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Norbert Pietralla, TU Darmstadt

ERL-training initiative at the S-DALINAC 
and a physics case for a future CERN-ERL 
facility

S-DALINAC: 130 MeV Superconducting – Darmstadt 
Linear electron Accelerator

operational at TU Darmstadt since 1990
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Motivation for this visit

• Initiative for a Research Training Group on Science and

Technology of Energy Recovery Linacs at TU Darmstadt 

and University Mainz

• Are there topics on ERL technology on which CERN 

could be interested to collaborate with the universities? 

• Initiative for a future CERN – ERL-test facility

• Are there physics cases from fundamental research on 

low-energy nuclear physics to help justify the facility?         

→ photonuclear science
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Introduction to ERLs:
Conventional Linac

� Beam is dumped at full energy

S-DALINAC: 2.6 kW beam power 
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Introduction to ERLs:
Energy Recovery Linac

� Beam is dumped at injection energy

S-DALINAC: 200 W beam power   � saving 92% of rf power  
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S-DALINAC

Design Parameters:

Max. Energy: 130 MeV
Energy Spread: ±10-4

Beam Current: 20 µA
Duty cycle: cw
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S-DALINAC first recirculating SC-Linac

taken from
talk of
Ivan Bazarov
(Cornell, 2004)
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D

D LaBr3:Ce detector array

D

Infrastructure projects in SFB 634

A

A 14 MeV Bremsstrahlung, 
Compton tracking polarimetry

BB

B Collimator systems, Møller polarimeter

S-DALINAC

(e,e´x)-Experiments & 180o-Spectrometer

2

3

10 MeV Bremsstrahlung

Photon tagger

5 (e,e´)-Experiments high resolution

1 Source for polarized electrons
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Status

C
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2

4

5

1

1

3



17.03.2015 |  Fachbereich Physik  |  Institut für Kernphysik  |  Technische Universität Darmstadt  |  Prof. Dr. Norbert Pietralla |                    8

Example I: 
Electron and Proton Scattering off 94Mo

O.Burda et al., Phys.Rev.Lett. 99, 093502 (2007)

Isovector one-phonon states are strongly excited
in (e,e‘) and (p,p‘) scattering experiments
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Nuclear Resonance Fluorescence (NRF)

� DHIPS: Darmstadt High Intensity Photon Setup

� up to 10 MeV, 60 µA, and a flux of 100 γ/(eV cm2 s) on target 
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Bremsstrahlung-Site
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Darmstadt Low-Energy Photon Scattering
Site at S-DALINAC

Target
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γ-detectors

Radiator target

e- γ
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Bremsstrahlung

< 10 MeV
Cu

Eγ < 10 MeV

Cu

K.Sonnabend et al., NIM A (2011).
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Example II: M1 Scissors mode‘s decay to
intrinsic excitations

B(M11) / B(M12) signature
for phase transition

• 152Gd NRF@S-DALINAC

• 156Gd NRF@HIγS

1+
sc 0+

β first observed in 154Gd

• Identification @ S-DALINAC

• Branching from γγ-coincidences

J. Beller, NP et al., Phys. Rev. Lett. 111, 172501 (2013). 
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Constraint for 0νββ-NME(→0+
2) from M1-

branching ratio of scissors mode

Reproduction of B(M12) / B(M11) requires 0νββ-NME to excited 0+
2 state to be 1 

order of magnitude larger than previously thought.
J. Beller, NP et al., Phys. Rev. Lett. 111, 172501 (2013). 
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Some Publications of IKP-TUDa PIs… 

J. D. Holt et al. Phys. Rev. Lett. 110 (2013) 022502
I. Tews et al. Phys. Rev. Lett. 110 (2013) 032504
J. Braun et al. Phys. Rev. Lett. 110 (2013) 130404
H. Hergert et al. Phys. Rev. Lett. 110 (2013) 242501
S. Kumar et al. Phys. Rev. Lett. 111 (2013) 030403
A. Gezerlis et al. Phys. Rev. Lett. 111 (2013) 032501
J. Beller et al. Phys. Rev. Lett. 111 (2013) 172501
D. M. Rossi et al. Phys. Rev. Lett. 111 (2013) 242503
D. Kraus et al., Phys. Rev. Lett. 111 (2013) 255501

