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Radioactive ion-beam facilities – now and future

GANIL

MSU -
FRIB

RIBF operational
RIKEN

RIKEN RI BEAM FACTORY

---A Dream Factory for Particle Beams---
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Asymmetry two (very) displaced Fermi surfaces
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1. Understand (i) the evolution of nuclear structure with
N:Z asymmetry and (ii) the structures near the limits 
of binding – e.g. are there heavier halo systems?

2. Short-lived - how can we make progress with this
based on simple (often inclusive) reaction data?

3. Can we pose stricter tests of many-body structure
models (mostly shell-model currently) and their 1N 
and 2N (correlations) content? – currently, tests of 
the quality and predictive power of effective inter’ns
in CI model calculations

4. Can we make this reaction/structure interface and 
methodology and testing quantitative?

Motivations/questions/difficulties
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Outline of my contribution

1. Why and where halos? - mean field effects and 
level migration/evolution – breakdown of N=8,20

2. How do we?/can we? identify halo systems from 
limited  and exclusive data

2. Reaction probes for weakly bound systems 
3. Opportunities for (quantitative) tests of the shell

model and many-body structure models – e.g. 
their 2N correlations content – from 2N removal
data?

4. Test cases (p- and sd-shell) predictions  
5. Summary comments
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Halos – the driplines in the light nuclei

Borromean
halo nuclei
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Identifying heavier halo cases: 22C and 31Ne

Sn=0.29(1.64) MeV

S2n*=0.42(94) MeV
From T. Nakamura
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Low angular momentum states see well diffuseness

A. Ozawa et al, PRL 84 (2000) 5493
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Takaharu Otsuka et al, Phys. Rev. Lett. 87, 082502 (2001), 95, 232502 (2005), 105, 
032501 (2010) 

Attractive interaction between neutrons and protons 
occupying j> and j< levels, repulsive j> and j> levels –
from several sources, but primarily the tensor force

Attractive interaction between neutrons and protons 
occupying j> and j< levels, repulsive j> and j> levels –
from several sources, but primarily the tensor force

Shell structure: VNN and asymmetric nuclei
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Migration of levels at N=7 – breakdown of N=8

From: P.G. Hansen and J.A. Tostevin, Ann Rev Nucl Part Sci 53 (2003) 219
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removing protons

np
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Breakdown of N=20

neutrons 15                               15                15
protons 8                               10                              12

20
16
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19C

High-Z Target 
(Pb)
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γ
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dσCD
dEx 9hc

16π3

Cross section = (Photon Number)x(Transition Probability)

Invariant Mass

Equivalent Photon Method

relx , EE

)C(),( 18PnP

19C*

Photon absorption of a fast projectile 

v>0.3c

Coulomb excitation - breakup mechanism

From T. Nakamura
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Low energy dipole (continuum) response
19C (Sn=0.53 MeV)

T. Nakamura et al., PRL 83, 1112 (1999)

Electric dipole response – 19C
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Low energy dipole (continuum) response
11Li (S2n=300 keV)

T. Nakamura et al., PRL96,252502 (2006)

Electric dipole response – 11Li
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31Ne – separation energy

Expt.

T. Nakamura et al., PRL  103, 262501 (2009) 
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Sudden removal – eikonal reaction dynamics

1
211 ][ js

A

I
22 ][ js

J.A. Tostevin et al., PRC 70 (2004) 064602 and PRC 74 (2006) 064604
P.G. Hansen and J.A. Tostevin, Ann Rev Nucl Part Sci 53 (2003) 219

Inclusive wrt target,
1 and 2 final states.
Cross sections [and 
the S(b)] allow both
elastic and stripping
(absorptive) events 
that can remove the 
nucleon(s).

Inclusive wrt target,
1 and 2 final states.
Cross sections [and 
the S(b)] allow both
elastic and stripping
(absorptive) events 
that can remove the 
nucleon(s).
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Sudden 2N removal from the mass A residue

Sudden removal:  residue momenta probe the
summed momenta of pair in 
the projectile rest frame

A

Projectile rest 
frame

laboratory frame         and 

and component equations
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Residue momentum 11Be 10Be – halo case
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11Li – ground state wavefunction admixtures

H. Simon et al, 
PRL 83 (1999) 496
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Eikonal and sudden model - requires two ‘sizes’
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Inclusive neutron removal – 15-19C isotopes

E.C. Simpson and J.A. Tostevin, PRC 79 024616 (2009)
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Shell-model: spdf-m predictions for 31Ne 30Ne
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Cross section predictions for 31Ne 30Ne
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Sudden removal – eikonal reaction dynamics

1
211 ][ js
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J.A. Tostevin et al., PRC 70 (2004) 064602 and PRC 74 (2006) 064604
P.G. Hansen and J.A. Tostevin, Ann Rev Nucl Part Sci 53 (2003) 219

Inclusive wrt target,
1 and 2 final states.
Cross sections [and 
the S(b)] allow both
elastic and stripping
(absorptive) events 
that can remove the 
nucleon(s).

