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and a physics case for a future CERN-ERL 0 e

facility

Norbert Pietralla, TU Darmstadt

2nd Recirculation

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

- ACCEL L _ENCE=

« 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 ERLSs: TEE IO
Conventional Linac SLARTSIARY
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experiment
beam dump

- Beam is dumped at full energy

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

@ @ & @ «from injector

beam dump
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experiment

- Beam is dumped at injection energy

S-DALINAC: 200 W beam power —-> saving 92% of rf power
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Cornell University
ERLs: Historical Perspective
' /"" 1986: Stanford SCA g
T. Smith et al. o
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G10 g 2002: JAERI FEL
\ A 1990: S-DALINAC 2004: BINP FEL
- (Darmstadt) 2004: JLAB FEL Upgrade
T taken from
talk of

lvan Bazarov
(Cornell, 2004)
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S-DALINAC

ACCelerator

- -

Y |

Status / | 1
Source for polarized electrons

10 MeV Bremsstrahlung
Photon tagger ‘

(e,e”x)-Experiments & 180°-Spectrometer .

(e,e”)-Experiments high resolution ()

Infrastructure projects in SFB 634

14 MeV Bremsstrahlung,
Compton tracking polarimetry

Collimator systems, Mgller polarimeter
Third recirculation

LaBr;:Ce detector array
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Example I:

Electron and Proton Scattering off °*Mo
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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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radiator

Sy

NRF -
polarization |
& tarcet Y4 measurements

position

<- DHIPS: Darmstadt High Intensity Photon Setup

< up to 10 MeV, 60 pA, and a flux of 100 y/(eV cm? s) on target
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Bremsstrahlung-Site

B et

~

: Zilges et al.
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Darmstadt Low-Energy Photon Scattering
Site at S-DALINAC

<10 MeV

EEEEEEEEE

Energie
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Example II: M1 Scissors mode‘s decay to

. L A UNIVERSITAT
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J. Beller, NP et al., Phys. Rev. Lett. 111, 172501 (2013).
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Constraint for OvBp3-NME(—0+,) from M1-
branching ratio of scissors mode

8 or N MO0 @ MO0F]

10.0 3
— 12 =
= =
S 1 =

X D |
A 0

IBM-2 (prev.) IBM-2 (this work) EXP

Reproduction of B(M1,) / B(M1,) requires OvBB-NME to excited 0+, 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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S-DALINAC: 3rd recirculation in 2015 VN IVEEITEAT
S, @8 '
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zo— -l O gpootie] | [ ] P CTNREPRSRITES 1 T r—— 38.25 MeV
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« Single pass, one or three recirculations will be possible
 Installation begins in July 2015 (Ph.D. thesis of Michaela Arnold)

to Experimental
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New separation dipole magnet

« delivery by SigmaPhi in June 2015

New Separation-Dipole with vacuum
chamber:

Beam exit for decelerated electrons
(3 — 7.6 MeV) (ERL-option)

17.08.2015 | Fachbereich Physik | Institut fir Kernphysik | Technische Universitat Darmstadt | Prof. Dr. Norbert Pietralla | 16



TECHNISCHE

- - I I I UNIVERSITAT
S-DALINAC: 3rd recirculation in 2015 VN IVEEITEAT
‘® brebunch by ?Spin—Polarized Thermionic
\\ B \M MeV Injector I 7 Electron Gun  Gun
Oo—— -l A oo | | e— — H_-l):@[k Pkl cos-Sr-@HE i =-Cp 2 izl i 38.25 MeV
Experimental Ch(lpper 68.85 MeV
Area . 99.45 MeV
« w MeV LINAC 1 3005 MeV
Paenin( | [ s | [ e | e e | | e — |-‘= oy 8 to Experimental

Recirculation Beam Lines

1) B
s 4 =
——pl B

Sm

« 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

17.08.2015 | Fachbereich Physik | Institut fir Kernphysik | Technische Universitat Darmstadt | Prof. Dr. Norbert Pietralla | 17



S-DALINAC and MESA (Mainz-ERL) to join
forces on ERL-education
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@ Spin-Pelarized  Thermionic
Prebunchers
\; 10 MeV Injector Flectron Gun — Gun
s el T H--wﬁi—« ——
Experimental W, (h apper
Area &
. 40 MeV LINAC
Qo= | | |e] |8 |=]

Recn’culanon Beam Lines

J—

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

DF Deutsche
Forschungsgemeinschaft
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Structure of GRK 2128
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’5  Beam Dynamics ional Networking ‘ Im d/End Term Seminars ‘
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A: Electron Sources and 16lu
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Photocathodes ownes GUTENBERG DARMSTADT
Cathode chamber

