.edu/openbook.php?record_id=11796&page=1

Nuclear force and Effective field theories

Nuclear reactions for nuclear astrophysics:
Thompson and Nunes, Cambridge University Press

Joint institute for nuclear astrophysics:
http://www.jinaweb.org



Questions?



Triple alpha reaction at low temperature

Resonant process Nonresonant process 

Nguyen et al, submitted to PRL (2012)Nguyen et al, submitted to PRL (2012)

� 3 alpha particles simultaneously fuse 

to create 12C. 
� Low temperature, cannot reach the 
resonance energy.  Most contribution 
comes from non-resonant continuum 
states� 2 consecutive two-body processes

� Describes the abundance of 12C at high 
temperature (T> 108K) in                     
helium burning stars.



Triple alpha reaction at low temperature

HHR – our work
NACRE – BW(2B) (reference)

Nguyen et al, submitted to PRL (2012)Nguyen et al, submitted to PRL (2012)

NACRE – BW(2B) (reference)
CDCC – Ogata et al. PTP (2008) 
BW(3B) – Garrido et al. EPJ 
(2011)



Triple alpha reaction at low temperature

Nguyen et al, submitted to PRL (2012)Nguyen et al, submitted to PRL (2012)


