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Reactions with Relativistic Radioactive Beams 
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Status 

Major achievements 

Large-acceptance dipole GLAD 
✓ Cold mass ready and inserted in test  
    cryostat at Saclay 
✓ Final cryostat in construction  
✓ Delivery of magnet to GSI end of 2014  

Neutron Detector NeuLAND 
✓ Design finalized 
    modular active detector of 3000 scintillator  
    bars; 250x250x300cm3 active volume 
✓ TDR submitted to FAIR and accepted in Nov 2012 
✓ Experiment with mono-energetic neutrons from  
    deuteron breakup performed in Nov 2012: 
    200 modules (400 PM channels) in final design mounted and tested 
✓ Construction of 20% detector for 2014 completed 
    First five double-plane ready (commissioning with beam Oct2014) 
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Status 

Major achievements 

Photon- and particle calorimeter CALIFA 
✓ Design of barrel part finalized 
    1952 CsI crystals with APD readout 
✓ TDR submitted to FAIR and accepted in Nov 2012  
✓ R&D on forward end-cup concluded, TDR in preparation 
    phoswich concept of LaBr3-LaCl3 crystals 

Target Recoil Tracking Detector 
✓  Design finalized 
✓ Construction started 
✓ Project fully funded and 
    lead by UK consortium 

Tracking Detectors 
R3B tracking system designed: Fiber-scintillators, 
Segmented resistive Si-detectors, large-area ToF wall 
✓  Successful tests with beams at GSI in 2012 and 2014 
✓  Construction of final detection system started 



Schedule and first experiments 

  2013  Installation of infrastructure in Cave C for GLAD (He cryo-system, power supply) 
                Delivery and installation of superconducting dipole GLAD (expected Q4/2014) 
  2014  Installation of 20% detectors NeuLAND and CALIFA 

  Commissioning run in Q3/2014 (happened last week!) 
  2015/16 Construction and installation of detector components 
  2017  Commissioning of R3B setup and first physics run at GSI 
  2018  Physics program at Cave C 
  2019  Installation of experimental setup at FAIR site including superconducting triplet 
  2020  Commissioning and first experiments at Super FRS 

Experiments in (2018) 2020 will make use of uniqueness of R3B: 
 - Reactions at high beam energies up to 1 GeV/nucleon 
 - Tracking and identification capability even for the heaviest ions 
 - Multi-neutron tracking capability, high-efficiency calorimeter 
Experiments possible for the first time: 
 - 4 neutron decays beyond the drip-line and for heavier n-rich isotopes 
 - Kinematically complete measurements of quasi-free nucleon knockout reactions 
 - Electric dipole and quadrupole response of Sn nuclei beyond N=82, 
                                                             and of neutron-rich Pb isotopes 



First experiments at Cave C 2017 + 

R3B Status: 	
GLAD installed	

	
 	
 	
Full heavy-ion tracking system	

	
 	
 	
Target Recoil detector complete	

	
 	
 	
CALIFA available to a large fraction	

	
 	
 	
NeuLAND available to a large fraction	

	
 	
 	
Active Target	


	

	
 	
 	
Novel Instrumentation at place, 1 GeV/u beams possible for the first time	


	

1. Dipole strength function of halo nuclei up to 30 MeV excitation energy 	

2. Quasi-free scattering at large momentum transfer and short-range tensor correlations	

3. Fission	

    - Fission Barriers of exotic nuclei measured by (p,2p) induced fission	

    - New deformed shell structures in the electromagnetically induced fission of neutron      	

          deficient pre-actinides 	

     - Excitation energy sharing in the electromagnetically induced fission of actinides 	

4. Spectroscopy of 2+ states of heavy neutron-rich nuclei 	

5. Elastic and inelastic scattering using the active target 	
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Quasi-free scattering in inverse kinematics  
with high-energy radioactive beams  

Quasi-free knockout reactions	

(p,2p), (p,pn), (p,2p,n), (p,pd), (p,pα), (p,2p)fission	

•  Evolution of Shell structure 	

•  Fission barriers	

•  Nucleon-Nucleon Correlations	

                    (short-range tensor correlations)	

•  Cluster structure	

•  States beyond the neutron dripline	

	


state have been exchanged and this leads to the exchange of
the final (or initial) orbital labels j, m and j0, m0. Because
this process reflects a cancellation of the lowering of the
SPE, the contribution from Fig. 3(d) has to be repulsive for
two neutrons. Finally, we can rewrite Fig. 3(d) as the FM
3N force of Fig. 3(e), where the middle nucleon is summed
over core nucleons. The importance of the cancellation
between Figs. 3(a) and 3(e) was recognized for nuclear
matter in Ref. [21].

