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Potential future for CERN beyond 2045 1.H. O

« Collide LHC beam with high power electron beam Energy Loss Cgmpensation Energy Loss Compensation
« Optimum emittance via use of LINAC /- tinae ;

« 50 GeV and 200 mA - 10 GW of (virtual) beam power gl L ——

Recombiner/Matching

Largest nuclear reactor facility in Europe ca. 8 GW s NESAS

Bypass

\
- Need for sustainable technology
- Energy-recovery LINACs / / .
I

Matching/Recombiner nteraction Region

Linac 2

Spreader/Matching

P. Agostini et al,. J. Phys. G: Nucl. Part. Phys. 48, 110501 (2021)
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CERN-2022-001

CERN Yellow Reports: Monographs, CERN-2022-001

6 Energy-recovery linacs

6.1 Executive summary

Energy Recovery is at the threshold of becoming a key means for the advancement of accelerators.
Recycling the kinetic energy of a used beam for accelerating a newly injected beam, i1.e. reducing the
power consumption, utilising the high injector brightness and dumping at injection energy: these are
the key elements of a novel accelerator concept, invented half a century ago [1]. The potential of this

‘ i \
European Strategy, b
Update

Laboratory Directors Group

M. Klein, A. Hutton et int., N.P., et int. F. Zimmermann, in
European Strategy for Particle Physics - Accelerator R&D
Roadmap,N. Mounet (ed.), CERN-2022-001 (CERN, Geneva,
2022), pp. 185-228.
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ENERGY RECOVERY LINACS

Energy in MeV

(ERLS) WORLDWIDE

106

M. Klein, A. Hutton et int., N.P., et int. F. Zimmermann,
European Strategy for Particle Physics - Accelerator R&D
Roadmap,N. Mounet (ed.), CERN-2022-001 (CERN, Geneva,

2022), pp. 185-228.
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ENERGY RECOVERY LINACS (ERLS) WORLDWIDE

CBETA - first multi-turn
SRF-ERL

A. Bartnik et al.,
Phys. Rev. Lett. 125, 044803
(2020).

Energy in MeV

M. Klein, A. Hutton et int., N.P., et int. F. Zimmermann, in
European Strategy for Particle Physics - Accelerator R&D
Roadmap,N. Mounet (ed.), CERN-2022-001 (CERN, Geneva,

2022), pp. 185-228.
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ENERGY RECOVERY LINACS (ERLS) WORLDWIDE

Energy in MeV
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e For the first time, measured
N energy-recycling directly in
multi-turn SRF-ERL.
o
N w measured energy-recycling of
. 87%
nacure physics

Realization of amulti-turn energyrecovery

accelerator
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MULTI-TURN ERL @ S-DALINAC AND PROSPECTS FOR PHOTONUCLEAR REACTIONS TECHNISCHE

UNIVERSITAT
DARMSTADT

1 Motivation for Multi-Turn Energy Recovery

2 Multi-Turn Energy Recovery at the S-DALINAC

3 Perspectives for ERL Applications

4 Prospects for Photonuclear Reactions

2.2023 HNUdear Technische Universitat Darmstadt | Institut fur Kernphysik | Prof. Norbert Pietrall [Ec)en] » *Ifaa‘?g‘“mﬁt SBSKH;WWEE 9
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MULTI-TURN ERL MODE OF THE S-DALINAC

MULTI-TURN ENERGY ’
RECOVERY AT THE S-DALINAC

SUPERCONDUCTING DARMSTADT LINEAR ACCELERATOR
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Spin-Polarized Thermionic
Electron Gun Gun
Injector ? Detect
=l L T o b etector NEPTUN
[ ] mﬂ. D"’D @ D‘\' TeSt
Main Accelerator ﬂ»',‘&% ‘ DD - C g
oy - 11 11 | ) L ngh_Energy
gl S =T =T 17 } 0/0, Scraper—SyStem
g 180° Setup
@ QCLAM

NS A——e—————smee e S 7

/ Recirculation Beam Lines |
‘ QCLAM

169° LINTOTT o Magnet
Magnet Spectrometer Spectrometer
BB

Thrice Recirculating Operation
Energy Gain Injector 7.6 MeV
Energy Gain Linac 30.4 MeV
Beam Current 20 UA
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MULTI-TURN ERL MODE OF THE S-DALINAC | INTRODUCTION

; Spin-Polarized Thermionic
5m Electron Gun Gun

Injector ‘I ?
=f e R SR e De‘lt':scli_cor NEPTUN

j Main Accelerator ﬁu'/" D_@_ 'l\'_.m 00— com—e—e—{ )_g
: High-Energy _-‘—-i a
T s 0/0’

11 11
| i} i i}

Scraper-System

180° Setup
@ QCLAM

/ Recirculation Beam Lines |
‘ QCLAM

169° LINTOTT - Magnet
Magnet Spectrometer Spectrometer
ot

Thrice Recirculating Operation
Energy Gain Injector 7.6 MeV
Energy Gain Linac 30.4 MeV new beamline in 2015/16

Beam Current 20 pA
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500 cables

15 km cables

500 m copper-pipes
for water

250 m flexible tubes
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MULTI-TURN ERL MODE OF THE S-DALINAC | INTRODUCTION

Spin-Polarized Thermionic

Electron Gun Gun
Injector ‘i ?
=l i et g et oot |
j Main Accelerator
/o» ..... Oame ]

‘/’ Recirculation Beam Lines

Arcs with PLAS
set up 2016

AV VYV VYN
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Path length adjustment system (PLAS) in arcs
of the recirculation beam lines

PLAS in 1st and 2" recirculation tunable for
 Beam acceleration
« Phase change up to 360°
» Beam deceleration (Energy Recovery)
Enables single-fold and two-fold ERL mode
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A THIRD RECIRCULATION WITH ERL-OPTION FOR THE S-

DALINAC TECHNISCHE

- DESIGN AND IMPLEMENTATION UNIVERSITAT
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Fall 2015

Summer 2016
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Separation Dipole

« Particle tracking of all beam energies (CST Particle Studio)
* Acceptance
 Beam diameter: up to 10 mm
« Energy spread: up to 1-10-3
« Angular spread: up to 0.1°
E in MeV

B 130.05

M. Arnold (PhD thesis, TU Darmstadt, 2016).
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OVERVIEW OPERATION MODES/COMMISSIONING

= Modification lattice 2015/2016

= Commissioning of modes followed beam time schedule

AN

Iniect @l_‘_ — D,_,»\ December
njector 2016

. ) D May
X recC. § —— H’» 2017

h!

November
2018

3x rec.