M Preparation chamber
C h al |e ng eS : é:?fzser:t?gln:lfmping stage

| T™P

. . . . Deflector cavity

High current and high polarization at = & crameer |

B Steering Magnets

low emmittances from photocathodes = ™o

CCD camera: I )

YAG-screen /

in cw-mode

Programme:

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

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

A-3  Construction and test of a cooling setup for GaAs photocathodes Enders

17.08.2015 | Fachbereich Physik | Institut fir Kernphysik | Technische Universitat Darmstadt | Prof. Dr. Norbert Pietralla | 21



. . JGlu »A TECHNISCHE
B: Injector Linacs o GUTENBERG BELV;&gg
UNIVERSITAT MAN
S-DALINAC - injector: 5 cells (B 2 cells (B = 0.85)

10 MeVIr:Jeﬁs‘ /

H #3 #2  H1 B

Challenges:

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

Programme:

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

B-2 Development of B-graded SRF cavities for the S-DALINAC injector De Gersem

B-3 Space charge and beam break up studies at the MESA high current Heine
injector

B-4 Detuning and uncertainties in cavity design De Gersem
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C: LLRF Control Systems and j6|u ), TEcHNische
Beam Instrumentation o GUTENBERG U] DARMSTADT
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 Hug
for machine protection and energy stabilization in ERLs

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

C-3 Enhancing the S-DALINAC digital LLRF system for stable ERL Pietralla
operation
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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 Aulenbacher
at MESA

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

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

Frankenheim

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

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

D-6 Uncertainties and tolerances in magnet design Weiland

D-7 Wakefield simulations with extremely short electron bunches Weiland
for future free-electron lasers
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Challenges:
« Improve resolution of spectrometers (S-DALINAC)
- Diamond fast trigger detectors BT H H, J k-
« Detector development for MESA-experiments =* h l yg
« Development of MESA-internal gas target AlA A
Dublett l 2 m long tube Dublett
Pump
Programm:
E-1 Trigger detectors and spectrometer for the MESA internal target Merkel
experiment
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 Werner
at S-DALINAC
E-5 The polarized internal “Hydro-Mbller” target at MESA Aulenbacher
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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

wnnes GUTENBERG
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Name

Institut

Wolfgang Ackermann, Dr.
Erion Gjonaj, Dr.
Wolfgang F.O. Miiller, Dr.
Marco Dehn, Dr.

Achim Denig, Prof. Dr.
Riidiger Schmidt, Prof. Dr.

Peter von Neumann-Cosel, Prof. Dr.

TU Darmstadt, IKP
TU Darmstadt, TEMF
TU Darmstadt, TEMF
TU Darmstadt, TEMF
JGU Mainz, KPH

JGU Mainz, KPH
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 A

« Are there topics on ERL technology on which CERN B
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 TECHNISCHE
test facility

DARMSTADT

Proceedings of IPAC2014, Dresden, Germany TUOBAO02

DESIGN STUDY OF AN ERL TEST FACILITY AT CERN*

E. Jensen', C. Bracco, O. Briining, R. Calaga, N. Catalan-Lasheras, B. Goddard, M. Klein®,
R. Torres-Sanchez, A. Valloni, CERN, Geneva, Switzerland

ARC 2 300 MeV

ARC 4 600 MeV
= = = = - e~

ARC 6 900 MeV ARC 5 750 MeV
T — et

Figure 1: Conceptual layout of the ERL Test Facility.

What fundamental research could it serve?
— photonuclear science

intense y-ray beam by Laser Compton Backscattering
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What happens?
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Photonuclear Reactions

AX Nuclear Resonance Fluorescence (NRF)
Photoactivation
Photodesintegration (-activation, -fission)
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Nuclear Physics with MeV-range photon beams

Pure EM-interaction
(nuclear-)model independent

Minimum projectile mass

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

Polarisation
»,Parity Physics®, channel selectivity
Narrow Bandwidth (at HIYS, ELI-NP, [and CERN?])

