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NUclear STructure Astrophysics and Reactions 
What are the limits for existence of nuclei? 

Where are the proton and neutron drip lines situated?  
Where does the nuclear chart end? 

How does the nuclear force depend on varying proton-to-neutron ratios? 
What is the isospin dependence of the spin-orbit force? 
How does shell structure change far away from stability? 

How to explain collective phenomena from individual motion? 
What are the phases, relevant degrees of freedom, and symmetries  
of the nuclear many-body system? 

How are complex nuclei built from their basic constituents? 
What is the effective nucleon-nucleon interaction? 
How does QCD constrain its parameters? 

Which are the nuclei relevant for astrophysical processes   
and what are their properties? 

What is the origin of the heavy elements? 



Super-FRS 
 

RIB production, identification and high-
resolution spectroscopy 

DESPEC γ-, β-, α-, p-, n-decay spectroscopy 
HISPEC  in-beam γ spectroscopy at low and 

intermediate energy 
ILIMA  masses and lifetimes of nuclei in ground 

and isomeric states 
LASPEC  laser spectroscopy 
MATS  in-trap mass measurements and decay 

studies 
R3B 
 
Super-FRS  

kinematically complete reactions at high 
beam energy 
high-resolution studies with high-
performance separator 

ELISE  elastic, inelastic, and quasi-free e—A 
scattering 

EXL light-ion scattering reactions in inverse 
kinematics 

The Collaboration 
> 800 scientists 
> 180 institutes 
38 countries 

The Investment 

82 M€ Super-FRS 

73 M€ Experiments 

The Approach 

Complementary 
measurements 
leading to consistent 
answers 

NUSTAR - The Project 
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Existing research opportunities at GSI 
 

5 

…evolving towards NUSTAR@FAIR! 

SIS 

FRS 

ESR 

Ground state properties 
inverse reactions 

Decay studies,  
In-beam spectroscopy 

LAND-R3B 

Reaction studies 

production and 
separation of 
exotic nuclei 

RISING - 
PRESPEC 
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Main 
Separator 

HEB 

LEB 

RING 

Pre- 
separator 

Beam intensity 
improvement  
FRS –Super-FRS:  
102 to 105! 

Low Energy Branch: 

HISPEC, DESPEC, MATS, LASPEC 

High Energy Branch: R3B 

Ring Branch: EXL, ILIMA, ELISE 

NUSTAR - The Facility 
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HISPEC/DESPEC - foreseen instrumentation  
 
HISPEC 
•  LYCCA  heavy-ion calorimeter with ToF capability 
•  AGATA  gamma spectrometer 
•  HYDE    light particle array 
•  NEDA    Neutron Detector Array 
•  EDAQ   dedicated electronics and DAQ based on several branches 
•  Plunger nuclear level lifetime measurements 
DESPEC 
•  AIDA            active implantation device 
•  MONSTER  neutron ToF array 
•  BELEN        neutron detection array 
•  DTAS          Decay Total Absorption Spectrometer 
•  DESPEC    Ge Array gamma spectrometer 
•  FATIMA      Fast TIMing Array 
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PreSPEC-AGATA 2012-2014: Early Implementation of HISPEC 

Lund-York-Cologne 
CAlorimeter (LYCCA) 
A and Z particle-ID after 
secondary target by means of 

-  x,y tracking 
-  ΔE-E (Si-CsI)  
-  Time-of-flight (plastic) 

TDR approved 2008 
Commissioned, upgraded and 
used in PreSPEC physics 
experiments since 2011!  