Single
pass

1x ERL

2x ERL
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December
2016

August
2017

August
2021
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MULTI-TURN ERL MODE OF THE S-DALINAC | INTRODUCTION

Spin-Polarized Thermionic
Electron Gun Gun

g o -

InJector 'i ?
il

Main Accelerator

Recirculation Beam Lines

Arcs with PLAS
set up 2016

15.12.2023
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Path length adjustment system (PLAS) in arcs
of the recirculation beam lines

PLAS in 1st and 2" recirculation tunable for
 Beam acceleration
« Phase change up to 360°
» Beam deceleration (Energy Recovery)
Enables single-fold and two-fold ERL mode

Research on ERL modes since 2016, e.g.:

M. Arnold et al. First operation of the superconducting
Darmstadt linear electron accelerator as an energy recovery
linac. Phys. Rev. Accel. Beams 23, 020101 (2020).
https://doi.org/10.1103/PhysRevAccelBeams.23.020101

F. Schliessmann et al. Realization of a multi-turn energy
recovery accelerator. Nat. Phys. 19, 597 (2023).
https://doi.org/10.1038/s41567-022-01856-w
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OVERVIEW OPERATION MODES/COMMISSIONING

= Modification lattice 2015/2016

= Commissioning of modes followed beam time schedule
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ONCE-RECIRCULATING ERL OPERATION

\ Injector LINAC Thermionic Gun

« Energy gain injector: 2.5 MeV t_:'---M'_ e ¢

* Energy gain LINAC: 200 MeV g rtE=======-== ...Vg:p
ERL-Cu

« Current (l,,): 1.2 yA —— p

Recirculations

Data taken in four phases:

 Phase 1 (ERL Operation): one accelerated and one decelerated beam
* Phase 2 (no beam): RF operation of cavity without beam

 Phase 3 (1x acc.): one accelerated beam

* Phase 4 (2x acc.): two accelerated beams

nstitut fiir Kernphysik
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ONCE-RECIRCULATING ERL OPERATION TECHNISCHE
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10 1800
. — Aﬁf m R L-Cup
»,Cavity beam-load* a5 [ cavity —— EOF1-Cup [1600
5_ T
1400
?|ﬁeregc|§|:between N o 1st ERL in Germany,
orwar power August 2017
and reflected power = 1000
T 51 =
> W' Nw MM}W 1800 ==
— 104 g - 600
&%—U % % g = 400
~151 Sl Se e
3| 2 SE 22 20
—20 .mHm H . "'ﬂ HF’ILH . 0
- 0 20 40 60 80

{ (minutes)

M. Arnold et al.,
First operation of the superconducting Darmstadt linear electron accelerator as an energy recovery linac, Phys. Rev. Accel.

Beams 23, 020101 (2020).

» R | Bundesministerium nstitut fir Kernphysik
@ Nuclear * | o S DALINALC
Photonics \ EN Technische Universitat Darmstadt




TECHNISCHE
UNIVERSITAT
DARMSTADT

RF MEASUREMENTS - POWER

5 . Mean Beam RF-recovery effect:
peration Power in W
No Beam 0.00 + 0.01 pr = (90.1 £ 0.3)%

One Beam (acc.) 451+ 0.16
Two Beams (acc. + acc.) 8.59 + 0.01
ERL (acc. + dec.) 0.45 + 0.03

Value and uncertainty take correlations
between fit parameters into account.

8.59 W: about 10% less than 2 x 4.51 W

Incomplete transmission due to abstaining from
beamline optimization

M. Arnold et al., First operation of the superconducting Darmstadt linear electron accelerator as an energy recovery linac, Phys. Rev. Accel.
Beams 23, 020101 (2020).
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ANALYTICAL MODEL
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2 2
. [5input + (1 + ﬂoutput + ﬂbeam)] p.=p [5in - (1 + 5output + 5beam)]
Pf = PO 4 r— 10 403.
ﬂinput ﬁmput
10 1800
—_— 15[ m ERL-Cup
E- m— EOF1-Cup  +1600
5 -
Fra P | oo « Curve-fitting to data in P;
—4r A ! ! '
0 WMWM#»%J%WMA i b (1200 *  PBpeam=0: to obtain By,
5 1000 = Boutput @nd Pg
g PP = :
e wa 500 = *  PBpeam?0 : to obtain By, ; for
o’ ) o each phase i
—151 SE + - A = + . o
22 ¢ 2 FE Er 500  Analytical prediction of P,
g L , [T ¢ 1y
0 20 40 60 30

t (minutes)

M. Arnold et al., First operation of the superconducting Darmstadt linear electron accelerator as an energy recovery linac, Phys. Rev. Accel.
Beams 23, 020101 (2020).
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OVERVIEW OPERATION MODES/COMMISSIONING
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= Modification lattice 2015/2016
= Commissioning of modes followed beam time schedule
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MULTI-TURN ERL MODE OF THE S-DALINAC | CONVENTIONAL TWO-FOLD ACCELERATION
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Conventional two-fold Acceleration (CTA)

(1) Injection 5.00 MeV/c
(2) 1Stacceleration 23.66 MeV/c
(3) 1strecirculation 0° phase shift
(4) 2nd acceleration 41.61 MeV/c
(5) 2" recirculation 0° phase shift

(6) Beam dump

g& | f,"";fg'“i;im”"m nstitut fiir Kernphysik
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MULTI-TURN ERL MODE OF THE S-DALINAC | TWO-FOLD ENERGY RECOVERY

Two-fold Energy Recovery (TER)

TECHNISCHE
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(1) — (6) As before 41.61 MeV/c

(7) 2"d recirculation  180° phase shift

(8) 1st deceleration 23.66 MeV/c

(9) 3 recirculation  0° phase shift

(10) 2nd deceleration 5 MeV/c

(11) Low energy beam dump

15.12.2023 MCpran i Nuderr o Technische Uriversiét Damstadt | Institt fir Kemphysik | Prof. Norbert Pietrala me > R|EET G BALTNAL 27
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MULTI-TURN ERL MODE OF THE S-DALINAC | CHALLENGES

« Eight accelerating cavities

« Two recirculation arcs

 Degrees of freedom:
+  Amplitudes 4
 Phases q_5
« Path lengths L
« Longitudinal dispersions R

NOONONANN Nuclear , o o : , \ ® | g nstitut fir Kernphysik
15.12.2023 AN Photonics Technische Universitat Darmstadt | Institut fiir Kernphysik | Prof. Norbert Pietralla \EN und Forschung ? DALINALC
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MULTI-TURN ERL MODE OF THE S-DALINAC | CHALLENGES TECHNISCHE
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C
‘-};{6
% Shj
%«-j acceleration/deceleration section % j’ffer
_ _ J/"/'r'f;-’}.- | | |
’ ) Objective functions result from

™ splitter magnet ratio:
Pi:iPFPs=1:47:83

%"}ﬁ | ( ( / ?egrfes; of freedom:
e .
%‘;%5 experimental section A’ G)"' L" Rﬁﬁ

» )

Concept based on: R. Koscica et al., Phys. Rev. Accel. Beams 22, 091602 (2019)
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MULTI-TURN ERL MODE OF THE S-DALINAC | CHALLENGES

Simplified model of energy gain More complex model of energy gain

eerence prase 0 Speed changes along the cavity

m ‘ Impacts interaction with

alternating electric field

M Numerical

AW  sin(¢)

< simulations
— required
-1 ) f
C 180 il
_/___--_’_‘—._‘_
]

« Phase slippage not negligible
« Simplified model of energy gain not applicable

 Numerical simulations of interaction between electrons
and EM fields required
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LONGITUDINAL TARGETS AND DEGREES OF FREEDOM
TECHNISCHE
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P1x ace. 4.73 - Dinj. Pinj. = 5] hIBV/L
.ﬁ2x acc. o 8.32 - ﬁinj‘
Pl1xdec. N 4.73 - }jinj.
ﬁ?x dec. 1.00 - ﬁinj.
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LONGITUDINAL TARGETS AND DEGREES OF FREEDOM
TECHNISCHE

UNIVERSITAT
DARMSTADT

P1x ace. 4.73 - Dinj. Pinj. = 5] hIBV/L

P2x acc. _ 8.32 - ﬁinj‘

D1x dec. 4.73 - }jinj.