Y. Fujita et al. Phys. Rev. Lett. 112 (2014) 112502 
J. Taprogge et al. Phys. Rev. Lett. 112 (2014) 132501
F. Wamers et al. Phys. Rev. Lett. 112 (2014) 132502
H. Iwasaki et al. Phys. Rev. Lett. 112 (2014) 142502
N. Bree et al. Phys. Rev. Lett. 112 (2014) 162701
E. Uberseder et al. Phys. Rev. Lett. 112 (2014) 211101
A.T. Gallant et al. Phys. Rev. Lett. 113 (2014) 082501
A. Bartl et al. Phys. Rev. Lett. 113 (2014) 081101
G.S. Simpson et al. Phys. Rev. Lett. 113 (2014) 132502
S.K. Bogner et al. Phys. Rev. Lett. 113 (2014) 142501
R. Wirth et al. Phys. Rev. Lett. 113 (2014) 192502
J.E. Lynn et al. Phys. Rev. Lett. 113 (2014) 192501

2013

2014
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S-DALINAC: 3rd recirculation in 2015

7.65

30.6

38.25 MeV
68.85 MeV
99.45 MeV

130.05 MeV

• Single pass, one or three recirculations will be possible
• Installation begins in July 2015 (Ph.D. thesis of Michaela Arnold)
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New separation dipole magnet

• delivery by SigmaPhi in June 2015

0.1 m

New Separation-Dipole with vacuum
chamber:

Beam exit for decelerated electrons
(3 – 7.6 MeV) (ERL-option)
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S-DALINAC: 3rd recirculation in 2015

7.65

30.6

38.25 MeV
68.85 MeV
99.45 MeV

130.05 MeV

• Single pass, one or three recirculations will be possible
• Installation begins in July 2015 (Ph.D. thesis of Michaela Arnold)
• option for ERL mode for one or two recirculations
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S-DALINAC and MESA (Mainz-ERL) to join
forces on ERL-education

unique situation for research training: 

• 150-MeV full ERL under construction (MESA, Mainz)
• & recirculating SC-LINAC operational in ERL scheme

(S-DALINAC, Darmstadt)
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Research Training Initiative 
„AccelencE“

Research Traing Group „AccelencE“       

for accelerator physics, -technology, and

spectrometer development jointly at         

TU Darmstadt und JGU Mainz

Preproposal submitted to DFG in April 2014  

(well received by evaluators) 

Full proposal (GRK 2128) due by 1.4.2015
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Structure of GRK 2128 
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A: Electron Sources and
Photocathodes

Challenges: 

High current and high polarization at 

low emmittances from photocathodes

in cw-mode

Programme:

 

A-1 Time resolved investigations on the emission of polarized electrons 
from semiconducting photocathodes 

Enders 

A-2 The field emission process and beam dynamics in high brilliance 
electron sources 

Weiland 

A-3 Construction and test of a cooling setup for GaAs photocathodes Enders 
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B: Injector Linacs

S-DALINAC - injector: 20 cells (β = 1) 5 cells (β = 1) 2 cells (β = 0.85) 

Challenges:

• Injectors for high beam current at high beam quality
• use of β-graded SRF-Cavities incl. cryomodules development

Programme:

 

B-1 Design of the beam line and of a new cryomodule for the β-graded  
S-DALINAC injector 

Enders 

B-2 Development of β-graded SRF cavities for the S-DALINAC injector De Gersem 
B-3 Space charge and beam break up studies at the MESA high current 

injector 
Heine 

B-4 Detuning and uncertainties in cavity design De Gersem 
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C: LLRF Control Systems and 
Beam Instrumentation

Challenges:

• Adjustment of digital control system of S-DALINAC 
to ERL-operation scheme

• Control-theoretical aspects of LLRF for ERLs 
• Position- and intensity diagnostics in ERL-

recirculations
• Measurement of beam profile at high intensities
• Beam-loss monitoring (machine safety)

Programme:

 

C-1 Non-destructive beam diagnostics and feedback systems  
for machine protection and energy stabilization in ERLs 

Hug 

C-2 Digital open-loop and closed-loop rf control for superconducting 
cavities in energy recovery linacs 