Inclusive wrt target,
1 and 2 final states.
Cross sections [and 
the S(b)] allow both
elastic and stripping
(absorptive) events 
that can remove the 
nucleon(s).
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Two nucleon knockout – direct reaction set
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neutron 
deficient

Z

N

32Mg

34Al

34Si

32Na30Na

32Al

30Mg

30Ne28Ne

28Na

28Mg

26Ne

44S

42Si

54Ti

52Ca

30S

26Si

28P

28S

26P

24Si

34Ar32Arπ ν



27
Direct two-proton removal reaction mechanism
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Two-nucleon direct reactions overlaps
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Stripping and diffraction-induced pair removal
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Stripping component momentum distribution
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Momentum and impact parameter plane sampling
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Target drills a cylindrical volume at projectile surface

(i) 2N removal cross sections will be
sensitive to the spatial correlations of
pairs of nucleons near the surface
(ii) No spin selection rule (for S=0 
versus S=1 pairs) in this 2N removal 
reaction mechanism 
(iii) Expectation of the sensitivity to 
correlations can be predicted from
2N overlaps in the sampled volume
(iv) No linear or angular momentum 
mismatch – mechanism ‘sees’ ALL 
hole-like-state configurations

(i) 2N removal cross sections will be
sensitive to the spatial correlations of
pairs of nucleons near the surface
(ii) No spin selection rule (for S=0 
versus S=1 pairs) in this 2N removal 
reaction mechanism 
(iii) Expectation of the sensitivity to 
correlations can be predicted from
2N overlaps in the sampled volume
(iv) No linear or angular momentum 
mismatch – mechanism ‘sees’ ALL 
hole-like-state configurations

z



33

-0.2

0

0.2

0.4

0.6

0.8

Knockout cross sections – correlated case

S
ig

m
a 

 (m
b)

0+ 2+ 2+4+
1 2

28Mg →26Ne(0+, 2+, 4+ , 22
+)   82.3 MeV/u 28Mg →26Ne(0+, 2+, 4+ , 22

+)   82.3 MeV/u 

J.A. Tostevin et al., PRC 70 (2004) 064602, PRC  74 064604 (2006)
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“Inclusive” two-nucleon removal p// distributions

(-2p) (-2n)

E.C. Simpson et al., PRL 102 132502 (2009),; PRC 79, 064621(2009)
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Angular correlations – and L-transfer sensitivity

E.C. Simpson, JAT, PRC, submitted (2010)

depends only on L (= 1+ 2) of the two nucleons.

Structure calculation tells us strength of the L-content of the 
2N overlap via the LS coupled two-nucleon amplitudes:

After summing over the nucleon spins (to which we are 
insensitive) the two nucleon joint-position probability is:

predict p// distribution
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I  C(I=L) C(L=I+1) C(L=I-1)
0    0.571       0.428 0.0
2    0.510 0.122 0.367
4    0.367 0.034 0.598
6    0.142 0.0 0.857

Final-state spin-value sensitivity: e.g. 54Ni(-2n)

Relatively ‘pure’ 2N 
configurations give 
simple L(and I) –
dependences – e.g. 
assuming [f7/2]6 [f7/2]4

I L-values
0    L= 0, 1
2    L= 1, 2, 3
4    L= 3, 4, 5
6    L= 5, 6

-400                        0                         400
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Two-nucleon position correlations

E.C. Simpson, JAT, PRC, in press (2010)

After summing over the nucleon spins (to which we are 
insensitive) the two nucleon joint-position probability is:

12C(-np)
10B(1+,T=0)
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Two-nucleon correlations

E.C. Simpson, JAT, PRC, in press (2010)
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Two-nucleon correlations

E.C. Simpson, JAT, PRC, in press (2010)
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Configuration-mixed, sd-shell example: 26Si(-2n)

E.C. Simpson, JAT, PRC 
submitted (2010)

with cross sections:
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First final-state-exclusive p//: 28Mg(-2p)
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E.C. Simpson et al., PRL 102 132502 (2009)
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Summary comments

1. At the energies of fragmentation beams (100 MeV
per nucleon and greater) reaction calculations are
robust and can return quantitative information.

2.  Heavier near-dripline systems will, for some time
be measured with inclusive degrees of freedom. 
Both heavy and light target data are necessary to 
untangle the structures (plus specific structure input) 

3. Final-state p// distributions after 2N removal can test 
the 2N correlations predicted by theoretical models

4. We can understand/predict that such exclusive 
residue  momentum measurements have the
potential to probe calculated wave functions at an
increasingly detailed level.