ﬁ?x dec. 1.00 - ﬁinj.
SGHO(I_)O,lx acc., 4.73 - Pinj. T) ( Ai € [0 5] P\I\JT/IH \?’2 S {1 8}

min SEHE(}?(J_ngacc_,S,gQ Pinj.s T) s.b. 4 7 € [E 320[2] T‘jl?rﬂﬁ L) 1] = Zmi
SEHE‘-( 0,1x dec. 4.73 - Pinj. T) 1 ’ U] M i
sene(Po 2x dec. s 1.00 - pinj., T') . \ Ly € ]0,101.2] mm
0, Vi—=VW| <T

sene(Vy, Vo, T) = { T=1eV/c

(Vi = Va| =T)/T)*, Vi —Va|>T

R Bundesministerium titut fur Ke[ﬂphysik
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aaanone0o H Ev] whede SIDALINALC
\NNSAANNN Photonics L EN Teghnische Universitdt Darmstadt



SOLUTION FOR LONGITUDINAL QUANTITIES

min |- - ||;.

p (MeV/c)

175

: {50

0 20 40 60 80 100 120 140

5{m)

INAATAATAAAA
CCEL_ErNCE=

Al
\VVIVVVi\VVVV

@ Nuclear E%E
Photonics

160

225

¢ 1200

175

150

125

(1079

100 »
]

125

3.5

13.0

10.5

0.0
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LONGITUDINAL TARGETS AND DEGREES OF FREEDOM
TECHNISCHE

UNIVERSITAT
DARMSTADT

P1x ace. 4.73 - Dinj. Pinj. = 5] hIBV/L

P2x acc. _ 8.32 - ﬁinj‘

D1x dec. 4.73 - }jinj.

ﬁ?x dec. 1.00 - ﬁinj.
SGHO(I_)O,lx acc., 4.73 - Pinj. T) ( Ai € [0 5] P\I\JT/IH \?’2 S {1 8}

min SEHE(}?(J_ngacc_,S,gQ Pinj.s T) s.b. 4 7 € [E 320[2] TiEU? L) 1] = Zmi
SEHE‘-( 0,1x dec. 4.73 - Pinj. T) 1 ’ U] M i
sene(Po 2x dec. s 1.00 - pinj., T') . \ Ly € ]0,101.2] mm
0, Vi—=VW| <T

sene(Vy, Vo, T) = { T=1eV/c

(Vi = Va| =T)/T)*, Vi —Va|>T

Rs6r € [—0.1,0.8) m
Rs6.5 € [-0.7,0.7] m

min os(s) s.t.

{ Rse1 € [—0.7,0.4] m

, * . titut fir Kernphysik
AV VN Nuclear A | frsia ns
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YV V.V VVV.VV, Photonics EN =t
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SOLUTION FOR LONGITUDINAL QUANTITIES

p (MeV/c)

min || - - |

‘1*

45 -
40 1 ."
I
i
35 4 i
=
I
30_ Ia-
| )
I:E
0
= 5
1i
.-
20 1 :
I
I :
15 ;
10 4
5_ ................................................. .:
D '--\‘r.‘--_--l----’..l T T T T T
0 20 40 60 80 100 120 140 160

IAAAAAAAA
ACCEL_ENICE=
\VVVViV.V\V.VV/
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@ Nuclear E%éz
Photonics
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1200

175

150

3.5

13.0

L
)]

1.0

10.5

0.0

ot (ps)

p (MeV/c)

and

min - .

TECHNISCHE
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45

401

35

-'.ll-.
em—mm——t ==

-

7 105
l.
1:
E
+ 16
: 10.4
5
—+0.3
_4'.|.— _E_-r
2| &
- s
1° 5402
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o Jdo.o

0 20 40 60 80 100 120
5 (m)
e > |

\EN

140
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LONGITUDINAL SETUP

TECHNISCHE

=\ UNIVERSITAT

DARMSTADT

LINAC Cavity #1 #2 #3 #4 #5 #6 # #8 R, =-0.01m

Off-crest phase (°) 97 57 132 40 61 72 56 3.2 E%Ff:g-igm
(during 1st LINAC pass) 56,5 — T

Off-crest momentum gain 234 232 229 234 233 233 235 236
(MeV/c)

(during 1st LINAC pass)

On-crest momentum gain 237 233 235 235 234 234 236 237
(MeV/c)
(during 1st LINAC pass)

e N\ Bundesministerium nstitut fir Kernphysik
AN FA AN @M*é [EL ] Em] ® I e S DALINALC
ViVV.V.V.V.V.V.V Photonics EN Tect it Darmstadt
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LONGITUDINAL PHASE SPACE

TECHNISCHE
UNIVERSITAT
DARMSTADT

g —
Nt

8.4 m, Injector ar¢

25 A

Ap (keV/c)
o

=254 .

T T T y4
-1 0 1 7
At (ps)
9.7 m, Cavity (1,1) 11.3 m, Cavity (1,2) 13.1 m, Cavity (1,3) 14.7 m, Cavity (1,4) 16.5 m, Cavity (1,5) 18.1 m, Cavity (1,6) 19.9 m, Cavity (1,7) 21,5 m, Cavity (1,8)

66.4 m, Cagty (2,8)

101.7 m, 2nd re@

6 m, 1st rec. (2nd pass) 159.7 m, Cavity (4,8)

e

o ™ Bundesministerium nstitut fir Kernphysik
A Nuclear e *EET sIbALINAL
NV ViV V.V VvV Photonics ‘EN

Technische Universitdt Darmstadt
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MULTI-TURN ERL MODE OF THE S-DALINAC | CHALLENGES

NNV Nuclear \ AR | Lundesministerivm nstitut fir Kernphysik
15.12.2023 TNV H Technische Universitat Darmstadt | Institut fir Kernphysik | Prof. Norbert Pietralla und Forschung S DALINALC 38
otonics \EN Technische Universitdt Darmstadt