The process in Fig. 3(d) corresponds to a two-valence-
neutron monopole interaction, schematically illustrated in
Fig. 4(d). The resulting SPE evolution is shown in Fig. 2(c)

for the G matrix formalism, where a standard pion-N-!
coupling [22] was used and all 3N diagrams of the same
order as Fig. 3(d) are included. We observe that the repul-
sive FM 3N contributions become significant with increas-
ing N and the resulting SPE structure is similar to that of
phenomenological forces, where the d3=2 orbital remains
high. Next, we calculate the SPEs from chiral low-
momentum interactions Vlow k, including the changes due

to the leading (N2LO) 3N forces in chiral EFT [23], see
Figs. 3(f)–3(h). We consider also the SPEs where 3N-force
contributions are only due to ! excitations [24]. The lead-
ing chiral 3N forces include the long-range two-pion-
exchange part, Fig. 3(f), which takes into account the
excitation to a ! and other resonances, plus shorter-range
3N interactions, Figs. 3(g) and 3(h), that have been con-
strained in few-nucleon systems [25]. The resulting SPEs
in Fig. 2(d) demonstrate that the long-range contributions
due to ! excitations dominate the changes in the SPE
evolution and the effects of shorter-range 3N interactions
are smaller. We point out that 3N forces play a key role for
the magic number N ! 14 between d5=2 and s1=2 [26], and
that they enlarge theN ! 16 gap between s1=2 and d3=2 [5].
The contributions from Figs. 3(f)–3(h) (plus all ex-

change terms) to the monopole components take into ac-
count the normal-ordered two-body parts of 3N forces,
where one of the nucleons is summed over all nucleons
in the core. This is also motivated by recent coupled-cluster
calculations [27], where residual 3N forces between three
valence states were found to be small. In addition, the
effects of 3N forces among three valence neutrons should
be generally weaker due to the Pauli principle.
Finally, we take into account many-body correlations by

diagonalization in the valence space. The resulting ground-
state energies of the oxygen isotopes are presented in
Fig. 4. Figure 4(a) (based on phenomenological forces)
implies that many-body correlations do not change our
picture developed from the SPEs: The energy decreases
to N ! 16, but the d3=2 neutrons added out to N ! 20

FIG. 3 (color online). Processes involving 3N contributions.
The external lines are valence neutrons. The dashed and thick
lines denote pions and ! excitations, respectively. Nucleon-hole
lines are indicated by downward arrows. The leading chiral 3N
forces include the long-range two-pion-exchange parts, diagram
(f), which take into account the excitation to a ! and other
resonances, plus shorter-range one-pion exchange, diagram (g),
and 3N contact interactions, diagram (h).
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FIG. 4 (color online). Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16–
24 O. Energies obtained from (a) phenomenological forces SDPF-M [13] and USD-B [14], (b) a Gmatrix and including FM 3N forces
due to ! excitations, and (c) from low-momentum interactions Vlow k and including chiral EFT 3N interactions at N2LO as well as only
due to ! excitations [25]. The changes due to 3N forces based on ! excitations are highlighted by the shaded areas. (d) Schematic
illustration of a two-valence-neutron interaction generated by 3N forces with a nucleon in the 16O core.
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FIG. 1. Upper panel: Momentum profile for the
6
He+n sys-

tem after one-neutron knockout from
8
He. The solid line

shows the calculated p-wave momentum profile. The arrow

indicates position of 3/2− resonance in
7
He. Lower panel:

Relative-energy spectrum for
6
He+n [2]. The solid line is the

result of an R-matrix fit to the data folded with the experi-

mental resolution [2].