Klingbeil 

C-3 Enhancing the S-DALINAC digital LLRF system for stable ERL 
operation 

Pietralla 
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D: Beam Dynamics

Challenges: 

First ERL-operation of S-DALINAC        Beam stability and energy spread

Suppression of Beam-Break-Up Impact of MESA-internal target on 
beam properties

Programme:

 

D-1 Beam dynamics and beam collimation following the internal target  
at MESA  

Aulenbacher 

D-2 Beam dynamical behavior of the MESA SRF-structures  
under recirculating operation 

Heine 

D-3 Effect of space charge and wake fields in energy recovery linacs Boine-
Frankenheim 

D-4 Commissioning and parameter studies at the recirculating  
S-DALINAC ERL 

Pietralla 

D-5 Strategies of avoiding transverse beam break up in recirculating 
electron accelerators 

Pietralla 

D-6 Uncertainties and tolerances in magnet design Weiland 
D-7 Wakefield simulations with extremely short electron bunches  

for future free-electron lasers 
Weiland 
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E: Beam Target Interactions

Challenges:

• Improve resolution of spectrometers (S-DALINAC)

• Diamond fast trigger detectors

• Detector development for MESA-experiments

• Development of MESA-internal gas target

Programm:

 

E-1 Trigger detectors and spectrometer for the MESA internal target 
experiment 

Merkel 

E-2 Diamond detectors as fast triggers and luminosity monitors Galatyuk 
E-3 Beam stability and helicity correlated asymmetries in MESA Maas 
E-4 Improving the energy resolution of the QCLAM spectrometer  

at S-DALINAC 
Werner 

E-5 The polarized internal “Hydro-Möller” target at MESA Aulenbacher 
E-6 Setup of a system for efficient measuring of (e,e’γ) coincidences  

at the QCLAM-Spectrometer 

Werner 



17.03.2015 |  Fachbereich Physik  |  Institut für Kernphysik  |  Technische Universität Darmstadt  |  Prof. Dr. Norbert Pietralla |                    26

List of PIs

Name Institut 

Joachim Enders, Prof. Dr. TU Darmstadt, IKP 
Tetyana Galatyuk, JProf. Dr. TU Darmstadt, IKP 
Florian Hug, Dr. TU Darmstadt, IKP 
Norbert Pietralla, Prof. Dr. TU Darmstadt, IKP 
Volker Werner, Dr. Adj. Prof. (Yale Univ.) TU Darmstadt, IKP 
Oliver Boine-Frankenheim, Prof. Dr. TU Darmstadt, TEMF 
Herbert De Gersem, Prof. Dr. TU Darmstadt, TEMF 
Harald Klingbeil, Prof. Dr. TU Darmstadt, TEMF 
Thomas Weiland, Prof. Dr. TU Darmstadt, TEMF 
Kurt Aulenbacher, Prof. Dr. JGU Mainz, KPH 
Robert Heine, Dr. JGU Mainz, KPH 
Frank Maas, Prof. Dr. JGU Mainz, KPH 
Harald Merkel, Dr. JGU Mainz, KPH 
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List of associated scientists

Name Institut 

Peter von Neumann-Cosel, Prof. Dr. TU Darmstadt, IKP  
Wolfgang Ackermann, Dr. TU Darmstadt, TEMF 
Erion Gjonaj, Dr. TU Darmstadt, TEMF 
Wolfgang F.O. Müller, Dr. TU Darmstadt, TEMF 
Marco Dehn, Dr. JGU Mainz, KPH 
Achim Denig, Prof. Dr. JGU Mainz, KPH 
Rüdiger Schmidt, Prof. Dr.  CERN / TU Darmstadt 
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Collaboration on ERL-research training ?

Volunteers for external PhD-committee members

• Each PhD student chooses a „PhD-committee“ 

• primary/secondary supervisor (Prof.) 

• + external expert (you?)

• Committee-meeting 2x per year

• once at annual workshop in spring

• once in summer/fall (optional per video-conf.)

• Impact on research project

• Access to junior researchers

Lecturers for „AccelencE“ – seminars and workshops
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Motivation for this visit

• Initiative for a Research Training Group on Science and

Technology of Energy Recovery Linacs at TU Darmstadt 

and University Mainz

• Are there topics on ERL technology on which CERN 

could be interested to collaborate with the universities? 