MULTI-TURN ERL MODE OF THE S-DALINAC | RECOVERY EFFICIENCY TECHNISCHE

UNIVERSITAT
DARMSTADT
- Measurement of beam loadings of two-fold T i Boam loading - curent |39
acceleration Py cra and two-fold ERL Py tgr 00 (e
. . . 80 - 2x acc. - 25 g)
« Energy recovery efficency is then given by g - by =CTA Ly S
O : =
2 i | -20 2
—Cl 60 - Ppwer saved | 5
_ Py cra — Py 1ER g ||recovery 2
- 5 andrecycling: -15
Pb,CTA .E’ 0 | = M R
? 1x dec. el g’
« Stable operation with a beam current of 2.3 YA: § e
% 20 5 g
Mode Beam loading ! b o5
2x dec.
CTA 86.3+0.3W 0o TR | N Lo
0 10 20 30 40
TER 13.8+1.1W Time (min)

F. Schliessmann et al. Realization of a multi-turn energy recovery accelerator.

> n=284.0 x 1.2% Nat. Phys. 19, 597 (2023).

https://doi.org/10.1038/s41567-022-01856-w

———— Nuclear _ o _ . . [Ec)em] » R | firdemeisterum nstitut fir Kernphysik
15.12.2023 pecHh e pac e H Technische Universitat Darmstadt | Institut fiir Kernphysik | Prof. Norbert Pietralla EL und Forschung DALINALC 39
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https://doi.org/10.1038/s41567-022-01856-w

TWOFOLD ERL MODE (AUGUST 2021)

TECHNISCHE
UNIVERSITAT
DARMSTADT
100 . - — 100
—+— Beam loading —+— Current | = = Efficiency
— e W g e —
E 3[}—‘It 2x acc. _2_5‘;' 5250- L 80 i
o o o =CTA |y 5 b — >
g ! 5 o = Beam loading: c
S , | | o0 8 22001 4 2xacc.=CTA L
c {|saved power | . c o L 60 &
© 60 via energy | g 1 #+ 1xacc. %
E recovery '-'; E 150 + 1xdec. o
Y . | - . T
Q and recycling e £ °© 4+ 2xdec. =TER =
o Pasdenenamepnine M O o - ,;,-‘
£ 107 1x dec 1x acc. 2 ‘g 40 O
S s = ; (et
© F1.0°5 S 100 oy
it m - o
& 20- o & . 20§
2 v 0.5 £ 2 50
2x dec. et
0-~+— s T it T i T - 0.0 0- ' ' ' I I I i 0
0 10 20 30 40 U 1 2 3 4 5 6 7

Time (min) Initial current (WA)
F. Schliessmann et al. Realization of a multi-turn energy recovery accelerator.
Nat. Phys. 19, 597 (2023).
https://doi.org/10.1038/s41567-022-01856-w
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https://doi.org/10.1038/s41567-022-01856-w

MULTI-TURN ERL MODE OF THE S-DALINAC | RECOVERY EFFICIENCY TECHNISCHE

UNIVERSITAT
DARMSTADT
« Beam loading measured for inital (injection) beam
currents from 0.2 to above 7 A 100
3007 — ffficiency
* Recovery efficiency up to 87 % for low currents -

— 80

Beam loading:
200 { = 2xacc.=CTA

« 1x acc. and TER beam in shared beam pipe

~ 60

> Increase in transverse emittance +1d
1 X dec.
» TER beam not fully kept in acceptance 0T L o doc,=TER

L 40

100 -~

« Efficiency decreasing with higher currents

Beam loading of main LINAC (W)
(%) Aousioiye Bunoioal ABlaul

= 20
50

« Extended measurements of beam properties as a

function of beam intensity planned 0 , | , . . _ Lo

(0] 1 2 2 4 5 6 7

] o Initial current (pA)
 individual beam transport for future ERL accelerators

under investigation |

F. Schliessmann et al. Nat. Phys. (2023)

15.12.2023 f\:c:c\é/%%.\:fcg W Technische Universitat Darmstadt | Institut fir Kernphysik | Prof. Norbert Pietralla * I L&:,:.;‘;g’ﬁg::”"m 5 E})ﬁ}u_rlw,ﬂyg 41
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— i i TECHNISCHE
ERL - Applications TECHN SCHE

DARMSTADT

An ERL is the optimum collider
* best possible emittance
* high beam current with low beam load

« faint target => high beam current to be recovered

S R | Bundesministerium nstitut fir Kernphysik
@ Nuclear * | o S DALINALC
Photonics ‘ EN Technische Universitat Darmstadt



ERL - Applications TECHNISCHE
UNIVERSITAT

DARMSTADT

An ERL is the optimum collider
* best possible emittance
* high beam current with low beam load

« faint target => high beam current to be recovered

e.g. Laser-Compton backscattering

Eo
X R Bundesministerium nstitut fir KB[ﬂDh}fSik
g g Nucle?r %l é * S:l’dﬁllilgruszﬁung 5 DALINAE
Photonics \ EN Technische Universitat Darmstadt



High Intensity y=Ray Source (HIgS)

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

) TECHNISCHE
UNIVERSITAT
DARMSTADT

Compton Backscattering of Intra—cavity Laser Light

historic transparency
V.Litvinenko, ~ 2000

e-beam 2 y-rays

FEL FEL at the time with
photons photons OK-4

from Novosibirsk

BSH Wiggler 2

2 - 60 MeV 1.7-6.4 eV ~ 1000

nstitut fir Kernphysik

: . b e
nearly monochromatic, tunable, completely polarized ¥~ SDALINAL

50
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INELASTIC SCATTERING AND REACTIONS

separation energy S, or S,

norporf

d

b

AlY \\\B
-

photodissociation,
photofission

&

Nuclear Resonance
Fluorescence (NRF)

VAN i i i Bundesministerium itut fir Kernphysik
AN Nuclear Introduction to Photonuclear Reactions | Prof. Norbert Pietralla | TU Darmstadt, ®R I for Biaing nstitut
15.12.2023 FATISAPN W Institute for Nuclear Physics NCT S ? DAL’NAE 51

chnische Universitdt Darmstadt
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Photon Scattering
(Nuclear Resonance Fluorescence)

high energy resolution

spin selective: AJ=1,2
strength selective

of
e — - N> I AN

Electrons

Photon Flux

Energy Eq

15.12.2023 QCQé[éL\./cE @ uclear *
NV VVVVV.V Photonics

’HPGE

¥

g 1220 1|

Energy

Introduction to Photonuclear Reactions | Prof. Norbert Pietralla | TU Darmstadt,

Institute for Nuclear Physics

E“ HPGE ano |%e0 -:u'\- :I::I::_-:_:I::"

I r '=Ta+Zeal
Iy FadT /T
=l I'Jr"':"."--.]"'-\]]
% Iy

L1 FAR 7. ¥

) TECHNISCHE
UNIVERSITAT
DARMSTADT

Observables

« Excitation Energy E,

e SpinJd

« Parityn

« Decay Energies E,

« Partial Widths /T
 K-guantum numbers

* Multipole Mixing &
Decay Strengths B(rnA)
Level Width " (eV)

« Lifetime t (ps — as)

'S R | Bundesministerium nstitut fir Kernphysik
| S DALINAC 52
EN Teghnische Universitdt Darmstadt
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OVERVIEW ON MEV-RANGED GAMMA-RAY SOURCES - LASER-COMPTON BACKSCATTERING (LCB)

photos from Sept. 2023

OK-5: this is a lamp!

