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3'd generation storage ring light source — e.g. BESSY |l

Successor of BESSY I, Germanys first dedicated light source (1981 — 1999)

Construction 1992 — 1998, in user operation since 1999 = ——h4
Energy/current 1.7GeV / 300mA ¥
Emittance 4/6 nm rad

Pulse length 15 ps (rms)

Circumference 240 m

Straight sections 16

Undulators / MPW+WLS 12/ 1+2

Beamlines 36

end stations (fixed+var) 52

5000 h user operation, 3000 user visits / a

specialties standard mode =4in 1

low-o. operation excellent support of timing experiments

ps beams, CSR, THz ] “single bunch” slicing
m

femto slicing

100 fs, polarised x-rays

6 kHz and variable 1mA [ omaa

pump probe laser by
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3'd generation storage ring light sources —t

2;-‘7 :

BESSY |1/ D, 1998 KARA/ANKA / D, 2003

"PETRAIII/ D, 2010

Energy: 1.7 GeV - 8 GeV

Beam Current: 100 mA —= 500 mA

Natural Emittance: 1 nm rad —20 nm rad (coupling down to << 0.1% =5 pm rad vertical)
Pulse Length: ~ 30 ps (~ ps in low-a and 100 fs slicing @ strongly reduced current)
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The phase space of parameters

Brilliance
Nonoton(2)
__  photon
Baverage(k)
&, - Sy
Photons on Sample Diffraction limit,
Advanced IDs, Coherence
tailored beam optics, Y
efficient photon optics Exy =~
7 An
Repetition Rate & Timing Resolution
Pulse Structure electron / photon pulse length
pulses, pulse trains, cw
Longitudinal Coherence Peak Brilliance
SASE, seeded radiation, stability, N N 2
“ ic” ~ _ € ~_ €
monochromatic” photons Bpeak —€ Bpeak .
incoh. coh. !
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The coherence challenge in pictures

Incoherent vs. coherent X-ray beams

PAST &
PRESENT:

“disordered” beams ordered samples
FUTURE: e\ \5-
\’ éﬂ source
"ordered”, coherent beams disordered samples '22)
y) Case1: Currently ...
))ﬁ ) e.g. 3 gen. synchrotron sources
Case2: Near Future ...
® ))))))»)))))) Diffraction-limitlight source
Case3: Ultimately ...
o ))))))))) Fourier transform-limit light

source

http://erl.chess.cornell.edu/gatherings/2011_Workshops/talks/WS1Shpyrko.pdf
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One driving factor — increase in brilliance and coherence

Brilliance

Nohoton(}\‘)
An® (e, @ sphoton(k))- (ay D¢

B A) =
average( ) (7\, s-0.1%BW - A)

photon

defined by lattice=“beam optics”, beam energy

Epnoton(A) = % (Gaussian), ZL (undulator) :photonbeam emittance
T T

Electron beam emittance for diffraction limited radiation:

A A A
Sx,y (x) — fcoh (7\,) _ 8photon( ) ] 8photon( ) ~ 44%
4TC 8x @ 8photon(}\*) Sy @ 8photon (7\‘)
e=1nmrad A =13 nm (95 eV)

N
A=10nm (124 eV) — e = 800 pm rad
A=1nm (1.240 keV) — ¢ =80 pm rad
A=1A(12.4 keV) — e =8 pm rad
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Quo vadis storage rings? — The diffraction limit challenge

Lattice design evolution from double- and triple-bend achromats (DBA, TBA) to
multi-bend achromats: increase N,

) i 1 C, = lattice constant
By CLW’ . X 3 Np = # dipoles
- Fixed E C = Circumference
DBA [\ owmemruncen 7BA |

; ; Strong Focusing and Low

i !D —_— Dispersion

! - | First used for MAX-IV.
12 zertion Sraght ! 42 nzertn Srog] [ 2 Insarson swrakee E 112 baerton Sragn]
AH/ ‘ \H_ D. Einfeld et al., Proc. PAC 95,

= J Dallas TX

A
Y

= = > Terepal

Multi-bend lattices are becoming a reality:

« MAX IV (Sweden) is in operation (~ 300 pm rad)

« Sirius (Braazil) just started construction

« ESRF MBA upgrade on the way (France)

« APS-U (US), ALS-U (US), SPRING-8 (Japan),
PETRAIV (D), SLS2 (Switzerland), DIAMOND?2 (UK),
SOLEIL2 (F), BESSY Ill (D), ... planning
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Diffraction limited storage rings

DLSR compared to 3G SR:

Emittance reduction < 1/10 (~ 100 pm), maybe down to < 1/100 (~ 10pm)
but:

 lattices with very strong quadrupoles (and multipoles)
« reduced dynamic aperture makes injection complicated
“If you can inject in your lattice, your emittance is still too large”
— new concepts for injection, e.g. “swap-out injection”
« careful control of Intra Beam Scattering and Touschek lifetime

%
a SsS e s e

3G, 20ps DLSR, 20ps work around
- high phase space density - increase bunch length, 75 — 200 ps
- many scattering processes - transfer hor. emittance to vert.
- low lifetime, emit. increase “round beams”
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2 examples of new designs —ALS U (short, low energy)