• Initiative for a future CERN – ERL-test facility

• Are there physics cases from fundamental research on 

low-energy nuclear physics to help justify the facility?         

→ photonuclear science
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Possible „physics cases“ for CERN – ERL 
test facility

What fundamental research could it serve? 

→ photonuclear science

intense γ-ray beam by Laser Compton Backscattering
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Photonuclear Reactions

γ

What happens?
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Photonuclear Reactions

gs

γ´γ

Separation
threshold

AX

A´Y β

Nuclear Resonance Fluorescence (NRF)

Photoactivation

Photodesintegration

β

Absorption

(-activation, -fission)

γ´

~ 8 MeV
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Nuclear Physics with MeV-range photon beams

Pure EM-interaction

(nuclear-)model independent

“small“ cross sections, intense beams

Minimum projectile mass

min. angular momentum transfer, 
spin-selective: low-spin modes [E1,M1,E2,(E3?)]

Polarisation

„Parity Physics“, channel selectivity

Narrow Bandwidth (at HIγS, ELI-NP, [and CERN?])

Explore specific excitation energy

„Selective Manipulation of Nuclear States“: Nuclear Photonics

γ
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Photonuclear Reactions

γ

a personal selection…
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Nuclear Resonance Fluorescence

Separation
threshold

Observables

• Excitation Energy Er

• Spin J

• Parity π

• Decay Energies Eγ

• Level Width Γ (eV) 

• Lifetime τ (ps – as)

• Decay Branching Γi/Γ0

• Partial Widths Γi

• Multipole Mixing δ

• Decay Strengths B(πλ)
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Some Historic Physics Highlights from NRF      
(personal selection)

Scissors mode

Classically: current loop

→ magnetic excitation: M1

First example of mixed-symmetry
state

Discovery in electron scattering

Systematics: photon scattering

Nuclear
Scissors

Mode
A.Richter, 

Darmstadt, 1983
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Richter,
Kneissl,
von Brentano
et al.

Collectivity of the Scissors Mode

E2M1

Measure of quadrupole
collectivity

2+

Stuttgart-Darmstadt-Köln

1+

N. Pietralla et al., PRC 58, 184 (1998)

Systematics of scissors mode in rare earth‘s
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Nuclear Structures with Mixed pn-Symmetry

M1 as unique signature for
mixed-symmetry states
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One example (NRF, of course…)
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Scissors Mode: Decay to intrinsic excitations

with Zilges-group

Data: Jacob Beller, TU Darmstadt

Supplies new constraint to 0νββ - decay matrix element
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‚Application‘: Dipole strength and 0νββ-decays

150Nd: 

larger 0νββ-

decay branch

to 0+
2 state

than to gs due 

to QSPT at 

N=90.
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Overview electromagnetic dipole-response

γ

E1 strength distribution
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Traditionally Bremsstrahlung: Kneissl,Pietralla,Zilges, J.Phys.G 32, R217 (2006).
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2. 
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Norbert Pietralla            
TU Darmstadt
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Azimuthal asymmetry → parity quantum no.

Parity Measurements with Linearly
Polarized Photon Beams
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established international community
(not only NRF!) 

CERN - ERL

1,000 x more flux
10 x higher energy resolution

great discovery potential
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Motivation for nuclear astrophysics: 
Planck-Spectrum at a 1,000o C

visible light
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Planck-Spectrum of a supernova

nuclear
transmutation

possible
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Crab-Nebula
© ESA, NASA, CXC, JPL-Caltech

γ-flux at temperature of 3x109 Kelvin (~ 200 keV)

Supernovae:  the cosmic cauldrons
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Nucleosynthesis of heavy elements
P

R
O

T
O

N
E

N

s-Process

r-Process

p- or γ-Process

P
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O
T

O
N

S

NEUTRONS



17.03.2015 |  Fachbereich Physik  |  Institut für Kernphysik  |  Technische Universität Darmstadt  |  Prof. Dr. Norbert Pietralla |                    54

Nuclear physics
w/ monochromatic γ-ray beams in the MeV-range

General nuclear structure physics

Applications

Astrophysical

• s-Process

• γ-Process

• (νp-Process)

complementary to r-process

research at ISOLDE, FAIR
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Scientific Opportunities at High-Intensity