ANV Nuclear Introduction to Photonuclear Reactions | Prof. Norbert Pietralla | TU Darmstadt, \ AR | Bundesministerum
15.12.2023 ACCEL E=MNccE= Photoni und Forschung 5
otonics

nstitut fir Kernphysik
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OVERVIEW ON MEV-RANGED GAMMA-RAY SOURCES - LASER-COMPTON BACKSCATTERING (LCB) TECHNISCHE

llimators
ANV Nuclear Introduction to Photonuclear Reactions | Prof. Norbert Pietralla | TU Darmstadt, \ ® | g nstitut fir Kernphysik
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OVERVIEW ON MEV-RANGED

GAMMA-RAY SOURCES - LASER-COMPTON BACKSCATTERING (LCB)

NOONONAN Nuclear Introduction to Photonuclear Reactions | Prof. Norbert Pietralla | TU Darmstadt, \
15.12.2023 VIV Photonics Institute for Nuclear Physics

\EN

Bundesministerium

TECHNISCHE
UNIVERSITAT
DARMSTADT

y-ray
detectors
INn the

target room

nstitut fir Kernphysik
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Looking at the HIGS Gamma—-Ray Beam

beam
Y —1ay D/Target == monitor
beam
collimator —

Ge detectors

3

= 5.0(2) MeV

=21

2

[~

z |

g 1} Bkgd :

o ! | CE ! .
0 J‘l—l ! L : ' L L

N.Pietralla et al.
Nucl.Instrum.Methods A 483, 556 (2002).

Gamma Energy (MeV)

0 1 2 3 - 5 6

ung
uuuuuuuuu

nstitut fir Kernphysik

SIDALINALC

Technische Universitdt Darmsiadt
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Looking at the Target

) TECHNISCHE

&)=\ UNIVERSITAT
11 5.02 MeV__ /5~ ' DARMSTADT
5.0(2) MeV @ beam
Y —1ay Target 5o [uonitor
| > D, v (JGe() |
beam | 1/2
collimator i A [m_l ]
il | 3/2”
3= | 11p
T : :
3= Fu-stNRFa;flE%sl,. 2000m - = mim = = 7= = e m
CP1 10 5/15/01 |
o K * 3 h beam = i
é >1500I 32 — gs E
=1 i 11 .
g - 4 " i
St 21000% : r
o~ ~ a 1 BTl % :
0o 1 2 3 4 5 -6 3 .
Gamma Energy (MeV) o S00 DEP 3
' 1
: i L"""M... 1
N.Pietralla et al. . Dk mmd e m e m ek e e e
Nucl.Instrum.Methods A483. 556 (2002).28 32 36 40 44 48 5.2 O T —
Wete  SIDALINALC 57
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NUCLEAR RESONANCE FLUORESCENCE (NRF)

15.12.2023

TECHNISCHE
UNIVERSITAT
DARMSTADT

. W(90°,0°) — W(90°,90°) 11. Jr=1%
Y= — = ——— =y = for o
ln W (90°,0°) + W (90°, 90°) 4 R
E1 oz E1
or B
Y
NS
I N O—l—

» Elastic scattering distribution not isotropic about incident polarization plane.
* No intensity along oscillating dipole vector
= Azimuthal rotation by 90° for M1 and E1 distributions

» Observable only for linearly polarized beam

AN Nuclear Introduction to Photonuclear Reactions | Prof. Norbert Pietralla | TU Darmstadt, [Ec)Em) \ ] I E e seru nstitut fir Kernphysik
WV VIV @Photonics* Institute for Nuclear Physics s = IR b t S DALINALC 58
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NUCLEAR RESONANCE FLUORESCENCE (NRF)

zimuihal
f\tensny distribution

E1

or polarization plane

(E—vector)

0=90°

nstitut fir Kernphysik
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Technische Universitdt Darmsiadt
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TECHNISCHE

Proof of Principle

160 UNIVERSITAT
]' ' ' ' ' DARMSTADT
| in—plane
32g 120 O SEP +
8.1(3) MeV @ 0=0 known 1
v —ray /Target . - S ]
. b Y @ - : DEF 1=0.23f5 _
_ cdlll @ E a0l
o E \E\ﬁ_
.12 MeV N g | out—of—plane 3257y -
1 < 120p o . l
- O E;=8.1(3) MeV -
0L 5 h beam on target._
- | 3.7 g/em? |
40k i
ot 6400 7200 8000 8800
325 Energv (keV)
N.Pietralla et al.. Nucl.Instrum.Methods A483. 556 (2002).
15.12. 2023 ; %\é\/ ggp:\:;tc‘l:?crs 5”% Introauction to PnOIOnUCIeaIlt];ﬁEt(;II?Or:’SNLCI-I’;’ZT’. Ila\lr(]);g(e:l’st Pletralla | 1U barmstadt, » * | Bur dB'-‘ ﬁ :r'\um 5 B%HIWDAJWEE 60
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RECENT CHALLENGE: THE GAMMA DECAY OF THE GDR

Challenge to my PhD student
Jorn Kleemann:

,otudy the y—decay of the GDR in
a deformed nucleus as a function
of excitation energy!”

AV Nuclear
ACOER_E=racoE—
VANAANAAN Photonics

%75 TECHNISCHE
SG/~\ UNIVERSITAT
'5 DARMSTADT

_}g 1
> i
o i
— 1
© 1
= l
< i
] 1
(@) 1
c i
g o : :
B Two-Phonon  Pygmy Dipole] Giant Dipole
) State Resonance ! Resonance
° - i
o !
\ U 1
L !
j - 1
4 1
O
o
L

0 5 10 15 20
Energy in MeV

Particle unbound
= 99% n-decay
= 1% y-decay

J. R. Beene et al., Phys. Rev. C 41, 920 (1990)
K. Boretzky et al., Phys. Lett. B 384, 30 (1996)
\ _ EB“,.H’:'?EEZI‘E::”W nstitut fir Kernphysik



EXPERIMENTAL PRINCIPLE

[
L4

&
o = K=1
-
LL]
: K=0

I((y, V) = 1%

[

TECHNISCHE
UNIVERSITAT
DARMSTADT

>

g 1545m: E(2;{) = 82 keV = AE

C “— “—>

= K=0 K=1

y-ray energy
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EXCITING THE GDR USING A LINEARLY POLARIZED BEAM
TECHNISCHE

UNIVERSITAT
DARMSTADT

+ — +

07 =21spr — 04
O-+

| 21

1 X

Go-ll-

N. Pietralla et al.,
Phys. Rev. Lett. 88, 012502 (2001)
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MEASUREMENT POINTS IN THE GDRS OF 154SM AND "'4°CE

N W
92 o
o o

N
o
o

Photoabsorption Cross-section i
o
o o

o

—— Yy-beam profiles
—3— 154Sm cross-section (Carlos 1974)
—4— 140Ce cross-section (Leprétre 1976)

Ul
(@)
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Photon flux in arb. units



140CE IN 16.2 MEV LINEARLY POLARIZED I'-BEAM
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800

600

N &
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1
1
1

Counts per 10 keV
o
o
o

400

i e D PO (RPN

- L

14.0 145 150 155 16.0 16.5 145 150 155 160  16.5
Energy in MeV
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140CE IN 16.2 MEV LINEARLY POLARIZED I'-BEAM
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800 :Iteasured
600/ Deconvolved 05" -Decay
—— Deconvolved 2 -Decay
% 400 Deconvolved BG
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400} 1
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1548M IN 16.

