
Thomas Aumann 

20th January 2012 

Facets of Strong-Interaction Physics 

International Workshop XL on Gross Properties of Nuclei and 
Nuclear Excitations 

Hirschegg 2012 

§  Introduction  

§  Quasi-free scattering with radioactive beams 
                    single-particle structure, nucleon-nucleon correlations  

§  ( Future perspectives at FAIR ) 

Quasi-free knockout reactions with radioactive beams at R3B  



Reactions with neutron-proton asymmetric nuclei 

A laboratory for studying nuclear properties 
as a function of isospin and density: 

Neutron-Proton  
asymmetric matter 

Nuclear Astrophysics 

Nuclear Structure  
of exotic nuclei 

Reactions with 
Relativistic 
Radioactive 
Beams 



Neutron-rich nuclei  –   Neutron-rich Matter 
n-Skin  Pygmy dipole             EoS           Neutron Star 

Neutron-Proton  
asymmetric matter 

Nuclear Astrophysics 

Nuclear Structure  
of exotic nuclei 

A laboratory for studying nuclear properties 
as a function of isospin and density: 

Reactions with neutron-proton asymmetric nuclei 



PDR – Electromagnetic excitation of neutron-rich nuclei   

•  PDR strength observed in neutron-rich Sn 
nuclei below the GDR at energies above 
particle threshold (around 10 MeV excitation 
energy exhausting about 5% EWSR) 

•  Virtual photon scattering on 68Ni identifies 
PDR above threshold 

P. Adrich et al., PRL 95 (2005) 132501 

detectors is shown in a linear scale together with the
corresponding GEANT simulation. It is important to men-
tion that for the HPGe detectors, being placed close to the
CATE detector and having a time resolution >10 ns, the
background reduction is not as good as for the BaF2
detectors (placed backward and with a time resolution of
<1 ns). For the spectra measured with BaF2 detectors we
have performed statistical model calculations [20] to inter-
pret schematically the exponential part of the spectra. For
the statistical calculation we have used the energy value
given by the adiabatic cutoff energy of the Coulomb
excitation process (!20 MeV). The adiabatic limit of
Coulomb excitation was deduced with Emax ! @c!"

bmin
, where

bmin is the smallest impact parameter for which interac-
tions involving nuclear forces are negligible. The calcu-
lated statistical emission from the target and projectile was
obtained using the standard GDR strength function, by
correcting the "-ray energy for the Doppler shift due to
the projectile velocity (to be consistent with the experi-
mental data treatment) and by folding with the detector
response function. The condition of detecting only one "
ray can be neglected in the statistical model calculation
because both the "-ray efficiency (!5% at 1 MeV) and the
" multiplicity produced by the reaction (measured to be
!1:1) are low. The statistical model predictions are shown
in Fig. 2 in comparison with the data normalized at
3–5 MeV. One can note that the sum of the target and
projectile statistical contributions reproduces remarkably
well the exponential shape of the data and that there is an
excess yield very pronounced at around 11MeV, which can
be attributed to the projectile emission on the basis of
Doppler correction arguments. The data in the region of
interest for searching the pygmy resonance in the electric
dipole response function were obtained by subtracting

from the measurements the computed statistical model
contribution and some background extrapolated from the
very high-energy region. The corresponding data are
shown in the bottom panel of Fig. 3. The present results
of the " decay of the 68Ni at 600 MeV=nucleon are char-
acterized by a peak structure centered at 11 MeV for which
it is important to understand not only the shape but also the
measured value of the cross section. To describe the mea-
sured cross section for " emission from the 68Ni nucleus in
the region E" > 6 MeV we have to evaluate the product of
the excitation cross section #exc with the branching ratio
for " emission R".
The "-ray emission from the GDR is expected to be