Advanced Gamma-ray  
Tracking Array (AGATA) 

up to 5 x 2+10 x 3 = 40 
 segmented HP Ge-crystals 

d ~ 20 cm	
  
εPh	
  ≈	
  17%	
  
ΔE	
  ≈	
  0.4%	
  

FRS-detector suite yields 
A and Z of incoming beam 
and provides x,y tracking 

 

  HECTOR+ 
Large BaF2 and LaBr3 detectors 

for high-energy γ rays 
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O. Wieland et al. 
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First data on Relativistic M1-Projectile COULEX 

online spectra, 5 h, 
no Doppler corr. 
~ 5% of total data 

data: M. Reese, C. Stahl, M. Lettmann (TU Darmstadt) 

85Br on Au 
Mar. 2014 
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MATS/LASPEC at the Low Energy Branch (LEB) 
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TRIGA-SPEC @ Mainz: Prototype of MATS and LASPEC 
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gemeinsame 
Strahlstrecke 

M
AT

S LASPEC 

Common  
Beamline 

Nuclear Structure and Reactions within NUSTAR  
 

12 



13 Nuclear Structure and Reactions within NUSTAR  
 

Mass Measurements at TRIGA-TRAP in 2013 
First stage of MATS (View with GSI data) 
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S. Nagy  et al., 



Collinear laser spectroscopy of doubly-charged 
fission fragments at IGISOL-4 

98gY	



97gY	



96gY	



89gY	



•  First spectroscopy on 2+ charge states 
•  Optical manipulation in rfq 
•  s→p transition from metastable state 
•  Calibrate atomic factors in yttrium 

towards 
laser line 

rfq 
injection 
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KineOc	
  Energy	
  
1.3	
  keV	
  

Ions	
  
Separated	
  

Ions	
  

Mass	
  
Measurement	
  

W.R. Plaß et al., NIM B 266 (2008) 4560 
W.R. Plaß et al., Int. J. Mass Spectrom. 394 (2013) 134  

Commissioned online at the FRS Ion Catcher in 2012 
•  First direct mass measurements of  
   211Po and 211Rn, 213Rn (T1/2 = 19.5 ms!) 
•  Characterization of stopping cell performance: 
  MR-TOF-MS ideal diagnostics tool for stopping cells 

Beam	
  	
  
from	
  FRS	
  

Mass spectrometer (direct mass measurements, 
broadband diagnostics) and isobar separator 
Features world-wide unique performance characteristics: 
•  Mass resolving power: up to 600,000 
•  Mass measurement accuracy: down to 10-7 

•  Measurement duration: ~ few ms 
•  Repetition frequency: up to 400 Hz 
•  Transmission efficiency: > 50% 
•  Ion capacity: up to 106 ions/s 

Cryogenic	
  stopping	
  cell	
   MulOple-­‐reflecOon	
  TOF-­‐MS	
  

Future work: Implement recapture system /  
  operation as (ultra-)high resolution mass separator 

Multi-Reflection Time-Of Flight Mass Spectrometer 
 

Giessen 
W. Plass et al. 
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Reactions with Relativistic Radioactive Beams 

Superconducting  Dipole: 
Ready for installation in 2014	


Construction by CEA Saclay	



R3B GLAD ✔	



R3B Start version 2016	



NeuLAND ✔	



✔ 

✔ 

✔ 
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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 
  2015/16 Construction and installation of detector components 
  2017  Commissioning of full R3B setup and first physics run at GSI 
  2018  Installation of experimental setup at FAIR site including superconducting triplet 
  2019  Commissioning and first experiments at Super-FRS 

Experiments in 2019 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 

Nuclear Structure and Reactions within NUSTAR  
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Beyond the drip line 
First observation of 15Ne ground and excited states 

nuclei with N ¼ 8, 10 and their mirrors with Z ¼ 8, 10
[24]. In Ref. [24] it is shown that the ground states of
N ¼ 10 nuclei may be reasonably well described as two
neutrons in the (sd) shell with spin zero coupled to a core
predominantly in the p shell. The same structure is
expected for mirror nuclei with Z ¼ 10 with two protons
in the (sd) shell, i.e., 13;14;15O ⊗ ½αð1s1=2Þ2 þ βð0d5=2Þ2&.
It was also shown that the difference between the two-
nucleon binding energies (S2n in N ¼ 10 and S2p in
Z ¼ 10) is directly related to the content of the s shell
α2. The unknown binding energy of one of the mirror pairs
can be estimated if α2 and the binding energy of the
other is known. Now, when the binding energies of 15Ne
and 15B are both known, the content of s-shell protons
can be estimated. The 15Ne ground state with spin-
parity 3=2− may have a configuration mainly as
13O ⊗ ½αð1s1=2Þ2 þ βð0d5=2Þ2&, with the two valence pro-
tons coupled to spin zero. The estimated content of s-shell
protons is then α2 ¼ 63ð5Þ%, in agreement with Ref. [24].
The two-proton decay of a resonance state may be