2 MEV LINEARLY POLARIZED

r-BEAM

TECHNISCHE
UNIVERSITAT
DARMSTADT

M T T T T l T
1000/ -easured
Fit Aand
- +_
750 Deconvolved 0; -Decay
—— Deconvolved 2 -Decay
%) 500 Deconvolved BG
V4
o R
— 250 P e el A e,
— R i R
8_ 0 S e =
1000} 02'1|' - T -
)
% 750} — O 2 54(4) 4 || "'L!I#l ..i'-rl!!ln"" ‘J""l‘-'"'nlrlm""'uf"][“iI:_LLI '
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G _ 1907 ot b,

500} 1 e 1
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1000

750

500

154SM IN 12.6 MEV LINEARLY POLARIZED I-BEAM
TECHNISCHE
UNIVERSITAT
DARMSTADT
—— Measured ' ' ' 1 ' ' ' ' ' i
Fit - »= T -
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= —4— 1°4Sm cross-section (Carlos 1974)

-

© 250+

'y “ A

9 i -

V)]

L}) 200¢f O,+ O,+

0 L =11.015(15) L =0.254(4) ,

|- Go‘l‘ 00+

U 1 1 J
150

- 3

O ;

)

100t ;

o i}

Q 3

% >

@) 50_ ' -

)

o

o | | | |

0 10 12 14 16 18

Beam Energy in MeV

x 3 Bundesministerium nstitut fir Kefﬂﬂhysik
@L‘?’;*é * | ot S DALINALC
Photonics R EN Technische Universitat Darmstadt




RESULTS ON I'-DECAY BEHAVIOR OF GDR OF
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Interference effects in the GDR

E. G. Fuller and E. Hayward, Nucl. Phys. 30, 613 (1962)

« Thomson scattering interferes with GDR’s y-decay to 07

2
O Elastic (E) — fTh + f()ir NRF (E)
= Need scattering amplitudes f(E) € C for both processes for correction

= QObtainable from o4, through optical theorem and dispersion relations

E’T7
Oaps(E) = z P R
ko (Ei — E?)” + ET;;

= Corrections up to 35%

2023-11-27 | IRTG 2891 Kick-off | Jérn Kleemann | IKP — TU Darmstadt | AG Pietralla | 72 ,}%@ LOEWE @ Nuclear [E)ew] >
e Photonics G
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NEW DEVELOPMENT ON GDR DATA
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« Measured the y-decay behavior of the GDRs of 1°4Sm and 14°Ce
— y-decay of GDR very sensitive to SLO parameters of GDR

+  Eyo=12.367(21) MeV, T =3.27(6) MeV, oy, xeo = 0.644(15) MeV b for 154Sm
+  Ey, = 16.119(20) MeV, T =5.05(5) MeV, oy xo1 = 1.052(17) MeV b for 154Sm

« Simultaneous activation of natural Ce, Sm and Au samples
— y/n branching ("= 1%") and absolute cross-sections from activation

« Additional data on GDRs of 194Dy, 23°Th & 298Pb measured in April 2023

Jorn Kleemann

\ NAANA Bundesministerium i fiir Kefﬂﬂhysik
AN Nuclear » AR | Dundes nstitut
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LASER-COMPTON
BACKSCATTERING SOUR&‘E -
AT THE S-DALINAC

15.12.2023 Accelence Workshop 2023 | TU Darmstadt | Institut fiir Kernphysik | Maximilian Meier 76
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LASER COMPTON BACKSCATTERING @ S-DALINAC

Higher photon energy
preferred

\ Injector . [] Electron Guns

-
“Main Accelerator =

e High Laser Pulse
- Energy (N;)
® ® [ High scattering
__ ® frequency (f)
--E-E-E-.-:H:H:l—:- =

[ Small beam size at IP ]

«»For higher Energy
«+Easier overlap

I

Low M?
Laser . .
40 m Beam Transport LOW 0y p ; —L < 22Ee
P Ep Ee

uclear ik
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COUPLING CHAMBER OF LCB-SOURCE

Off-Axis Parabolic Mirror Laser

y L

Electron Beam deposition <
1%

b X-rays

Interaction point Electron beam

Beam size o, < 100 um

%) Nuclear . . - . AN ™ Nuclear ik
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Maximilian Meier
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LASER SYSTEM

Head-On Collision

s*For higher Energy

s+Easier overlap

A =1030 nm “SHG:
A_7\~2.10_4_ T]>50%

o THG:
EPulse <0.5mJ n > 25 0
Z 0=I\/IZHOO kHz — [ Small beam size at IP\J/

Z

M? < 1.3

_towwr )
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LASER BEAM TRANSPORT

A Nuclear _ ,  ERSEAAANATAAA e Nuclear ik
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STAY TUNED!

Thank you very much!

Jérn Kleemann Maximilian Meier

Nuclear : . : o AN Nuclear i
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LASER SYSTEM

Laser Parameter Unit Measurement

D T T trum
S Spectru

Average power W 103.4 : A = 1030.2 nm
. c= '
Energy per pulse VA 517.0 0.9 - FWHM = 1.75 nm
Short-term energy stability RMS % 0.89 0.8
Long-term energy stability RMS % 0.99 '
Pulse duration fs 740 0.7 1
M2 1.08 5
o X ' 2061
M2y 1.11 —
>
Astigmatism % 11.6 '::n' 0.5 1
. c
Waist asymmetry % 0.5 3 0.4 -
2Wmax  mm 3.26 =
Beam diameter 0.3 -
2Wmin mm 3.11 '
Beam ellipticity % 4.6 0.2 1
Short-term pointing stability Radial prad 4.5
Short-term position stability Radial gm 1.58 011
Absolute timing jitter fs 175.0 0.0 ; . — — . . ;
Long term jitter on 12h fs 192 9 1026 1027 1028 1(:;9 I1032h : 10;1 1032 1033 1034
aveleng nm
Repetition rate adjustibility Single shot — 40 MHz

AN Nuclear . . o ) faYaYaYaYaVaYaVa o Nuclear ik
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LASER SYSTEM