dominated by the ground state decay and the decay to the
2þ state (due to the coupling of 1# to 2þ) depends on the
nuclear structure [21]. The latter for the pygmy, having a
much smaller width (<1 MeV), is expected to be smaller.
To verify this we have examined the 9–11 MeV region
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FIG. 3 (color online). In the upper part the 68Ni photoabsorp-
tion cross section is shown with a full drawn line (scale on the
right). The differential cross section obtained after applying the
equivalent virtual photon method (VP) is shown with a dotted
line (scale on the left). The dashed line (scale on the left) is
obtained by including the " branching ratio (VP and R"). In the
bottom panel the open circles show the "-ray cross section
measured with BaF2 detectors. The 3 lines in the bottom panel
display calculations of the " cross section (including the re-
sponse function). The long dashed line is the decay of the PDR,
the dotted line is the decay of the GDR and the thick line the sum
of the two contributions.

FIG. 2 (color online). The high-energy "-ray spectrum mea-
sured with BaF2 detectors and Doppler corrected with the
velocity of the projectile. The lines are the statistical model
calculations for the target (dotted line) and for the beam (dashed
line) nuclei. In the inset the continuous line superimposed to the
measured data is the result of a GEANT simulation for a
"-transition at 11 MeV.
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O. Wieland et al., PRL 102 (2009) 092502 



Symmetry energy and dipole response 

neutron-skin thickness  
low-lying Pygmy mode 

S. Typel and B.A. Brown,    
Phys. Rev. C 64 (2001) 027302 J. Piekarewicz, arXiv:1012.1803 (2010) 

properties of 
neutron-rich matter  

density dependence 
of symmetry energy 

derivative of neutron EoS 
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Pygmy dipole strength, neutron skin,  
and the equation of state of neutron-rich matter 

"...,the pygmy dipole resonance may place 
important constraints on the neutron skin of 
heavy nuclei and, as a result, on the equation 
of state of neutron-rich matter."	


J. Piekarewicz, PRC 73 (2006) 044325 
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a4=30-38 MeV) 

132Sn 
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Relation between dipole strength and n-skin thickness n-skin thickness derived from dipole strength 

Constraints on EoS of neutron-rich matter 
derived from dipole strength of n-rich Sn 
isotopes 

symmetry energy a4 = 32.0 ± 1.8  MeV 

pressure po =  2.3 ± 0.8 MeV/fm3 

Nils Paar 

A. Klimkiewicz et al.,  PRC 76 (2007) 051603(R) 



Reactions with neutron-proton asymmetric nuclei 

A laboratory for studying nuclear properties 
as a function of isospin and density: 

Neutron-Proton  
asymmetric matter 

Nuclear Astrophysics 

Nuclear Structure  
of exotic nuclei 

Quasi-free knockout reactions 
•  Evolution of Shell structure  
•  Nucleon-Nucleon Correlations 
                    (short-range, tensor, …) 
•  Cluster structure 
•  States beyond the neutron dripline 
 



Deviation from the independent-particle picture: 

Correlations: Configuration mixing,  

                     Coupling to collective phonons  

        Short-range and tensor correlations  

           → high momenta 

→ reduced single-particle strength  

         (occupations, spectroscopic factors) 

Single-particle structure and correlations 

Ingo 
Sick 



Single-particle cross sections  
Quenching for neutron-proton asymmetric nuclei  

strongly bound 
nucleons 

? 

Origin 
unclear 

? 

Figure from Alexandra Gade, Phys. Rev. C 77, 044306 (2008) 

weakly bound 
nucleons 



Correlations in asymmetric nuclei and nuclear matter 

Subedi et al. 