discussed in terms of three extreme scenarios: (i) a di-
proton decay, (ii) a sequential decay through intermediate
states in the fp subsystem, or (iii) as a genuine three-body
decay with no strong interaction in any binary subsystem.
The 16Ne ground state is bound relative to one-proton

emission while 15Ne has the possibility to decay with
one-proton emission via the two lowest states in 14F
(see Fig. 4), the 2− ground state at Er ¼ 1.56ð4Þ MeV,
Γ ¼ 0.91ð10Þ MeV and a 1− state at Er ¼ 2.10ð17Þ MeV,
Γ ≈ 1 MeV [18]. However, within statistical uncertainties
in the fractional energy spectra, both nuclei exhibit the
same pattern of correlations [see Figs. 5(a) and 5(b)]. There
is thus no evidence for sequential decay of 15Ne.
The dotted lines in Fig. 5 correspond to sequential proton

emission through the ground state of 14F in R matrix
formalism, described in Ref. [25]. The results are clearly
not in accordance with the experimentally observed corre-
lations. The solid lines demonstrate the result of a calcu-
lation within a three-body model for 16Ne [19]. The
calculations are in good agreement with the experimental
WðϵppÞ and WðϵfpÞ distributions and demonstrate that no
characteristic features of the sequential emission from 15Ne
through 14F states were observed. The distributions are
wide and the decay mechanism is of neither di-proton nor
sequential type. The conclusion is, therefore, that we are
faced with a genuine three-body, i.e., democratic, decay.
The Coulomb focusing effect can clearly be observed in the
WðϵfpÞ distribution. Because of the strong Coulomb
repulsion from the fragment, the protons are forming a
more narrow distribution, centered at ϵfp ¼ 0.5. Note that
the relative energy between protons Epp at the same time
may be as large as the total internal energy in the three-body
system. The enhancement seen in the WðϵppÞ distribution
at low ϵpp reveals features of the proton-proton interaction
in the final state.
The first excited state in 15Ne was identified at

4.42(4) MeV above the 13Oþ pþ p threshold, i.e., at
an excitation energy E' ¼ 1.90ð8Þ MeV. This energy may
be compared with the position of the Iπ ¼ 5=2− state in the
mirror nucleus 15B at E' ¼ 1.327ð12Þ MeV [26]. The
0.57(8) MeV energy difference, the Thomas-Ehrman shift,
originates in the broad radial distribution of the proton
single-particle wave function [27].
Furthermore, the ground state of 15Ne is unstable

towards three-proton emission by 1.0 MeV and to four-
proton emission by 0.4 MeV (see Fig. 4). As a future
perspective, studies of these decay channels could provide
additional information about the structure of the neon
isotopes at the edge of existence.
In summary, we have observed for the first time the

unbound nucleus 15Ne, which until now is the lightest
observed Tz ¼ −5=2 nucleus. Using one- and two-neutron
knockout reactions from a radioactive beam of 17Ne,
benchmarking on 17Ne as a calibration, the energies and
widths of states in 15Ne as well as in 16Ne were obtained.
An atomic-mass excess of 40.215(69) MeV for the
15Ne ground state was determined, which means a
2.522(66) MeV instability with respect to 13Oþ pþ p
decay. The energy correlations between the decay products
of the 15Ne ground state indicate a democratic decay
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FIG. 5 (color online). Fractional energy spectra for 15Ne
(diamond) and 16Ne (crossed circle). The distribution on frac-
tional relative energy (a) between two protons and (b) between
one proton and a 13;14O fragment for 15;16Ne, respectively, are
shown as distributions normalized to unity. The solid lines are the
results of theoretical calculations within a three-body model in
the case of 16Ne [19]. The dotted lines show the result of a
calculation assuming sequential decay of 15Ne via the ground
state of 14F.