UNIVERSITAT
Laser Parameter Unit Measurement DARMSTADT
Center wavelength nm 1030.2
Bandwidth FWHM nm 1.8 g
Laser power stability
120 A
100 R T T
Pulse duration fs 740
M2x 1.08 80 4
M2 —
M2y 1.11 3
Astigmatism % 11.6 g 60 -
Waist asymmetry % 0.5 E._
2Wmax mm 3.26
Beam diameter 40 A
2Wmin mm 3.11
Beam ellipticity % 4.6
Short-term pointing stability Radial urad 45 201 __ ég\?v?rg;hfgvsvérl;iﬁ?jg \{Vy
. . 0
Short-term position stability Radial pum 158 ] ... Specification : 100.0 W
Absolute timing jitter fs 175.0 0 : T - T '
0 2 4 6 8 10 12
Long term jitter on 12h fs 192.9 Time [h]
Repetition rate adjustibility Single shot — 40 MHz

Nucl ) ) o ) faYaYaYaYaYaYaYaYa iste Nuclear |_|i
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LASER SYSTEM TECHNISCHE

UNIVERSITAT
Laser Parameter Unit Measurement DARMSTADT
Center wavelength nm 1030.2
Bandwidth FWHM nm 1.8 Pulse duration
Average power W 103.4 1.0 — - Sech? FWHM = 739 fs
Energy per pulse pJ 517.0 —— Autocorrelation
Short-term energy stability RMS % 0.89 0.8 -
Long-term energy stability RMS % 0.99
Pusedwaion s T -
e M2x 1.08 E 0.6 -
M2y 1.11 >
Astigmatism % 11.6 g
Waist asymmetry % 0.5 42 0.4 1
2Wmax mm 3.26
Beam diameter
2Wmin mm 3.11
Beam ellipticity % 4.6 0.21
Short-term pointing stability Radial prad 4.5
Short-term position stability Radial pum 1.58 0.0 | ' h . < . |
Absolute timing jitter fs 175.0 -6 -4 =2 0 2 4 6
Long term jitter on 12h fs 192.9 Delay [ps]
Repetition rate adjustibility Single shot — 40 MHz

non Nuclear . . R AN ™ Nuclear i
15.12.2023 G}Q@L}Q&é‘é H Accelence Workshop 2023 | TU Darmstadt | Institut fir Kernphysik | Maximilian Meier E - ACCEL_ENICE= ng N _ 20
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LASER SYSTEM

Laser Parameter

Center wavelength

Bandwidth FWHM

Average power

Energy per pulse

Short-term energy stability RMS
Long-term energy stability RMS

Pulse duration

Short-term pointing stability Radial
Short-term position stability Radial
Absolute timing jitter

Long term jitter on 12h

Repetition rate adjustibility

IAAAAAAAA
ACCEL_ENICE=

15.12.2023 Mokl e

Unit
nm

nm

prad
um
fs

fs

@ Nuclear E%éf
Photonics

Measurement
1030.2
1.8
103.4
517.0
0.89
0.99

4.5
1.58
175.0
192.9

Single shot — 40 MHz

Clip[a] 13.5%
4xSigmalb] |

Maj-ISO 3258.6 um

Min-SO 3109.7 um
ELP -5.67 deg.
Ellip. 0.95
Orient. -5.67 deg.
Crosshair 0.0 deg.

Xc -193.7 um
Yc -204.7 um

Centroid: [absolute] Rc 281.8 um

ADC Peak % 88.6%
Plateau Uniformity 0.14 /4

TECHNISCHE
UNIVERSITAT
DARMSTADT

Full Range = 2

Relative Power: 0.00
C—

(Trigger off) delay = 0.000 ms
al

Imager Gain =1.0
e —

|

|mage zoom 1 Exposure time = 51.84 ms (Auto) —
2Wua@13.5% 3037.0 um 3168.2 um
2Wub @ 4Sigma 2911.3 um 2Wvb @ 4Sigma 3040.2 um

GFit 98.0% | G 2w 3044.4 um | GFit 94.7% | G aw 3281.0 um

St

Scale = 700.0 umidiv [Peak=976% B=23%

Scale = 700.0 umidiv

[Peak=976%, B=24%

Profile area, T'n, 'O'ut, 'R'eset, Middle button [ or Shift Left button) to position profile NEW!, Drag mouse to measure.

Accelence Workshop 2023 | TU Darmstadt | Institut fir Kernphysik | Maximilian Meier
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LASER SYSTEM TECHNISCHE

UNIVERSITAT
Laser Parameter Unit Measurement DARMSTADT
Center wavelength nm 1030.2
Bandwidth FWHM nm 1.8
Average power W 103.4
Energy per pulse pd 517.0
Short-term energy stability RMS % 0.89
Long-term energy stability RMS % 0.99
Pulse duration fs 740
Mz2x 1.08
M2
M2y 111 ; ;
Astigmatism % 11.6
5 5
Waist asymmetry % 0.5
2Wmax ~ mm 3.26 E° .
Beam diameter = =
2Wmin mm 3.11 =1 - LVl W ' , =
E | ]Il' i Ll 1 Ir il | m E
Beam ellipticity £ . , 'Iu | f "M %*1 IIH 4 4 E
@ il 5
_--_ hall
g3 ' - - - - =
Short-term position stability Radial pum 1.58
5 5
Absolute timing jitter fs 175.0
Long term Jltter on 12h fS 1929 ! 0 20 40 60 BO 100 120 140 160 180 ZDD-?
Repetition rate adjustibility Single shot — 40 MHz Time (s)

=

Nudl . . o AN = Nuclear i
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LASER SYSTEM

Laser Parameter
Center wavelength
Bandwidth FWHM
Average power

Energy per pulse
Short-term energy stability
Long-term energy stability

Pulse duration
MZ

Astigmatism

Waist asymmetry
Beam diameter

Beam ellipticity
Short-term pointing stability

Absolute timing jitter
Long term jitter on 12h

Repetition rate adjustibility

RMS
RMS

M2x

M2y

2Wmax

2Wmin

Radial

Unit
nm

nm

ud
%
%

fs

%
%
mm
mm
%
urad

fs

Measurement
1030.2
1.8
103.4
517.0
0.89
0.99
740
1.08
1.11
11.6
0.5
3.26
3.11
4.6

=]

¥ecnormalized (um)
(=]

175.0 e
192.9 8
Single shot — 40 MHz

15.12.2023 Q%V%%

@ Nuclear E%és
Photonics

Accelence Workshop 2023 | TU Darmstadt | Institut fir Kernphysik | Maximilian Meier
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E
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Time (s)
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1

A

140 160 180
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LASER COMPTON BACKSCATTERING @ S-DALINAC

Higher photon energy
preferred

\ Injector . [] Electron Guns

-
“Main Accelerator =

e High Laser Pulse
- Energy (N;)
® ® [ High scattering
__ ® frequency (f)
--E-E-E-.-:H:H:l—:- =

[ Small beam size at IP ]

«»For higher Energy
«+Easier overlap

I

Low M?
Laser . .
40 m Beam Transport LOW 0y p ; —L < 22Ee
P Ep Ee

uclear ik
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LASER BEAM TRANSPORT

Total
Irradiance
surface 75
Interaction
point

1,344e4
1,209e4
1,075e4
9,407e3
8,064e3
6,720e3
5,376e3
4,032e3
2,689%e3
1,345e3
1,1