ALS-U: 2 GeV, C =200 m, 50 pm rad (round beam), 500 mA, ~ 200 ps

« Storage-ring bunches transferred to accumulator

« Accumulator bunches transferred to storage ring H
‘ very low dynamic
Gap Bunch Train Gap R
=10 nsec =50 nsec =10 nsec
r— —1 apperture

; ) A - -3
3 -5

E
Fast kicker magnets S Bl
- -8
) -9

% 02 o04 06
X position (mm) (injection straight)

New ALS storage ring

New accumulator ring

18 T T T T T T T T . . . .
a n RO bl On-axis swap-out injection
14 ! ' HMBA 'y | (initially proposed by M. Borland)
! . l' Stored Beam A _Fast Kicker A
1 ' " *—» > >
' o \ \
1 f .
1
1

Injected Beam

(need additional accumulator ring)

ALS-U proposal,
April 2016

Position (m)

Andreas Jankowiak, Storage Ring based Light Sources, KfB Perspektiven Workshop - Strahlungsquellen, Karlsruhe, 26.04.2018



2 examples of new designs — PETRA IV (long, high energy)

PETRA IV: 6 GeV, C =2300 m, ~ 10 - 15 pm rad, 100 mA, 100 ps

- —-~« = =

<

e : B —
it m o B
o mmdnew Hoaminee) S = —
1. Lattice based on HMBA Cells 2. 4D-phase space exchange and MBAs
= Arcs: 8 HMBASs cells to build a 45° arc = arc cells with non interleaved sextupoles
= 8identical arcs » Undulator section, preliminary version with HMBA
= Straight sections: FODO cells
) O T g P e ==
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- horz. emittance of HMBA-based ring
is 15 pm-rad at 6 GeV
- on axis injection most likely needed

- Emittance ~ 30 pm
- off axis injection seems to be possible
- no satisfactory solution for ARC cells w/o ID

R. Wanzenberg,
Andreas Jankowiak, Storage Ring based Light Sources, KfB Perspektiven Workshop - Strahlungsquellen, Karlsruhe, 26.04.2018 R. Brinkmann, etal. 10



League of European Accelerator Based Photon Sources

= g
H EUROPEAN
dlamond Elettra Sincrotrone Trieste %YS_EI_EHROTRON

ORGANISATION

T HZBy

P B o | Zentrum Berlin

HZDR )

, NN MAXTV GISA
e

ROSSENDORF

PAUL SfElRiIHS'IITUT & SOLARIS
SEEe &£ soums SULEIL

RADIATION CENTRE SYNCHROTRON

Development of Technology Roadmaps
(financed within FP9) for

* Photon Sources (FEL+SR+novel Acc.)

« Beamlines/Detectors
- Data Management and Analysis A8
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Magnets

resistive magnets of many different kinds

- high gradient, “combined function”, ...
Combined function . . . ..
Dipole/Quaciupole (0Q)  Sextupole - relying on highest manufacturing precision

- precise magnetic field measurement
) for development work and quality control
=0 q Sarone .

. jp— - are we at the limit? What next?

Vacuum Chamber
HG quadrupole Octupole

ESRF I The European Synchrotron

MG quadrupole

~90 Tim 150-200 Tim

In-air In- vacuum
Cryogenic cooling (LN,)
PrFeB Magnets

Magnet

permanent magnets

- large scale installation
- stability, field quality

- longterm rad. hard.

_SR |
' FEL

)

@)
(@)
3
©
Q
(@)
—

A

12
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Magnets & girder

LGB design study

B-field profile

by

ol (T +h(s/L))"
/
[\

Fitting parameters:
* bO: 7.49

Beat/Barn = 2.3
(vertical aperture:57 mm)

PSI magnet group

B-field profile

new girder concepts
- stability, damping, alignment, costs

superconducting magnets
- e.g. longitudinal gradient dipole with up to 6T

MAX IV SIRIUS
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Vacuum systems and “other” vacuum installations

MAX IV chamber + BPM, 22mm

-l

SIRIUS chamber, BPM, flanges

QST
% 22/24 mm
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Insertion devices & radiators

« advanced in-vacuum CPMU
- polarized photons (APPLE Il/lll type)
- shorter period length

* in-vacuum SC Undulators, polarized (?)

« special “dipole” | WLS like devices for “hard bending radiation” from DLSRs
- with traceable field quality, e.g. for metrology applications

HZB 9mm-Prototyp 2 with DELTA Undulator

hybrid poles (FeCo & PrFeB) sc Helical

3, =16mm, L=1.5m |

| w/o force cancellation

\

‘ ]
\, w/ force cancellation

0 2 4 6 8 10 12 14 16 18 20
Gap (mm)

Periodically magnetized
single piece magnet  Takashi Tanaka, Shigeki Yamamoto et al
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SC/NC Cavities — harmonic cavities and others

S-band Crab cavities

sc / nc. crab cavities
- short photon pulses
- bunch separation

* APS-SPX SRF Crab cavities

r. fezonLab

........ ‘

|
" Lunin, etal., LINAC2014 ‘
Courtesy of Haipeng Wang (JLab) Bl Cohyay.etal, IRAC2014