PRL 112, 132502 (2014) P HY S I CA L R EV I EW LE T T ER S
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132502-4

published data for the positions of the three observed states
and for the width of the ground-state resonance.
The analysis of the 13Oþ pþ p relative energy spec-

trum was performed in the same manner as described
above. The measured spectrum with the result of the fit is
shown in Fig. 3(b). The ground state of 15Ne is identified at
Er ¼ 2.522ð66Þ MeV with Γ ¼ 0.59ð23Þ MeV. From mir-
ror symmetry, this state is assigned to have spin-parity
Iπ ¼ 3=2−. The first excited state (Iπ ¼ 5=2−) was found at

Er ¼ 4.42ð4Þ MeV with a narrow width, Γ ≤ 0.1 MeV.
The relative intensities of the two observed resonances are
43.4(6)% and 7.3(3)%, respectively. The 17Ne 1n and 2n
knockout cross sections in the relative-energy interval
0 < Efpp < 10 MeV for hydrogen and carbon were
obtained as σ−1nðHÞ¼15ð3Þmb and σ−1nðCÞ¼20ð4Þmb
and σ−2nðHÞ ¼ 1.2ð6Þ mb and σ−2nðCÞ ¼ 1.3ð6Þ mb. The
2.5 MeV broad distribution in the energy region 6—9 MeV
most likely represents contributions from several unre-
solved resonances. The results are summarized in the level
scheme shown in Fig. 4.
A major source of information about the decay mecha-

nism of the 15Ne ground state may be obtained from the
three-body energy correlations between the decay products
in the final state. Two types of correlation functions were
introduced. The first was defined as the distribution of
fractional energy in the proton-proton subsystem WðϵppÞ
and the second as the distribution of fractional energy in the
fragment-proton subsystemWðϵfpÞ . The fractional-energy
distributions normalized to unity are shown in Figs. 5(a)
and 5(b). The figure also includes the fractional-energy
distributions derived from our data for 16Ne in the Efpp
region around its ground state.
The 15Ne ground state was found to be unstable towards

13Oþ pþ p decay by 2.522(66) MeV, which corresponds
to an atomic mass excess of MEð15NeÞ¼40.215ð69ÞMeV.
The mass excesses of the nuclei involved here were taken
from Ref. [20]. Improved Garvey-Kelson mass relations,
based on the mass differences of mirror nuclei, were
recently proposed and masses of exotic proton-rich nuclei
were determined [21,22]. The obtained mass-excess
value, MEð15NeÞ ¼ 41.555 MeV with an uncertainty of
σ ¼ 23 keV, deviates thus from the experimental value by
about 60σ. A simple argument to explain such deviations is
given in Ref. [23] in terms of the pairing interaction.
Recently, a value of MEð15NeÞ ¼ 40.37ð24Þ MeV, in good
agreement with the present result, was estimated using a
parametrization of the energy differences between known
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FIG. 3 (color online). (a) The 14Oþ pþ p relative-energy
spectrum used to verify the experimental resolution and the
energy calibration (see Table I). The thin solid line extending
below the spectrum is due to a nonresonant background. (b) The
13Oþ pþ p relative-energy spectrum. The spectra are decom-
posed into several Breit-Wigner—shaped resonances convoluted
with the experimental resolution.

TABLE I. Resonance energies (Efpp) and widths in MeV of
16Ne states as obtained in this experiment [⋆] together with
results from earlier experiments.

Iπ ¼ 0þ Iπ ¼ ð0þ; 2þÞ Iπ ¼ ð2þÞ
Er Γ Er Γ Er Γ Ref.