protons 

neutrons 

ρ = 0.32 fm−3 

ρ = 0.16 fm−3 

Electron-induced 
knockout (JLab) 



overlap ratios at larger radii comes from the fact that the
p1=2 proton orbital become more and more bound as more
neutrons are added to 16O. For 14O the p1=2 proton is less
bound with respect to 16O, resulting in a bend upward. As
we approach the neutron dripline, the one-neutron emis-
sion thresholds for the oxygen isotopes and their neighbor-
ing nitrogen isotopes get closer to the scattering threshold.
Clearly, the tail of the wave functions will play a more
important role as the outermost neutrons get closer to the
scattering threshold. It is exactly this effect we observe in
our calculations of the SFs for proton removal. Using a HF
basis of purely harmonic oscillator wave functions, the
density in the interior region of the nucleus is overesti-
mated, while the density is shifted towards the tail when
using a basis with correct asymptotic behavior. One should
note that the nitrogen isotopes for a given neutron number
are more loosely bound than their corresponding oxygen
isotones, and this is the essential reason for the reduction.
For 28O and 27N, no experimental values are available but
if 28O exists it will be very loosely bound and we may
assume that 27N is unbound.

Finally, we show in Fig. 3 the SFs of the proton and
neutron states closest to the Fermi surface (for protons
the p1=2-state), as a function of the difference between the
computed proton and neutron separation energies. The
results here agree excellently with similar interpretations
made in Refs. [9,10]. One sees clearly an enhancement of
correlations for the strongly bound, deficient nucleon
species with increasing asymmetry.

In conclusion, we have found a large quenching of the
spectroscopic factors for the deeply-bound proton states
near the Fermi surface in the neutron-rich oxygen isotopes.
This can be ascribed mainly to many-body correlations
arising from a proper treatment of neutron scattering states.
These results agree nicely with the mathematical analysis
performed by Michel et al. [19]. This result for the oxygen

isotopes is similar to what has been inferred from neutron
knockout reaction cross sections for deeply-bound neutron
states near the Fermi surface in proton-rich sd-shell nuclei
[9,10]. Clearly, more work is needed to confirm the con-
nection; experiments for proton knockout from oxygen
should be undertaken and many-body calculations for
proton-rich, heavy nuclei need to be carried out.
We thank Marek Płoszajczak for useful comments. This

work was supported by the Office of Nuclear Physics, U. S.
Department of Energy (Oak Ridge National Laboratory);
the University of Washington under Contract No. DE-
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FIG. 3 (color online). Plot of calculated SFs as functions of the
difference between the calculated neutron and proton separation
energies. The results are for the single-particle states closest to
the Fermi surface. For protons these are the p1=2 states.
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included all single-particle states spanned by 17 major
oscillator shells.

Figure 1 shows the calculated SFs for removing a proton
in the p1=2 and p3=2 partial waves of 14;16;22;24;28O. We
compare our calculations of the SFs to calculations using
an HF basis built entirely from harmonic oscillator basis
functions (HF-OSC, dashed lines). The results are obtained
with an harmonic oscillator energy @! ¼ 30 MeV. Our
calculations of the SFs depend weakly on the harmonic
oscillator frequency, see, for example, Ref. [12]. The p1=2

and p3=2 proton orbitals are close to the Fermi level. In a
traditional shell-model picture we would therefore expect
SFs close to unity for such states. However, we find a
significant quenching of the SFs due to the coupling-to-
continuum degrees of freedom. The calculations done with
a HF-OSC basis show no significant quenching, and illus-
trate clearly the limitation of the harmonic oscillator basis
representation of weakly bound, neutron-rich nuclei. This
observation agrees also nicely with the analysis of Michel
et al. [19]. There, the authors demonstrate that the energy
dependence of SFs due to an opening of a reaction channel
can only be described properly in shell-model calculations
if correlations involving scattering states are treated
properly.

In our calculations the closed-shell oxygen isotopes
14;16;22;24;28O are all bound with respect to neutron emission
(for this particular N3LO interaction with cutoff ! ¼
500 MeV). In particular, we get 28O bound by 3.67 MeV
with respect to one-neutron emission. However, starting
from anN3LO interaction with a cutoff! ¼ 600 MeV, we
get 28O unbound with respect to four-neutron emission and
24O, as seen in Ref. [20]. To judge the theoretical basis for

the demonstrated continuum effect, we also computed SFs
for the proton removal from 14;16;22O using the ! ¼
600 MeV N3LO interaction model. We found similar re-
sults as for the ! ¼ 500 MeV N3LO interaction model,
and conclude that the theoretical uncertainties related to
short-range correlations do not seem to impair the results
reported here.
To further understand the role of correlations beyond