(lower panel). The experimental momentum profile is

shown in the upper panel together with calculations for

different l-values. The solid curve shows the shape calcu-

lated with the relative contributions from s- and p-waves
as determined from the fit to the Efn spectrum [1].

The conclusion so far is thus that the shape of mo-

mentum profile allows a qualitative model-independent

analysis of the experimental data revealing contributions

from different angular momenta. With this in mind the

next step is to apply this method of analysis to
13
Be, a

case where there are still many open questions in the un-

derstanding of its structure. Before applying the momen-

tum profile analysis to the one-neutron knockout data

from
14
Be a short summary of the current literature on

13
Be is given.

There are three recent data sets for the unbound
13
Be

system with different interpretations of its ground-state

structure. From the data obtained at GANIL [4] it is

interpreted as a Breit-Wigner l=0 resonance, from the

one-neutron knockout data from
14
Be, measured at GSI,

as a virtual s-state [5], and, finally, it is interpreted as a

l=1 resonance from data obtained at RIKEN [6].

A major problem in interpretation originates in the

complex structure of neutron-rich beryllium isotopes. It

was enunciated already in 1976 that several observed

properties of the T=2, Iπ = 0
+

states of A = 12 nu-
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FIG. 2. Upper panel: Momentum profile of
9
Li+n system

after one-neutron knockout from
11
Li. The arrows indicate

the position of the virtual state and the p-wave resonance in
10
Li. The calculated s-(dashed), p-(dotted) and d-wave( dash-

dotted) momentum profiles are shown together with a solid

line determined from the s to p ratio derived from the data

in the lower panel. Lower panel: Relative-energy spectrum

for
9
Li+n [1]. The different contributions from a R-matrix

fit to the data, folded with the experimental resolution, are

shown as dashed (virtual s-state) and dotted (p-wave reso-

nance) lines with a solid line as their sum).

clei favor a model of the
12
Be ground-state wavefunction

in which only small fractions of the states belong to the

lowest shell-model configuration [7], according to

12Be(g.s.) = α[10Be⊗ (1s1/2)
2
] +

β[10Be⊗ (0p1/2)
2
] + γ[10Be⊗ (0d5/2)

2
]. (1)

Here
10
Be forms an inert core with a closed 0p3/2 neu-

tron shell. This conjecture has actually been confirmed

in a series of recent experiments [8–12]. In Ref. [8] it

was found that N = 8 is not a good closed shell for
12
Be

since it contains a major (s2 − d2) intruder configura-

tion. This breakdown of the N=8 shell is also expected

theoretically [13–19].

Single- or multi-nucleon transfer-reaction experiments

have revealed excited states at about 2 and 5 MeV above

the neutron-emission threshold in
13
Be [20–23]. These

two states are narrow with widths Γ1 = 0.3(2) MeV and

Γ2 = 0.4(2) MeV, respectively [21], with the 2 MeV

state assigned to have Iπ = 5/2+. There are, how-

ever, two 5/2+ states expected for
13
Be [24]. The lowest

(5/2+1 ) is predicted to contain a large component with

single-particle structure [
12
Be(0

+
1 ) ⊗ (0d5/2)] while the

second (5/2+2 ) state should contain a large contribution

Jlab	


GSI	


T. Neff	


Otsuka et al.	




Deviation from the independent-particle picture:	


Correlations: Configuration mixing, 	


                     Coupling to collective phonons 	


        Short-range and tensor correlations 	


           → high momenta	


→ reduced single-particle strength 	


        	


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)	




2005   
Plastic paddles for proton trigger 
4π CsI crystals for gammas and angular 
measurements of protons and neutrons 
 

CALIFA 
 

Si Tracker 

Future setup	


12C 
2007-2010 

 Box of DSSDs for protons  
 4π NaI crystals,  
 gammas, protons, neutrons 

Detection System 



Quasi-free scattering from 12C 
a Benchmark experiment 

Analysis by V. Panin  

Strong angular correlations of the two nucleons	




Quasi-free scattering from 12C 
a Benchmark experiment 

Analysis by V. Panin  

Kinematics are particularly important! 	  	




Quasi-free scattering from 12C 
a Benchmark experiment 

Analysis by V. Panin  

Kinematics are particularly important! 	  	