1.388(15) 0.082(15) 3.22(5) ≤ 0.05 7.57(6) ≤ 0.1 [⋆]
1.33(8) 0.2(1) 3.02(11) % % % % % % % % % [13]
1.466(45) % % % % % % % % % % % % % % % [14]
1.399(24) 0.11(4) % % % % % % % % % % % % [15]
% % % % % % 3.5(2) % % % % % % % % % [16]
1.35(8) % % % % % % % % % 7.6(2) 0.8ðþ4

−8Þ [17]
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FIG. 4 (color online). Level schemes for 15Ne and daughter
nuclei. The energies are given from zero internal energy in the
13Oþ pþ p system. Thresholds for few-body decays are also
shown. The energy levels for 14F are taken from Ref. [18].
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15Ne ground state unbound by  
S2p = 2.522(66) MeV 

 

⊗  16Ne exp data 
♦  15Ne exp data 

L.V. Grigorenko, I.G. Mukha, I.J. 
Thompson, and M.V. Zhukov, Phys. 

Rev. Lett. 88, 042502 (2002). 16Ne isotropic 3-body decay 

sequential decay via the 14F gs 

15Ne is (like 16Ne) a true 2p-decay nucleus,  
(despite available states in 14F) 

15Ne 3-body decay 15Ne and daughter nuclei 

15Ne 

16Ne 

Nuclear Structure and Reactions within NUSTAR  
 

18 



Quasi-free scattering 
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ILIMA – partial program in CR (NESR not in MSV) 

CR perspective view 

20 

TOF Detectors 

stochastic cooling 

debuncher cavities 

injection/extraction kickers 

Schottky 
pickup 

from F. Nolden 
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How to operate in a ring without an electron cooler? 
 Measure velocity and also position simultaneously with two ToF detectors. 

28 m 

Det-2 Det-1 

Δv/v ~ 1x10-4 after 
averaging many turns 

ToF Detection 
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Main	
  separator	
  

Energy	
  buncher	
  /	
  
spectrometer	
  

Low-­‐Energy	
  
Branch	
  

High-­‐Energy	
  	
  
Branch	
  

Storage-­‐Ring	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Branch	
  

50m	
  

Important beam parameters: 
- all elements from H through U 
- intensity up to ~ 1012 ions/sec. 
- beam energies up to 1.5 GeV/u 
- slow (DC-type) extraction 

Super-FRS separator-spectrometer 
experimental areas comprise: 

 secondary/tertiary targets 
 degrader stations 
 ancillary detectors 

Super-FRS characteristics: 
εx = εy = 40 π mm mrad 

ϕx = +/- 40 mrad 

ϕy = +/- 20 mrad 

Δp/p = +/- 2.5% 

Bρmax = 20 Tm 

p/δp = 1,500 

ProducOon	
  
target	
  

Super-­‐FRS	
  as	
  an	
  experimental	
  setup 

	
  High-­‐resoluOon	
  spectrometer	
  for	
  relaOvisOc	
  beams 
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Super-FRS experiments 

Worldwide unique features: 
  energy > 500 MeV/u 
  momentum resolution p/Δp ~ 

1500 ... 20000 
  customized ion-optical modes 

 

Planned experiments will use  
  separator stages for high 

momentum resolution 
  intermediate degrader and target 

stations 
  standard equipment + (new) 

ancillary detectors 

Super-FRS as:  
  high-performance separator for 

mono-isotopic or cocktail beams 
  high resolution spectrometer 
  RI beam separator plus reaction 

spectrometer 
Science programme compiled, 
synergies and overlaps identified  

Super-FRS physics collaboration within NUSTAR formally established 
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Beyond MSV: NUSTAR program at the NESR 
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Experiments with stored, electron cooled ion beams 
•  World-wide unique 
•  Conceptionally new experiments 

ILIMA 
•  electron cooled beams needed for 

•  higher precision and separation 
(ground and isomeric states) 
•   time-resolved studies (unique decay     
modes, e.g. bound beta decay) 
•  studies with pure isomeric beams 

EXL: Elastic and inelastic scattering, reaction with low-momentum transfer 
•  matter distributions, monopole resonances, capture reactions, charge exchange reactions, 
transfer, knock-out 