mean-field we compared the SF for p1=2 proton removal
from 24O for three different approximations to jAi and
jA" 1i. To get bound solutions for 24O in simpler calcu-
lation schemes, we softened the N3LO interaction through
similarity renormalization group (SRG) methods [21]. For
each approximation we considered three values of the SRG
flow parameter ! ¼ 3:2, 3.4, 3:6 fm"1. First, in the crudest
approximation, using a mean-field HF solution for jAi and
jA" 1i, the SFs are by definition equal to unity. Secondly,
we used a HF solution for jAi while jA" 1i was approxi-
mated by one-hole and two-hole-one-particle excitations
on the HF ground state jAi. In this case we observed about
15%–20% reduction in the SFs. Finally, our EOM-CC
approach in Eq. (2), gave a reduction of 20%–25% over
the range of ! considered. This clearly shows the impor-
tance of correlations beyond the mean-field. Varying the
SRG flow parameter from 3:2 fm"1 to 3:6 fm"1 we found
that the SFs varied from 0.79 to 0.75, illustrating the role of
short-range correlations.
The shape of the calculated overlap functions reveals

more information. In order to probe the sensitivity of the
tail of the overlap functions as we move towards 28O, we
compute the ratios of the absolute square of the radial
overlap functions to the jh15Njaljj16Oij2 radial overlap
function. These results are shown in Fig. 2 for the p1=2

proton state (the p3=2 proton state shows a very similar
pattern). A notable reduction of these norms towards more
neutron-rich nuclei is seen. The downward dip of the
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FIG. 1 (color online). Normalized spectroscopic factors for
p1=2 and p3=2 proton removal from the oxygen isotopes
14;16;22;24;28O. The continuum states included in the calculation
(HF-WS) lead to a dramatic quenching of the spectroscopic
factors as the neutron dripline is approached. For comparison,
we show calculations of spectroscopic factors using a HF basis
built entirely from harmonic oscillator basis functions
(HF-OSC).
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We present microscopic coupled-cluster calculations of the spectroscopic factors for proton removal

from the closed-shell oxygen isotopes 14;16;22;24;28O with a chiral nucleon-nucleon interaction at next-to-

next-to-next-to-leading order. We include coupling-to-continuum degrees of freedom by using a Hartree-

Fock basis built from a Woods-Saxon single-particle basis. This basis treats bound and continuum states

on an equal footing. We find a significant quenching of spectroscopic factors in the neutron-rich oxygen

isotopes, pointing to enhanced many-body correlations induced by strong coupling to the scattering

continuum above the neutron emission thresholds.

DOI: 10.1103/PhysRevLett.107.032501 PACS numbers: 21.10.Jx, 21.10.Gv, 21.60.De, 31.15.bw

The concept of independent particle motion, and mean-
field approaches based thereupon, has played and contin-
ues to play a fundamental role in studies of quantum
mechanical many-particle systems. From a theoretical
standpoint, a single-particle (or quasiparticle) picture of
states near the Fermi surface offers a good starting point for
studies of systems with many interacting particles. For
example, the success of the nuclear shell model rests on
the assumption that the wave functions used in nuclear
structure studies can be approximated by Slater determi-
nants built on various single-particle states. The nuclear
shell model assumes thus that protons and neutrons move
as independent particles with given quantum numbers,
subject to a mean field generated by all other nucleons.
Deviations from such a picture have been interpreted as a
possible measure of correlations. Indeed, correlations are
expected to reveal important features of both the structure
and the dynamics of a many-particle system beyond the
mean-field picture.