 12C 
1p1/2 

1s1/2 

1p3/2 2 

Analysis by V. Panin  



First experiments at FAIR 2020 + 

Status: R3B completed (except high-resolution spectrometer)	

	

1.  Dipole response of heavy neutron-rich beams 	

      (Pygmy, GDR, polarizability, symmetry energy) 	

      Day-1: 208-218Pb	

      Day-2: 220-224Pb (when design intensity is reached)	

	

2. Dipole response (Pygmy, GDR, polarizability, symmetryenergy) 	

    of very neutron-rich Sn isotopes (beyond N=82) in the r-process path	

	

3. Multi-neutron decays 	

	

4. Quasi-free scattering reactions with nuclei of extreme N-Z 	

5. Quasi-free scattering at large momentum transfer and short-ranged tensor correlations as         	

    a function of isospin	

6. Elastic and inelastic scattering using the active target 	

7. Spectroscopy of 2+ states of heavy neutron-rich nuclei	

8. Spectroscopy of 100Sn 	

.	

.	

.	




Systematics of Pygmy dipole strength ? 
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Figure 28: The same data as in Fig. 26 but plotted as a function of the paramter ∆CCF .

It is interesting to note that the data points for the isotopes
68

Ni,
130

Sn,
132

Sn, and
208

Pb are now

clustered together at rather large ∆CCF values between about 15 and 20 MeV and all have large PDR

strengths. Small values of ∆CCF seem to result in rather low summed E1 strengths. As mentioned

above one has to be very careful with conclusions, but the present data at least do not contradict the

intuitive picture of a PDR caused by a neutron oscillation. However, obviously more consistent and

complete investigations are needed for nuclei at different values of ∆CCF .

Another important observable is the mean or centroid energy of the PDR. In the most simple

collective approach one would expect a decrease of the resonance energy with increasing neutron excess.

Figure 29 shows the mean energy of the PDR in Sn isotopes calculated in a relativistic QRPA calculation

by Paar et al. [148]. Starting from the most proton-rich stable isotope
112

Sn the energy slowly decreases

with mass number, i.e. neutron excess, up to the N=82 neutron shell closure at the doubly-magic
132

Sn.

At N=82 a sudden dramatic decrease from 8 to 4 MeV takes place before the smooth decrease repeats

again. Please note that the relative energy changes up to N=82 predicted in this model are rather

small. In comparison to the PDR energy Fig. 29 shows also the one-neutron separation energies, which

represents an upper/lower excitation energy limit for many experimental methods.

For the definition of the mean PDR energy from experiment we again have the problem of the

incomplete data situation which could lead to huge systematic errors. Since most methods either

investigate only the region below or above the neutron separation energy, the derived centroid energies

might be misleading. In Fig. 30 we anyhow plotted the reported mean energy of the published PDR

data (as far it was given in the corresponding publications) versus the parameter ∆CCF . In addition

the neutron separation energy is indicated for the corresponding nuclei. Even with the restrictrions

mentioned above one may conclude that the centroid of the PDR is located between about 6 and 10

MeV. At a first glance one may in addition assume that the energy sligthly increases with the ∆CFF

42

D. Savran et al. / Progress in Particle and Nuclear Physics 70 (2013) 210–245 239

Fig. 26. Fraction of the E1 EWSR exhausted by the PDR as reported by various experiments [150,22,64,109,82,88,98,42,97,43,96,13,101,159,174,160] as a

function of the mass of the corresponding nuclei. The nuclei are listed separately for the individual methods. For detail see text.

Fig. 27. Correlation of the parameter ∆CCF as defined in Eq. (7) and the neutron-skin thickness obtained from microscopic calculations [64,40,47].

experiments yields 0.96(10)% for the E1 strength. However, in the energy region around 9 MeV the cross section due to M1

in the (p, p�) experiment is larger by up to a factor of four compared to the cross section due to E1 (see Fig. 20). Consequently

the extraction of the EWSR exhausted by the PDR relies on an accurate decomposition of E1 and M1 contributions in the

cross section. However, the good agreement with the data with tagged photons in the region 8–10.5 MeV indicates that

the decomposition is reasonable. The situation for
90
Zr shows that currently it is difficult to reach a conclusive picture. For

many other cases summarized in Fig. 26, data from different approaches in consistent energy regions are either missing

or less complete. However, it should be stressed, that the available data consistently show that an additional structure in

the low-energy part of the E1 strength exists but the data on its absolute strength are not complete enough to draw a final

conclusive picture. Keeping this basic restriction in mind we discuss the systematics in the following.