Watts/mmA2

Studio

Total Irradiance surface 75 Interaction point

Beam wavelength is 1,03000 pum in the media with index 1,00000 at 0,0000 (deg)
Display X Width = 3,0766E-01, Y Height = 3,0767E-01 Millimeters

Peak Irradiance = 1,3439E+04 Watts/MillimetersA2, Total Power = 9,8445E+01 Watts
Pilot: Size= 6,7106E-02, Waist= 5,3623E-02, Pos= 6,5988E+00, Rayleigh= 8,7703E+00

AR Nuclear
ACCEL_EMNICE=
\VVIVVVi\VVVV Photonics

15.12.2023

Accelence Workshop 2023 | TU Darmstadt | Institut fir Kernphysik | Maximilian Meier
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Simulation:
=  Zemax OpticStudio
=  Physical optics propagation
= 40 m beam transport
= Telescopes and “relay imaging”
= Off-axis parabolic mirror with hole

Physical optics propagation @ IP:

=  Total power: 94.5 W (100 W)
= Waist size: 53.6 pum (12 mm)

Rayleigh length: 8.8 mm

EREAANAAA ““@ Nuclear *”‘
- ACCEL_ENCE= ing ; : 95
ML Photonics 1ot
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LASER COMPTON BACKSCATTERING @ S-DALINAC

Values

Parameters

Electron Beam

Electron Energy (E.) 39 MeV —98.8 MeV .
s Injector Electron Guns
Rel. Error of Electron Energy (AE,) <10 \ P

J :
Beam Current (I) 10 A Main Accelerator -
Beam normalized emittance 5-10"°mrad
Electron Beam Size (6¢-ms) <100 um

Laser Beam

Wavelength (1) 1030 nm
Photon Energy (Ej) 1.2eV
Error Photon Energy (AE;) 1-103eV
Pulse Energy (Epuyise) 0.25mJ
Repetition Rate (fyep) 200 kHz
Beam Size (0 puise rms) <100 ym

—— 28 keV — 179 keV 475 13, 3ps
Min. rel. Energy Bandwidth, FWHM 0.7 % 200kHz
Total Flux 6 - 103Ph/g
Spectral Flux at min. Bandwidth 38 Ph/s

39MeV - 98,8 MeV & 10 pA(~3 fC)
@3 GHz

Nucl ) ) o ) faYaYaYaYaYaYaYaYa iste Nuclear |_|i
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MULTI-TURN ERL MODE OF THE S-DALINAC | RELATED PROJECTS TECHNISCHE
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AKBP 16.4: Design and Status of the Laser-Compton Backscattering Source at the S-DALINAC
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MULTI-TURN ERL MODE OF THE S-DALINAC | RELATED PROJECTS

1. AKBP 1.2: Automated Activation Procedure for GaAs
Photocathodes

2. AKBP 8.4: Sensitivity Analysis and Online Surrogate ”’ q«r LY
Construction at the S-DALINAC Using Polynomial Chaos \
and Neural Networks

3. AKBP 9.6: Design of a Solenoid Magnet for the S-DALINAC

4. AKBP 14.1: System for Bunch Length Measurements
behind the Injector of S-DALINAC

5. AKBP 14.2: Simulationen zur Optimierung von
Vakuumsystemen fir Beschleunigerstrahlfiihrungen

6. AKBP 16.4. Design and Status of the Laser-Compton
Backscattering Source at the S-DALINAC

7. AKBP 16.5: Development of a 6 GHz Cavity BPM for the
Multi-Turn ERL Operation at the S-DALINAC

AV YV Nuclear . . ' . : ; |EM| | e iV
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MULTI-TURN ERL MODE OF THE S-DALINAC | RELATED PROJECTS

1. AKBP 1.2: Automated Activation Procedure for GaAs
Photocathodes

2. AKBP 8.4: Sensitivity Analysis and Online Surrogate qﬁ:j@m\& %‘l
Construction at the S-DALINAC Using Polynomial Chaos & y

By
and Neural Networks &?&,
3. AKBP 9.6: Design of a Solenoid Magnet for the S-DALINAC. ) @'
4. AKBP 14.1: System for Bunch Length Measurements NN
behind the Injector of S-DALINAC
5. AKBP 14.2: Simulationen zur Optimierung von
Vakuumsystemen fir Beschleunigerstrahlfiihrungen
6. AKBP 16.4. Design and Status of the Laser-Compton
Backscattering Source at the S-DALINAC
7. AKBP 16.5: Development of a 6 GHz Cavity BPM for the
Multi-Turn ERL Operation at the S-DALINAC
8. AKBP 16.15: The Scraper System at S-DALINAC and
ERL application
15.12.2023 f\:c:c\é/%%.\;fvcg W Technische Universitat Darmstadt | Institut fur Kernphysik | Prof. Norbert Pietralla * I Eu:':‘%fﬂig:::m 5 Bﬁ}u-r’wlpqhyﬁli 100
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MULTI-TURN ERL MODE OF THE S-DALINAC | RELATED PROJECTS
AKBP 16.15: The Scraper System at S-DALINAC and ERL application

Table 1: Design parameters of S-DALINAC 650 mm

connection for screen

« Machine protection Design Energy: 130 MeV T seraper
° |mpr0ving beam qua“ty Beam current @ 130 MeV: 20 uA

. Frequency: 2.997 GHz
« Background reduction

- Beam cleaning e
High-Energy pump

NEPTUN

O

180° Setup @ QCLAM

« Simulation of an ERL interaction point
with possible scraper placement

OTR diagnostic

Beamline for ERL experiment ;
Picture by Jan-Christoph Hartung station

Max. Energy, Interaction Point (180°phase shift)

Magnet-
spektrometer

Experimental Area

5m

169° LINTOTT
Magnetspektrometer

Figure 1: Experimental Area of S-DALINAC
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MULTI-TURN ERL MODE OF THE S-DALINAC | SUMMARY AND OUTLOOK
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We successfully implemented a two-fold energy recovery (TER) mode at the S-DALINAC with
an efficiency of up to 87 % (atlow currents)
» RF power required for a given beam current is substantially reduced

Methods to increase the efficiency under investigation
Implementation of a three-fold energy recovery mode in planning

We have many projects related to the ERL operation of the S-DALINAC or future ERL
accelerators, some of them presented at this DPG Spring Meeting

nstitut fiir Kernphysik

IATATATATATATATATA Nuclear ) ) ) . ) ) x * fBuulndiEs'uﬂnmi ssssss m
15.12.2023 e e W Technische Universitat Darmstadt | Institut fiir Kernphysik | Prof. Norbert Pietralla nd Forschung S DALINALC 102

< EN Technische Universitdt Darmstadt



%5 TECHNISCHE
rce“/@ UNIVERSITAT
\O

! 9P-° DARMSTADT
3 = _
» . ‘ { ?; N .,;.? 0
; SH DL TER o

MULTI-TURN ERL MODE OF THE S-DALINAC

THANK YOU FOR YOUR ’
ATTENTION



