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Most recent publications that relate: 
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Two-nucleon removal (knockout) reaction sensitivity

Probe of (spatial) two-nucleon correlations (g.s.) 

angular          orbital angular momentum

Bottom line:
There us a need for data to benchmark and 
validate predictions for more exclusive

final-state observables



5

Outline of this contribution

1. Removal (knockout) reactions – essentials:
Spatial selectivity - near surface dominance
Thresholds: direct vs indirect (two-step) pathways

2. 2N overlaps, two-particle density – angular 
correlations – value of the LS representation   

3. Limited data sets so far – status/raincheck

4. The case of 12C(-2N) – asks several questions

5. Summary comments (Ed Simpson will expand on
other interesting aspects, good test cases and the
latest ideas/results.)
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Sudden removal – eikonal reaction dynamics
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J.A. Tostevin et al., PRC 70, 064602 (2004) and PRC 74, 064604 (2006)

Inclusive wrt target,  
1 and 2 final states. 
Cross sections [and 
the S(b)] account for 
2N removal by both 
elastic and stripping
(absorptive) events.
Must add these.

Inclusive wrt target,  
1 and 2 final states. 
Cross sections [and 
the S(b)] account for 
2N removal by both 
elastic and stripping
(absorptive) events.
Must add these.

State of residue using gamma-ray spectroscopy
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Structure interface – via the two-nucleon overlaps

We use this AS IS – no Moshinsky, NN relative s-
states projection … no light-ion vertex restrictions
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Sample 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 (iso)spin bias (of (T)S=0 
versus (T)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 (iso)spin bias (of (T)S=0 
versus (T)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 
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Direct two-proton removal reaction mechanism
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-np exploratory: messy direct + indirect contributions
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Two-nucleon position correlations

E.C. Simpson, JAT, PRC 82, 044616 (2010)

Summing over spins (to which we are insensitive) the two 
nucleon joint-position probability is:
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Perturbative extended basis: 48Ca(-2n, gs)
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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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“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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np correlations - light nuclei – high thresholds
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Two nucleon removal data – LBL measurements

12C1 2
12C

10(N,Z)

Cross sections: J.M. Kidd et al. PRC 37, 2613 (1988)
Momentum distributions: D.E. Greiner et al., PRL 35, 152 (1975)
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The 12C case – direct 2n, 2p and np removal?

12C
Indirect paths? 3.93
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Final states – rather few in all A=10 systems
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Cross sections at 2.1 GeV/u – exclusive breakdown 

J.M. Kidd et al. PRC 37, 2613 (1988)
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Comparison to (inclusive) cross section data

Cross sections: J.M. Kidd et al. PRC 37, 2613 (1988)
Momentum distributions: D.E. Greiner et al., PRL 35, 152 (1975)
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Inclusive 2p removal momentum distribution 

E.C. Simpson, JAT, 
PRC 83, 014605
(2011)

Momentum distributions: D.E. Greiner et al., PRL 35, 152 (1975)
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Existing (inclusive and averaged) p// distributions

Momentum distributions: D.E. Greiner et al., PRL 35, 152 (1975)
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Angular correlations – and L-transfer sensitivity

E.C. Simpson, JAT, PRC 82, 044616 (2010)

depends only on L (=l1+l2) 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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Two-nucleon position correlations

E.C. Simpson, JAT, PRC 82, 044616 (2010)

The two nucleon joint-position probability is:

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

E.C. Simpson, JAT, PRC 82, 044616 (2010)
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np-removal – specific predictions

E.C. Simpson, JAT, PRC 82, 044616 (2010)

10B(1+,T=0)
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Exclusive observables: 12C(-np) case at 2.1 GeV/u

E.C. Simpson, JAT, 
PRC 83, 014605
(2011)

WBP

PJT
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Summary comments – and a wish list

1. At energies of fragmentation beams (~100 MeV
per nucleon and greater) 2N removal calculations 
appear to be robust and can return quantitative
information (certainly on relative strengths)

2. Exclusive final-state  and p// distributions after 2N 
removal can test the 2N correlations predicted by 
theoretical models in the two-particle overlaps

3. There is still very little data (np, but also nn and 
pp) to really validate the methodology - which can
now make detailed, and exclusive predictions

4.  We need overlaps from non-shell model sources!
5.  Test cases as well as the more exotic are needed, 

(e.g. in light systems and using stable beams?)