The PDR is usually interpreted in connection with the neutron excess or a neutron skin oscillating against an isospin

saturated core. In a simple approach, the thickness of such a neutron skin should scale with the difference of the Fermi

levels of the protons and neutrons corrected for the Coulomb barrier. This is a measure of how loosely the neutrons are

bound compared to the protons. Following this approach we define the parameter

∆CCF = (S2p − S2n)/2 + EC (7)

where S2p and S2n are the two proton and two neutron separation energies, respectively, and EC is the height of the Coulomb

barrier at the nuclear radius (CFF = Coulomb Corrected Fermi energy). The two neutron/two proton separation energies

are chosen in order to be independent of the pairing energy. This parameter allows to compare isotopes in different mass

regions as well as stable and exotic isotopes in a useful way. Fig. 27 shows the correlation between ∆CCF and the neutron

skin calculated in theoretical approaches by Tsoneva et al. [40], Piekarewicz [47] and Klimkiewicz et al. [64]. The values from

the latter two are taken for parameters of the symmetry energy, which yield a value of 0.18 fm for
208

Pb.

In Fig. 28, we have plotted the exhaustion of the EWSR by the PDR versus the parameter ∆CCF . It is interesting to note

that the data points for the isotopes
68
Ni,

130
Sn,

132
Sn, and

208
Pb are now clustered together at rather large ∆CCF values

68Ni	


D. Savran et al. / Progress in Particle and Nuclear Physics 70 (2013) 210–245 241

Fig. 30. Reported centroid energies of the PDR as a function of the parameter ∆CCF . In addition, the neutron separation energies are indicated by the thin
horizontal lines, which in most cases represent the lower or higher limit, depending on the experimental approach.

In this discussion the results of the (α, α�γ ) experiments showing a structural difference of the low-lying E1 strength
at different excitation energies are completely ignored. However, they clearly indicate, that different origins might be
responsible for the occurrence of the E1 strength and a simple integration (with or without subtraction of a GDR tail) might
be misleading.

In summary, the present status of the experimental data clearly shows that the occurrence of a structure in the E1
response (identified with the PDR) in addition to the GDR is a common feature in atomic nuclei. The PDR seems to be located
in the energy region 6–10 MeV for most nuclei and exhausts on the order of 0.5% up to a few percent of the E1 EWSR. More
complete and consistent data is mandatory in order to experimentally verify the connection of the PDR to the neutron skin
of atomic nuclei and its systematics with respect to mass, neutron excess or the new proposed parameter ∆CCF .

4. Conclusions and outlook

The status summary given in the last subsection directly defines the major open questions concerning the PDR:

• Can one find well-defined substructures in the E1 response of atomic nuclei? Do the low-lying E1 excitations all have the
same character, or can one distinguish strength belonging to a Pygmy Dipole Resonance from E1 strength belonging to
the tail of the Giant Dipole Resonance?

• Can we observe systematic correlations between the energy position, total sum and fragmentation of the low-lying E1
strength (or it substructures) and basic properties of the nuclei, e.g., mass, valence particles, neutron excess or difference
between neutron and proton Fermi levels?

• Can one directly correlate the measured properties of the PDR to the size of the neutron (or proton) skin and/or to
parameters of the symmetry energy of the EOS?

• How general is the phenomenon of an increased E1 strength in the tail of the GDR? What is the minimum number of
nucleons necessary? Do we observe the same phenomenon in stable and exotic nuclei?

To address these questions, a combination of different experimental approaches is mandatory, i.e., there is not ‘‘the’’
single experiment which gives a comprehensive answer. The experimental agenda for the upcoming years will focus on the
following items:

1. One needs experiments investigating a broad energy region covering the E1 response below and above the particle
separation energies with adequate sensitivity. Measurements using Coulomb excitation (and Coulomb dissociation) or
the use of (quasi) mono-energetic photon sources for the excitation can address this need.