In a field like nuclear physics, where the average density
in nuclei is high and the interaction between nucleons is
strong, correlations beyond the independent-particle mo-
tion are expected to play an important role in spectroscopic
observables. Experimental programs in low-energy nuclear
physics aim at extracting information at the limits of
stability of nuclear matter. Correlations which arise when
moving towards either the proton or the neutron dripline
should then provide us with a better understanding of shell
structure and single-particle properties of nuclei. So-called
magic nuclei are particularly important for a fundamental
understanding of single-particle states outside shell clo-
sures, with wide-ranging consequences spanning from our
basic understanding of nuclear structure to the synthesis of
the elements [1,2]. Unfortunately, the correlations in
many-particle systems are very difficult to quantify

experimentally and to interpret theoretically. There are
rather few observables from which clear information on
correlations beyond an independent particle motion in a
nuclear many-body environment can be extracted.
A quantity which offers the possibility to study devia-

tions from a single-particle picture, and thereby provide
information on correlations, is the spectroscopic factor
(SF). From a theoretical point of view they quantify what
fraction of the full wave function can be interpreted as an
independent single-particle or single-hole state on top of a
correlated state, normally chosen to be a closed-shell nu-
cleus. Although not being experimentally observable
[3–5], the radial overlap functions, whose norm are the
SFs, are required inputs to theoretical models for nucleon
capture, decay, transfer and knockout reactions. There is
a wealth of experimental data and theoretical analysis
of such reactions for stable nuclei [1,6,7]. Data from
(e, e0p) experiments on stable nuclei [1] indicate that
proton absolute SFs are quenched considerably with re-
spect to the independent-particle model value, with short-
range and tensor correlations assumed to be an important
mechanism. Adding long-range correlations as well from
excitations around the Fermi surface, one arrives at a
quenching of 30%–40%, see, for example, Ref. [8].
Nuclear physics offers therefore a unique possibility,
via studies of quantities like SFs, to extract information
about correlations beyond mean-field in complicated, two-
component, many-particle systems.
Recent data on knockout reactions on nuclei with large

neutron-proton asymmetries indicate that the nucleons of
the deficient species, being more bound, show larger re-
ductions of spectroscopic strength than the less bound
excess species [9,10]. It is the aim of this work to under-
stand which correlations are important when one moves
towards more weakly bound systems. For this, we study the
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Coupled-cluster calculation N3LO  
including coupling to scattering states above the neutron separation threshold 



Sensitivity of Coulomb and nuclear breakup 

Reaction probabilities 

Coulomb breakup 

Overlap with continuum wave function 

Halo-Neutron Densities 

Sensitivity to the tail of the wave function only 

Alternative approach: quasi-free scattering: (p,2p), (p,pn) etc. at LAND and R3B 

                                   or (e,e'p) at the e-A collider at FAIR 

Nuclear breakup 



One-neutron removal reaction (nuclear breakup) 

Reaction mechanisms:  

- knockout (stripping) 

- inelastic scattering (diffraction) 

cross section dominated by knockout for 

- high beam energies 

- non-halo states 



Single-particle cross sections  
Quenching for neutron-proton asymmetric nuclei  

strongly bound 
nucleons 

? 

Origin 
unclear 

? 

Figure from Alexandra Gade, Phys. Rev. C 77, 044306 (2008) 

weakly bound 
nucleons 



Quasi-free scattering in inverse kinematics 

•  kinematical complete measurement of 	

             (p,pn), (p,2p), (p,pd), (p,α), .... reactions	

•  redundant experimental information:  	

             kinematical reconstruction from proton momenta	

             plus gamma rays, invariant mass, recoil momentum	

•  sensitivity not limited to surface	

             → spectral functions	

             → knockout from deeply bound states	

•   cluster knockout reactions	


   Measurement of  proton recoils after knockout reactions with a CH2 target 

x, ΔE 
proton 

CsI, NaI 

Si, strip CH2 
target 

projectile Z,A 
B 

n,p, ... 