Explore specific excitation energy
,oelective Manipulation of Nuclear States“: Nuclear Photonics
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Photonuclear Reactions

a personal selection...
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Nuclear Resonance Fluorescence

Observables

« Excitation Energy E,

« Spind
« Parityn
T3 P=lot2esol' - Decay Energies E,
Ty T,/T T,/T « Level Width " (eV)
A=] T—J AT+, - Lifetime 1 (ps — as)
- Decay Branching '/l
It - Partial Widths T,
07 - Multipole Mixing &

« Decay Strengths B(ntA)
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Some Historic Physics Highlights from NRF

(personal selection)
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D. Bohle et al. | Orbital M1 strength

T T |
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.:'_J ¥ all Spectra
b=}
(o]
)

E xcitation Energy (MeV)

Nuclear
Scissors

Mode
A.Richter,
Darmstadt, 1983

Scissors mode
Classically: current loop
— magnetic excitation: M1

First example of mixed-symmetry
state

Discovery in electron scattering
Systematics: photon scattering
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Systematics of scissors mode in rare earth's
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Richter,
Kneissl,

von Brentano
et al.

M1

Collectivity of the Scissors Mode

4_

Z BMM1)Texp (148)

Stuttgart-Darmstadt-Koéln | 18
1+ i
i 16
]
[
VR - R
[ ] ) .
i o
;7 ® o IRE
n O
o]
' am
: - ' ! ‘ I
120 160 200 160

Mass Number A

Mass Number A

N. Pietralla et al., PRC 58, 184 (1998)
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Nuclear Structures with Mixed pn-Symmetry
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M1 as unique signature for
mixed-symmetry states
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N_.Pietralla, C Fransen et al., Phys Rev Lett. 83, 1303 (1999).
N Pietralla, C Fransen et al | Phys Rev Lett. 84, 3775 (2000).
C.Fransen, N.Pietralla et al., Phys.Rev.C 67, 024307 (2003).
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M1 Scissors mode:
Decay to intrinsic excitations
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Scissors Mode: Decay to intrinsic excitations

1" - 0*B first observed in **Gd (N=90)
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1000 . . .
F[27,, 154 ~ ~M T S-DALINAC data - 300

> 800 YAl Gd(v,7’) AE = E(2}) 2741 e
* Identification 2 Eg=4.5 MeV | " Y
2600 | 9 = 90° NEE 2 1+ 0F ’I 13- 200 2
@ S-DALINAC Z o | L3
2 ' ‘ Al L 100 2
O 200 | ‘ &)

gate on —+ 24y
400 /

* Branching
from y-spectroscopy

+ { 1““1
I+ = 0; B oy

E2 1

Counts/ 0.25 ke

-

._”'.':"_
LB % T ¥S ) I = LA O\l
Counts * 10° / 0.25

following EC decay | _ J-LMJLM

(HORUS data) ™ . . 5

with Zilges-group 33 225 B3 28 29 30 41
Energy (MeV) Energy (MeV)

Data: Jacob Beller, TU Darmstadt

17.03.2015 | Fachbereich Physik | Institut fir Kernphysik | Technische Universitat Darmstadt | Prof. Dr. Norbert Pietralla | 40



TECHNISCHE
Application‘: Dipole strength and Ovp33-decays UNIVERSITAT
APP - P g y DARMSTADT
PRL 111, 172501 (2013) PHYSICAL REVIEW LETTERS 25 OCTOBER 5013
Constraint on O Matrix Elements from a Novel Decay Channel of the Scissors Mode:
The Case of 1Gd
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Two Phonon PDR GDR
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Photon Scattering
(Nuclear Resonance Fluorescence)

Traditionally Bremsstrahlung: Kneissl,Pietralla,Zilges, J.Phys.G 32, R217 (2006).

high energy resolution
spin selective: AJ=1,2 pce
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High Intensity y—Ray Source (HIgS)

H.R.Weller, V.N.Litvinenko
Duke University, Durham, NC, U.S.A.

Compton Backscattering of Intra—cavity Laser Light

e-beam 2 y-rays

FEL FEL
photons photons

BSH Wiggler 2

2 - 60 MeV 1.7-6.4eV ~ 1000

nearly monochromatic, tunable, completely polarized




Looking at the HIGS Gamma—-Ray Beam
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Looking at the Target
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Parity Measurements with Linearly
Polarized Photon Beams
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zimuthal
f\tensny distribution

ITE
E1
or
40"‘

Azimuthal asymmetry — parity quantum no.
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Proof of Principle
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@ 32g Analyzing Power for the Pygmy Resonance
8.1(3) MeV
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(not only NRF))
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Motivation for nuclear astrophysics:
Planck-Spectrum at a 1,000° C
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Supernovae: the cosmic cauldrons

Crab-Nebula

© ESA, NASA, CXC, JPL-Caltech
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Nucleosynthesis of heavy elements
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Nuclear physics
w/ monochromatic y-ray beams in the MeV-range