2. One needs experiments yielding additional observables for the low lying dipole strengths, e.g. γ -decay properties and
form factors of the 1− excitations. New setups will allow to measure γ -decay branchings with unprecedented accuracy.
For a few favorable cases the measurement of form factors in exclusive or inclusive electron scattering experiments may
become feasible. These difficult experimentsmight be started on prominent and simple caseswith such as 48Ca or 208Pb
in order to identify the differences of transition densities of E1 excitations at low and high energies. New experimental
setups allowing e.g. (e, e�γ ) experiments might allow to extend these studies to more complex nuclei.

3. One needs experiments covering a wide isospin and mass range. This asks for systematic studies from neutron-deficient
nuclei via the valley of stability (where high precision experiments are feasible) to neutron-rich nuclei. Therefore,
the present data situation suggests that much more measurements on radioactive isotopes in inverse kinematics are
mandatory. Setups at GSI and RIKEN are already operational and will deliver new data in the near future. Furthermore,
the study of electric dipole strength is one important task of the R3B project at the new radioactive beam facility FAIR. In



Symmetry energy S2(ρ) and neutron skin in 208Pb 

•  strong linear correlation between 
neutron skin thickness and 
parameters a4, p0	


R.J.Furnstahl 	

NPA 706 (2002) 85-110	


Alex Brown, 	

PRL 85 (2000) 5296	
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Symmetry energy and dipole response 

neutron-skin thickness 	

dipole response	


S. Typel and B.A. Brown,    
Phys. Rev. C 64 (2001) 027302 

properties of 
neutron-rich matter 	


density dependence of 
symmetry energy	


derivative of neutron EoS	
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A. Klimkiewicz et al., PRC 76 (2007) 051603(R)	

A. Carbone et al., PRC 81 (2010) 041301(R)	

P.-G. Reinhard, W. Nazarewicz, PRC 81 (2010) 051303(R)	

A. Tamii et al., Phys. Rev. Lett. 107 (2011) 062502.	


J. Piekarewicz,PRC 83, 034319 (2011) 

n-skin from Pygmy strength	

n-skin from polarizability	




First measurement of the dipole polarizability  
for a short-lived nucleus 

Dipole response of neutron-proton asymmetric nuclei 
Pygmy- and Giant-Resonance and dipole polarizability of 68Ni 
è Neutron-skin thickness, Symmetry-energy 
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TABLE I. GDR and PDR parameters for 68Ni from fit to E1
strength, as shown in Fig. 3. Included as well are the GDR
and PDR parameters from literature.

This work Lit. Ref.

GDR
Em [MeV] 17.1(2) 17.84

[30]! [MeV] 6.1(5) 5.69
SEWSR [%] 98(7) 100

PDR
Em [MeV] 9.55(17) 11

[13, 25]! [MeV] 0.51(13) < 1
SEWSR [%] 2.8(5) 5.0(1.5)