Experimental setup: LAND/R3B@GSI 

φ1 

θ1 

θ2 

NaI	  crystal	  

NaI	  crystal	  

-162 20cm long NaI
(Tl) crystals 
 
- 4π gammas  

-2π light particles 

- Six DSSDs for tracking  
 
- resolution: Δx ~ 100 µm 

Ebeam 
 
 
~ 400 AMeV 



Quasi-free scattering with exotic nuclei:17Ne(p,2p)15O+p 
 The two-proton Halo (?) nucleus 17Ne 

Nucleus of interest Excited Fragment 

A 

A-1 

Free Target Proton 

Recoil   q 

Photon(s) 

Bound Proton 

Separation Energy 

0121 TTTTE AS −++= −

Internal Momentum 

0211 ppppq A −+=−= −

q 

p,n,d,t,... 

Evaporation 

0 

1 

2 

Scattered Protons: 
 
•  ≈ opposite ϕ angles 
•  opening angle ≈ 90°  

Pilot experiments with 12C, 17Ne and Ni isotopes 
already performed at the LAND-R3B setup are 
under analysis … 

Angular Correlations measured with Si-strip 
detectors for      17Ne(p,2p)15O+p 
 
 Δθ~180°, Δφ~83° (sim. as for free pp scattering) 

17Ne, Felix Wamers, PhD thesis 



Benchmark experiment: 12C(p,2p) in inverse kinematics 

M. Yosoi, PhD Thesis, 2003,  
Kyoto University 

Fragments produced in 12C(p,2p)  

Reconstructed excitation 
energy of 11B 

Eγ (MeV) 

Jon Taylor, PhD thesis, 

Univ. of Liverpool 

Valeri Panin, PhD thesis,  

TU Darmstadt 

knockout from p-shell 

knock-out from s-shell 

R3B preliminary data 2011, unpublished 
MeV 



Selective one-proton knockout from  
core- and ‘Halo’- states in 17Ne 

Exclusive selection  
of knockout from  
‘halo’-states for the  
first time possible! 

16F (=15O+p) relative energy 

Good agreement with  
charge-radius measurement 
and FMD prediction of 
Geithner and Neff et al. 
PRL 101 (2008) 252502. 
and from 3b-model of  
Grigorenko,  
PRC 71 (2005) 051604(R). 

s-wave content of ~40% 
moderate halo character  
 
  

Felix Wamers, 
PhD thesis,  

TU Darmstadt 
R3B preliminary data 2011, unpublished 



Beyond the dripline: Ground and first excited state of 10He 
- three-body correlations in the decay of unbound nuclei - 

Unbound nuclear systems 

problem of overlapping resonances 

ambiguity: resonances or correlated background? 

solution demonstrated for 10He: 

observation of characteristic 3-body correlations in 
the decay 

Li  
4 

Li  
5 

Li  
6 

Li  
7 

Li  
8 

Li  
9 

Li 
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Li 
11 

Li 
12 

Li 
13 

He 
3 

He 
4 

He 
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He 
6 

He 
7 

He 
8 

He 
9 

He 
10 

H 
1 

H 
2 

H 
3 

H 
4 

H 
5 

H 
6 

H 
7 

n 1 

unbound nuclei 
observed at R3B 

correlated background  
(initial-state correlations, 
11Li wave function) 
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High-energy radioactive beams at FAIR 



Reactions with Relativistic Radioactive Beams 

Superconducting  Dipole: 
Ready for installation in 2013 
Construction by CEA Saclay 

R3B GLAD 

R3B Start version 2016 

NeuLAND 



The             Collaboration 



Summary 

•  Quasi-free scattering	

      - QFS successfully applied in inverse kinematics	

      - Rich physics program: N-N correlations, shell structure, cluster structure, unbound nuclei	

•  R3B development	

       - Technical Design Report for neutron detector NeuLAND and calorimeter CALIFA ready	

       - Start construction in 2012, physics run with new dipole GLAD and 20% NeuLAND and	

                  CALIFA in 2014  	

       - Full R3B detection system operational in Cave C for physics runs 2016 	


•  FAIR	

       - R3B hall ready for installation in 2017	

       - R3B @ FAIR with Super FRS will start in 2018	