Outline
• Photonuclear Reactions

• Nuclear Resonance Fluorescence

• Some Previous Achievements

• Intensity Frontier (instrumental challenge)   → „Discovery Frontier“ 

(scientific opportunities) 

• „Availability Frontier“ (NRF on rare isotopes)

• „Sensitivity Frontier“ (weak channels: strong physics)

• „Precision Frontier“ (high intensity / count rates, new methods)

• Conclusion
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1. Availability Frontier

• Current NRF measurements require gramm-size 
targets (~ 1022-21 nuclei)

• Required by

• cross sections (~ eV b) 

• detection efficiency (~ 10%), 

• available luminosity

(number of target nuclei times γ-ray flux)

• resonably long beam times (order of days) 

• Rare p-process nuclei (106Cd,130Ba,156Dy,174Hf)    

~ 0.1% ab., enriched material at ~$1,000/mg

• Long-lived radioactive isotopes(10Be,182Hf,250Cm) 

T1/2 > ~10,000 yrs.

51 more nuclides would become
accessible to NRF

A variety of scientific questions
could be answered.

51 more nuclides would become
accessible to NRF

A variety of scientific questions
could be answered.
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Some Examples for Science Cases on Rare 
or Long-lived Radioactive Isotopes

• 10Be: What dominates the low-energy E1 strength in light nuclei,   

1s – 1p particle-hole transitions or cluster structure?             

(lifetimes of 1-/2+ doublet at 6 MeV, 2nd/3rd excited state)

• 53Mn: What is the fragmentation of the π(f7/2 – f5/2) spin-flip strength

across the Z=28 shell? 

• 126Sn: How does the fine-structure of the PDR evolve with neutron

excess? 

• 156Dy: Test of the predicted decay branch of 0νββ-decay at N=90 

from M1 decay branching of the 1+ scissors mode

• 248Cm152: What are the fission resonances at the N=152 shell?

• 250Cm: First access to dipole strength above N=152 shell
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3. Precision Frontier

• High Intensity =  High count rates →

small statistical uncertainties

• address unresolved questions that

cannot be answered today because of

uncertainties

• e.g., resonances in photo fission

• parity-violation, e.g. 20Ne parity doublet

• the „unknown unknowns“…

• High Intensity enables new approaches

• e.g.  → Nuclear Self Absorption
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Use scatterer made of absorber material as „high-resolution detector“.

Self Absorption: 
Decrease of Scattered Photons 
because of Resonant Absorption

scatterer scatterer

calibration
target

calibration
target

Principle of Measurement and Self Absorption1

1 F. R. Metzger, Prog. in Nucl. Phys. 7 (1959) 53
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� calculate R as function of      

� self absorption Rexp determined experimentally

� comparison of experiment and calculation gives 
ground-state transition width 

� NRF measurement gives

� thus total transition width      and branching
ratio           to ground state can be determined

Determination of Ground-State Transition Width 
and Branching Ratio to the Ground State
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„Discovery Frontier“ for NRF at CERN-ERL

High-Intensity Frontier =  „Discovery Frontier“

(scientific opportunities) 

• „Availability Frontier“ 

(NRF on rare isotopes, 

access to broader „nuclear gene pool“)

• „Sensitivity Frontier“ 

(weak channels: strong physics)

• „Precision Frontier“ 

(high count rates, new methods)
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ELI – Nuclear Physics, Bucharest, Design
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ELI – Nuclear Physics, floor plan

Equipment 

• 2 10-Petawatt-Laser (low-rep., 

Thales)

• 700 MeV electron linac (warm) 

• external high-rep. high int. laser

• highest-brilliant γ-ray beams from

Laser-Compton-Backscattering

0.5 MeV < Eγ < 20 MeV

• minimal band width 0.5% - 0.1%

→ Photonuclear reactions
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Prinzip des ELI-NP Gammastrahls
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potential for CERN-ERL Test Facility γ-beam

CERN-ERL Test Facility could generate γ-beam from

backscattering of external, commercial laser

LCB γ-beam from cw-ERL would be MUCH superior to beam 
from warm linac (ELI-NP). 

Extensive science cases exist. 

International physics community would be ready to go. 