ing from correlations among the bins due to the instru-220

mental response discussed above.221

The neutron kinetic energies in the 1n channel can-222

not be described by a statistical decay alone (dashed line223

in upper frame in Fig. 1). Since the 2n channel opens224

5.81 MeV above the 1n threshold, neutron energies far225

above this value are not expected to be observed, un-226

less a second decay mode is considered. By adding a227

non-statistical decay component (dotted line in upper228

frame in Fig. 1) to the fit procedure, in which the ex-229

cited nucleus decays to the vicinity of the A-1 ground230

state exclusively by the emission of one highly energetic231

neutron, the neutron kinetic energies in the (!!,n) chan-232

nel can be described properly. The non-statistical decay233

branching ratio, which is considered to be constant over234

the entire studied energy range, was obtained from the "2
235

minimization and amounts to 25(2)%, which is in good236

agreement with the expected values for nuclei in this mass237

region [30].238

In order to extract the GDR and PDR parameters239

from the E1 strength distribution, a function compris-240

ing a Breit-Wigner and a Gaussian curve was fit to the241

deconvoluted experimental data. The values obtained242

for the centroid energy (Em), width (! for the GDR, #243

for the PDR) and SEWSR are listed in Table I, which in-244

cludes the GDR parameters predicted by systematics [30]245

as well. Fig. 3 shows the composite fit function as well as246

the strength attributed to the GDR alone. A slight shift247

towards lower centroid energy is observed for 68Ni com-248

pared to the systematics for stable nuclei. Extracting the249

PDR parameters in this manner allows for a direct com-250

parison with the results obtained by Wieland et al. [25],251

reporting a centroid energy of 11 MeV, a width of less252

than 1 MeV and SEWSR = 5.0(1.5)% (under the assump-253

tion of a direct photon decay branching ratio from the254

PDR region of !4%). While energy and width are in rea-255

sonable agreement, we observe significantly less sum-rule256

strength in the low-lying peak. In turn, we can extract257

from this comparison the direct !-decay branching ratio258

for the decay of the PDR in 68Ni to 7(2)%, which is sig-259

nificantly larger than the estimate of Ref. [25] assuming260

a statistical decay.261

We now turn to the extraction of the dipole polarizabil-262

ity $D, which is enhanced by the PDR in neutron-rich263
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FIG. 4. (Color online) Inverse energy-weighted dipole
strength (black dots) with FSUGold calculations of
Piekarewicz [9] for three neutron-skin thickness values for
68Ni. Inset: experimental dipole polarizability cumulated
sum with corresponding FSUGold calculations.

nuclei, as expected for species exhibiting an appreciable264

neutron skin. Fig. 4 presents the experimental inverse265

energy-weighted dipole strength distribution (integrand266

of Eq. 1) of 68Ni compared to the results of a relativis-267

tic RPA calculation by Piekarewicz [9], which uses the268

accurately calibrated FSUGold parameterization of the269

mean-field interaction. The variation of an empirical cou-270

pling constant responsible for isoscalar-isovector mixing271

leads to a modification of the density dependence of the272

symmetry energy as well as of the overall E1 strength.273

The tuning of this parameter allows correlations between274

theoretical and experimental quantities to be established,275

such as between the neutron-skin thickness and the dipole276

polarizability [9]. The calculated dipole response func-277

tions have been convoluted with the experimental energy278

resolution for comparison. Three cases for di"erent val-279

ues of #Rn,p are shown in Fig. 4 on top of the experi-280

mental data.281

While the spectral shape of the inverse energy-282

weighted dipole strength allows us to identify and sep-283

arate the regions of low-lying and GDR strength, the284

integral dipole polarizability itself provides su$cient and285

robust information to correlate #Rn,p with an experi-286

mental observable. The inset in Fig. 4 depicts the cumu-287

lative sum, both for the experimental data as well as for288

the calculated curves. The experimental value amounts289

to $D = 3.40(23) fm3, evaluated with an upper integra-290

tion limit of 28.4 MeV.291

Making use of the nearly linear relationship be-292

tween $D and #Rn,p provided by the calculations of293

Piekarewicz [9] as shown in Fig. 5, we deduce #Rn,p =294

0.175(21) fm for 68Ni using the measured dipole polariz-295

ability. The same calculation which reproduces the mea-296

sured $D in 68Ni predicts #Rn,p = 0.16(3) fm in 208Pb,297

which is in very good agreement with the values extracted298

in Refs. [5, 10, 14]. Applying the method outlined by299
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The E1 strength distribution in 68Ni has been investigated using Coulomb excitation in inverse
kinematics at the R3B-LAND setup and by measuring the invariant mass in the one and two-
neutron decay channels. The GDR and a low-lying peak (PDR) have been observed at 17.1(2) and
9.55(17) MeV, respectively. The measured dipole polarizability is compared to relativistic RPA
calculations yielding a neutron-skin thickness of 0.175(21) fm. A method and analysis applicable
to neutron-rich nuclei has been developed, allowing for a precise determination of neutron skins in
nuclei as a function of neutron excess.