 (n-skins, compressibility, GT-strength, shell evolution, nucl. astrophysics reactions) 

ELISe 
•  Elastic and inelastic electron scattering on 
RIBs 
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Intermediate storage ring activities@ESR/“Green Paper” 

Elastic p-scattering off 56Ni (E105) 
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preliminary!  
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CRYRING	
  Cryring	
  
Circumference	
  

54	
  m	
  
	
  

Bρ:	
  1.44	
  Tm	
  

CRYRING at ESR 
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Cryring+ESR: beam energies 0.1-1.0 
MeV/u - reaction rates 
measurements in the Gamow window 
of the rp-process 

ESR:	
  
Circumference	
  

108	
  m	
  
	
  

Bρ:	
  10	
  Tm	
  

N
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Pr140     58+

Ce140      58+

Q   = 3388 keVEC

Frequency [kHz] - 61000.0
187.4 187.6187.2 187.8

Insert scraper
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Transfer line to HESR/ESR/CRYRING 
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Storage ring task  
force very active! 
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Beam 

Chemical 
theory 

SHIPTRAP 

TASISpec 

SHIP 

TASCA 

ECR/PIG + 
UNILAC 

Stable 
targets 

Chemistry 

Unique instrumentation for 
SHE research at FAIR 

Actinide 
targets 

TRIGA- 

-TRAP 
-LASER Radiochem. 

labs 
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SHE collaboration @ NUSTAR 
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SHE research will complement NUSTAR scientific program  

•  Comprehensive approach to study atomic, chemical, and nuclear properties 
of the heaviest elements (Z > 100) 

•  versatile cutting-edge setups such as SHIP, SHIPTRAP, TASCA, TASISpec 
and more ready for experiments 

•  steps toward realization of high-intensity CW Linac for SHE research 
underway: accelerator R&D at HIM/GSI/GUF (“demonstrator” funded) 

SHE sub-collaboration is being formed following endorsement by 
NUSTAR board, science case recently submitted.  

Spokesperson:   Christoph Düllmann 
Deputy Spokesperson:  Michael Block 
Technical Coordinator:  Alexander Yakushev 
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NUSTAR@FAIR 

World-wide unique synchrotron-based RIB production for: 
•  High-energy Radioactive Beams (≤1.5 GeV/u) 

•  Efficient production, separation, transmission and detection aided by 
Lorentz boost 

•  Access to the heaviest nuclei without charge-state ambiguities 
•  Large range of attainable reaction mechanisms 

•  Storage rings 
•  Mass measurements and beam preparation/manipulation 
•  Isomeric beams 
•  Novel experimental tools (beyond MSV/with CRYRING, ESR and HESR) 

Combined with: 
•  Wide range of state-of-the-art instrumentation – not monolithic! 

•  Strong evolution from existing programs  
•  Dynamic progress in terms of TDRs/construction/operation 
•  Some NUSTAR FAIR experiments could already start in 2017/2018 
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Complementarity of NUSTAR experiments 
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MATS LASPEC ILIMA 
HISPEC/ 
DESPEC EXL R3B ELISE AIC 

exo+ 
pbar 

π

A-1

π

A-1

Super-FRS R3B ILIMA EXL ELISE AIC HISPEC exo+pbar MATS LASPEC
DESPEC

Masses bare ions, 
mapping 
study

Q-values, 
isomers

dressed 
ions, highest 
precision

Half-lives ps...ns-
range

bare ions, 
s...h

dressed ions, 
µs...s

Matter radii interaction x-
sect

matter radii matter 
densitiy 
distributions

matter radii 
from 
absorption

nuclear 
periphery

Charge 
radii

charge 
density 
distribution

mean square 
radii

Single-
particle 
structure

high 
resolution, 
angular 
momentum

complete 
kinematics, 
neutron 
detection

low 
momentum 
transfers

high-
resolution 
spectroscopy

Super- 
FRS 
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Thanks! 
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