General nuclear structure physics ’
Applications

Astrophysical

* s-Process
* v-Process
* (vp-Process)

complementary to r-process
research at ISOLDE, FAIR
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Scientific Opportunities at High-Intensity

AN

* 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

160

in—plane
120 SEP
©<0

Current NRF measurements require gramm-size
targets (~ 102221 nuclei)

known 17

80

51 more nuclides would become
« cross sections (~ accessible to NRF

1=0.23fs

Required by

fuf—plane 325(:;, ¥)

* detection efficier A yariety of scientific questions £y =810
- available lumino: could be answered. g ]
(number of target nuclei times y-ray flux) |
&100 ’ 7200 8000 ‘ 8800

- resonably long beam times (order of days) .
Rare p-process nuclei (1%Cd,3°Ba,56Dy,74Hf) |
~ 0.1% ab., enriched material at ~$1,000/mg

Long-lived radioactive isotopes('°Be,82Hf,250Cm)
T, > ~10,000 yrs.
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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)

« 33Mn: What is the fragmentation of the n(f,, — f-,) spin-flip strength
across the Z=28 shell?

« 1265n: How does the fine-structure of the PDR evolve with neutron
excess?

- 156Dy: Test of the predicted decay branch of Ov3B-decay at N=90
from M1 decay branching of the 1+ scissors mode

¢ 2%Cm,;,: 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 f EEECL%%E[EE
+ High Intensity = High count rates —
small statistical uncertainties
« address unresolved questions that
cannot be answered today because of oy
uncertainties g | Cme T ot
* e.d., resonances in photo fission éf = | Yo Transmission resonance
. parity-violation, e.g. 2Ne parity doublet - 7 T" " omeric
 the ,,unknown unknowns*... S
" 195 oo Deformation (c/a)

« High Intensity enables new approaches
* e.g.- — Nuclear Self Absorption
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Principle of Measurement and Self Absorption’
1 F. R. Metzger, Prog. in Nucl. Phys. 7 (1959) 53

Use scatterer made of absorber material as ,high-resolution detector®.

scatterer
calibration
target

scatterer
calibration
target

|:{>I—

In N

Self Absorption:
bremsstrahlung w/ absorber Decrease of Scattered Photons
— bremsstrahlung w/o absorber because of Resonant Absorption

[ = gcatterer — . NW
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N. woA
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o mo==Ee
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-\ A
Energy (a.u.)
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Determination of Ground-State Transition Width

and Branching Ratio to the Ground State
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calculate R as function of I’
self absorption R,,, determined experimentally

comparison of experiment and calculation gives
ground-state transition width 'y

I
NRF measurement gives [’ - ?0

thus total transition width I' and branching
ratio I'y/I" to ground state can be determined
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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®) = :
S | | 6000
) n i iVi Fr n i r“ | L fimuué
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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., o g g
Thales) =R =S
1 g8 dB|F || ==
« 700 MeV electron linac (warm) S SO = | E
+ external high-rep. high int. laser [
 highest-brilliant y-ray beams from L [%z i
Laser-Compton-Backscattering
0.5 MeV <E, <20 MeV

« minimal band width 0.5% - 0.1%

— Photonuclear reactions
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Gamma Beam System

GIRNGY (o) e i Low—energy stage: Ey < 3.5 MeV

Spectral Density (ph/s-€V) 08— 4104 March 20a7

Bandwidth rms (%) — A [l | Hiah £ MeV
iIgh—energy stage: <1qQ. e

# photons per shot within =2610° = =L S SeY tergbser .

FWHM bdw. P

# photons/sec within FWHM =8.3108

bdw.

Source rms size (um) 10-30 S Macro-pulse (32 pulses - 500 as)

Source rms divergence 25 — 200 . A

(wrad) =" —

Peak brilliance 1020 — 1023 ” ” :

(N /sec-mm?-mrad?0.1%)

Radiation pulse length rms 07-15

(ps)

Linear polarization (%) >99

Macro rep. rate (Hz) 100

# pulses per macropulse 32

Pulse—to—pulse separation 16

(nsec)
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potential for CERN-ERL Test Facility y-beam

CERN-ERL Test Facility could generate y-beam from
backscattering of external, commercial laser

ARC 2 300 MeV

ARC 4 600 MeV
= = — = = -~

ARC 6 900 MeV ARC 5 750 MeV
T — e

Figure 1: Conceptual layout of the ERL Test Facility.

LCB y-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.
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