PACS numbers: 24.30.Cz, 24.30.Gd, 25.60.-t, 25.70.De30

The knowledge of the nuclear equation-of-state (EoS)31

of neutron-rich matter is key for the understanding of32

many phenomena both in nuclear physics and astro-33

physics, ranging from the properties and reactions of34

neutron-rich nuclei to Super-Nova dynamics and prop-35

erties of neutron stars. Huge theoretical and experimen-36

tal e!orts have been devoted in recent years in order to37

constrain the isospin-asymmetric part of the EoS, i.e.,38

the symmetry energy, and its density dependence, see39

for instance Refs. [1–3]. The neutron skin of neutron-40

rich nuclei is a property that is directly related to the41

EoS of asymmetric matter close to saturation density.42

The density dependence of the symmetry energy governs43

the neutron skin in nuclei as well as the radius of neutron44

stars [4]. However, a precise experimental determination45

of the neutron-skin thickness remains challenging [5, 6].46

The electric dipole (E1) response of nuclei, and in par-47

ticular its dependence on the neutron-to-proton asymme-48

try, is governed by the symmetry energy and its density49

dependence as well [7–10]. Recently, the low-lying E150

strength appearing in neutron-rich nuclei, often denoted51

as Pygmy Dipole Resonance (PDR) [11], has been uti-52

lized to constrain the symmetry energy or the neutron-53

skin thickness [7, 12, 13]. It has been pointed out by54

Reinhard and Nazarewicz [8], that the electric dipole po-55

larizability !D of the nucleus provides a more robust and56

less model-dependent observable to extract "Rn,p. The57

dipole polarizability !D, which is indeed very sensitive to58

low-lying E1 strength due to its inverse energy weighting,59

is defined as follows [9]:60

!D =
!c

2"2

! "

0

# (E)

E2
dE, (1)

where #(E) is the photoabsorption cross section.61

Tamii et al. measured the dipole polarizability of62

208Pb, amounting to 20.1(6) fm3/e2, and extracted its63
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FIG. 5. (Color online) Correlation between neutron-skin
thickness and dipole polarizability in 68Ni using FSUGold [9].
The shaded zones indicate the experimental errors on the
measured !D and extrapolated !Rn,p values.

Roca-Maza et al. [10] which provides a greatly improved300

correlation (and thus less model dependence) by corre-301

lating the product of !D and of the symmetry energy J302

with !Rn,p, excellent agreement is also found with the303

measured value of !D for 208Pb [5, 10]. A combined304

analysis, which is beyond the scope of this Letter, will305

tighten the constraints on the density dependence of the306

symmetry energy further. In particular, future precise307

measurements for several neutron-rich nuclei with an ap-308

preciable neutron skin using the method presented here309

will be of great importance.310

In summary, we presented results on the E1 strength in311

the neutron-rich 68Ni, with excitation energies spanning312

the PDR and GDR regions. A bin-wise deconvolution313

of the experimental data was performed and revealed314

not only the GDR at its expected location, but also a315

PDR described by a Gaussian at 9.55(17) MeV exhaust-316

ing 2.8(5)% of the E1 energy-weighted sum rule strength.317

In combination with a previous measurement [25], a sur-318

prisingly large direct photon decay branch for the PDR319

of 6.7(1.1)% has been found. The dipole polarizabil-320

ity was determined from the deconvoluted data for the321

first time in an unstable nucleus, leading to a value of322

!D = 3.40(23) fm3 integrated up to 28.4 MeV. A com-323

parison of this result with theoretical calculations yielded324

a neutron-skin thickness of 0.175(21) fm for 68Ni using325

the measured dipole polarizability. This result can also326

be compared to the value of 0.200(15) fm deduced by327

Carbone et al. from an analysis of the PDR strength328

in 68Ni [13]. Taking into account our value obtained329

for the PDR strength (which does not depend on the330

"-decay branching ratio) would bring the !Rn,p valuein331

a similar analysis even closer to our result. The method332

described in this Letter will allow the measurements of333

the dipole polarizability to be extended to more neutron-334

rich systems, which will be important to understand and335

quantify remaining model dependencies and to further336

constrain the isospin-dependent part of the equation of337

state of nuclear matter.338
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Conclusion 

•  R3B construction well on track	

     Successful commissioning of already constructed detector components done	


•  Day 0 (2017+)	

	

     New instrumentation including superconducting dipole will be available 	

     in Cave C for experiments 	


	
 	
 	
Unique experimental program possible already at Cave C	


•  Day 1 (2020+)	

	

      R3B completed and ready for beams at FAIR	


	
 	
 	
Physics program with exotic beams from Super-FRS	

	



