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what are we after?

• describes data
• predictable outside known regions

Need a good model!



relevant scales for nuclei



many body problem



have a good model? go for it!



understanding nuclei

nuclear shell model

electronic shells



understanding nuclei

nuclear shell model

magic numbers

16O

40Ca, 48Ca

56Ni, 78Ni

100Sn, 132Sn

208Pb



shell structure away from stability?



magic numbers 

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]]



studying double magic nuclei away from stability

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

132Sn(n,γγγγ)133Sn

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

connection 
to r-process



where is the oxygen dripline?

Slide from INT talk, A. Schwenk



three-body force for Oxygen isotopes

Otsuka, Suzuki, Holt, Schwenk, Akaishi, PRL (2009)
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why bother with reactions? 

a) nuclei of interest are beams

b) offers much more than energy levels 



example of deuteron and Vnp

any simple central interaction can give correct binding

only the large body of reaction analysis could only the large body of reaction analysis could 
provide the detailed structure of the deuteron
and the tensor interaction

Pieper and Wiringa, ANL



why bother with reactions? 

a) nuclei of interest are beams

b) offers much more than energy levels 



why do reactions? elastic

traditionally used to 
extract optical potentials, 

rms radii, density 
distributions.

[Moro, talk at ECT* April 2010][Moro, talk at ECT* April 2010]



why do reactions? inelastic

X(11Be, 11Be*)

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

traditionally used to 
extract electromagnetic 
transitions or nuclear 

deformations



why do reactions? transfer

traditionally used to 
extract spin,parity and 
spectroscopic factors

[K. Jones et al, [K. Jones et al, Nature Nature 2010]2010]

example:
132Sn(d,p)133Sn



11Li(p,t)9Li@ 3 A MeV

why do reactions? transfer

measured both ground state and excited state 9Li

[[TanihataTanihata et al, PRL 100, 192502 (2008)]et al, PRL 100, 192502 (2008)]

traditionally used to study 
two nucleon correlations 

and pairing



why do reactions? breakup

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



and then there is the whole universe…



nucleosynthesis in the nuclear chart



indirect methods: nuclear reactions

• direct measurement 7Be(p,γγγγ)8B

• Coulomb dissociation

• transfer reaction

• Coulomb dissociation

p

208Pb

7Be

γγγγ

low relative energy

8B

14N(7Be, 8B)13C



new phenomena with rare isotopes

d



weakly bound systems: halo nuclei

Very large spatial extension:
correct asymptotic behaviour needed

finite range effects crucial



the latest on halos

22C



efimov states in nuclear systems?

Wang@Weakly bound systems, INT 2010

D’Incao@Weakly bound systems, INT 2010

Wang@Weakly bound systems, INT 2010

in nuclei how can we vary the scattering length!?
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putting in perspective reaction theory

Compare theory to data: structure=data/reaction



putting in perspective reaction theory

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 in perspective reaction theory



multiple channel reaction theory

Reaction theories need to keep track of multiple channels



from the many body problem to few body reactions

Reaction theories need to map onto the many-body problem!



meeting point between reactions and structure

overlap function A

B=A+n

I

spectroscopic factor (Snlj):
norm of overlap function

I



microscopic one nucleon overlap functions

[[WiringaWiringa et al., ANL 2007]et al., ANL 2007]



microscopic 2n overlap functions

6He(p,t)4He @ 25 MeV

6He 2n overlap functions

[[BridaBrida, PhD thesis, MSU 2009], PhD thesis, MSU 2009]

[Brida and Nunes, [Brida and Nunes, NPA]NPA]



single particle approximation

A0)()( =++ rVT nljnAr ϕε

nucleon feels a mean field generated by core nucleons VnA
• specific n,l,j and separation energy 
• assumptions about single particle parameters VnA



single particle approximation
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Same radial dependence at large distances:
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Extend that assumption within the range of the interaction:



Overlap function, SF and ANC

S (spectroscopic factor) – volume property

C (asymptotic normalization coefficient) – asymptotic property
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(d,p) reactions: combined method

From sub-Coulomb transfer reaction obtain ANC 

From higher energy transfer reaction obtain SF consistent with ANC

2)M)(M()( outin
th CbSb +=σ

22 SbC =

22 M)( out
th Cb =σ

Combined method provides a handle on 
single particle parameters!



(d,p) reactions: combined method

Method has been checked for consistency for a number of nuclei

Benchmarked for 48Ca(d,p)49Ca against 48Ca(n,γ)49Ca 

Motivated several new experiments at NSCL, ORNL, TexasA&M, etc 

MukhamedzhanovMukhamedzhanov, , FN FN and Mohr, Phys. Rev. C 77, 051601R (2008)and Mohr, Phys. Rev. C 77, 051601R (2008)

Mukhamedzhanov and FN, Phys. Rev. C 72, 017602 (2005) 

Pang, Mukhamedzhanov and FN, Phys. Rev. C 75, 024601 (2007) 



(d,p) reactions: transfer and breakup

until recently best reaction theories for (d,p)
consider breakup to all orders but transfer to first order.

is this a valid assumption?
when is it a valid assumption?

need full Faddeev calculation



CDCC versus Faddeev formalism

CDCC Formalism

Faddeev Formalism



comparing CDCC with Faddeev

breakup d+12C @56 MeV

[[DeltuvaDeltuva, Moro, Nunes and Fonseca, PRC76, 064602], Moro, Nunes and Fonseca, PRC76, 064602]



transfer versus knockout

[Jenny Lee et al, PRL 2009][Jenny Lee et al, PRL 2009]

[Gade et al, PRL 93, 042501] [Gade et al, PRL 93, 042501] 



error from reaction theory

[FN, [FN, DeltuvaDeltuva, Hong, 2010], Hong, 2010]



transfer versus knockout

[Jenny Lee et al, PRL 2009][Jenny Lee et al, PRL 2009]

[FN, [FN, DeltuvaDeltuva, Hong, 2010], Hong, 2010]

[Gade et al, Phys. Rev. [Gade et al, Phys. Rev. LettLett. 93, 042501] . 93, 042501] 



breakup reactions and (n,γ): methodology

CDCC + set of single particle parameters
� extract ANC from χ2 minimum
� error from ε=χmin

2+1

Nakamura

07.032.1 ±=ANC fm-1/2

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

Yao, JPG33 (2006) 1

Nakamura et al, NPA722(2003)301c

Reifarth et al, PRC77,015804 (2008)

Summers and Nunes, PRC78(2009)069908

07.032.1 ±=ANC fm-1/2

• Reifarth

14C(n,γγγγ)15C



summary of some recent advances

Transfer reactions and combined method
• one benchmark with (n,γ)  but many applications with future experiments
• finite range effects can be very important at intermediate energies

Continuum discretized coupled channels method (CDCC)
� many applications to weakly bound nuclei: good description of data
� extensions to core excitation (also 4-body CDCC)

Coulomb dissociation can be used to extract peripheral (n,γ) 
� new methodology based on xs scaling with the ANC 

� 14C(n,γ)15C from Coulomb dissociation consistent with direct capture data

• finite range effects can be very important at intermediate energies

Testing CDCC against Faddeev
• disagreement needs to be better understood… new formalism

Microscopic overlap functions
• 2n overlap functions show increased spectroscopic strength (compared to 3body)

• significant progress needs to be made in reaction theory before structure models 
can be tested

Transfer reactions compared to knockout
• uncertainties in reaction theory have been quantified
• results move toward agreement



the missing piece of the puzzle

� our hose will increase enormously with FRIB
� impressive improvements in detector technology
� last 2 decades incredible advances on nuclear

structure theory 

reaction theory



main problem

manpower
• less than a handful of researchers at PhD granting institutions



thankyou!

Collaborators: Ngoc Nguyen(MSU), June Hong(MSU), Ivan Brida(ANL),
Pierre Capel, Antonio Moro, Neil Summers, Arnas Deltuva,
Akram Mukhamedzhanov, Peter Mohr, Ron Johnson 

This work was supported by DOE and NSF 