’ ; ; by Fermilab/ANL.:
Mark-| crab ca\{lty by Jlab: Up to 2 MV per cavity (0.5 m)
O 2 M¥ per cavity (0. ) Few HOMs, simpler cryomodule
Dense spectrum HOMSs; big and Large im eaancz (smayller V-a énure)
expensive cryomodule. 9 P -ap i

—
pitEil
Sitiin

o
T N

~» BESSY VSR

Helmholtz-Zentrum Berlin

15-cell S-Band traveling wave deflector for LCLS 7-cell NC crab cavity for SPEAR3
Zenghai Li, SLAC

sc cw multi cell, high gradient cavities
- short electron pulses

- beating schemes for variable pulses
-usage in DLSR ?

- nc/sc cavities with a variety of frequencies

[ FEL? from some 10 MHz up to 2 GHz for
ultimate control of the longitudinal phase space !

Andreas Jankowiak, Storage Ring based Light Sources, KfB Perspektiven Workshop - Strahlungsquellen, Karlsruhe, 26.04.2018 16



Solid state amplifier technology

solid state amplifier

352 MHz, > 100 kW, available
500 MHz, 70 kW, available
1.3 GHz, 20 kW, available

1.5 GHz, 1.75 GHz to come
and others

reliability, stability, scalability

push the limits in terms of
frequency and power

[ SR |
| FEL |

Andreas Jankowiak, Storage Ring based Light Sources, KfB Perspektiven Workshop -
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Injection / kicker technology

BeyelapmentalStriphine idcker APS-U Fast (ns) strip line kickers and pulser
® 9 mm minimum gap; 1 mrad/m normalized kick angle 1:C. Yao et al., WEPOB24, NAPAC 2016 .. . . .
% R ) for swap-out injection, spreader, diagnostic,
® Prototype installed to line: 0.77 mrad a kV; run up to 20 kV. 1
P ‘ttp t to APS BTX 0.77 t 15 kV; pt Zcoou\:tesy . beam Separatlon

- stability, reliability, ...
- beam tests started/ongoing
\&x

0.0kv 5.0kV 10kv 15KV

- R ALs-u V)

Harizuetal By-Magnetc Fieid inside Norinear Kicker Magnet at y = 0 mm

Ey-teta m1)

WS—RI] Non-linear

;FEL a injection

kicker

injection with anti-septum
Kicker Anti-septum
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Diagnostics / Collimators / ...

. Ill. COLLIMATION SCHEME FOR ESRF-EBS — COLLIMATORS DESIGN

The main challenges for the collimators design concern
- the photon absorber required on the outside jaw (with its cooling system),
- the RF-fingers and tapers at entrance and exit for the chamber transitions,
- the short allocated space (~ 50cm), and the activated environment.

Page 12 6THLER WORKSHOP - 26.28 October 2016 - R. Verstsegen The European Synchrotron | ESRF

diagnostics
- Bunch By Bunch (BBB) and
Turn By Turn (TBT) data
position, beam size, length,
current, CSR, ...

_SR |
' FEL

Com pact!
L~ ]

~
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collimators

- to cope with radiation issues due to beam
lifetime in existing enclosures

- reliable, compact design needed

- shielding and activation issues

é 3 0.28
T 1 i
B z 0.20>
i € 2=
st 2 100| 0.16 %
< 0.12°%
£ ~
é 50 0.08%
0.04
0.00
O N ==
DAQ: KAPTURE Q(“’ ant/ mA
KArlsruhe Pulse Taking and Ultrafast Readout Electronics
= Simultaneous monitoring of all 184 buckets
) VS = Continuous turn-by-turn read-out of each
L Cr— bucket (500 MHz) — 32Gbis
E ; 10 R = Four sampling channels with a 12 bit ADC each
___E_ 1 i 5‘4 = Adjustable delay for each channel in 3ps steps
™ 0 = Local sampling rate up to 300 GSa's
@« xs  Alternative: read out multiple detectors
E . simultaneously
o 0 - B g m
] . » New possibilities in diagnostics
a
% 1 Online monitoring of detector peak height for each bucket at every turn!
= . =
@
o
s -2 -1 0 1 2
o . .
> horizontal displacement / mm
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Technology Developments — Storage Ring (i)

1. High gradient / field magnets with low aperture (lattice magnets)
em/pm/sc small aperture (<10mm) magnets, compact, high gradient

mock up girder

advanced meas. systems for qualification

2. Very small aperture vacuum systems
NEG coating tests

surface roughness / impedance optimization
comparison of different materials

3. Injection systems for low dynamic aperture rings (kicker & pulser)
non-linear kicker module (higher field, peak field near to axis)

ns stripline kicker

pulser

anti-septa

4. Small period, low gap, high K undulators with polarisation control
short period (< 10mm) planar CPMU, SCMU

in vacuum, short period, polarised CPMU

undulators for round beams (circular aperture)

revolver undulator, switchable period length SCU

advanced magnet meas. devices for qualification
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Technology Developments — Storage Ring (ii)

5. sc/nc cavities for bunch length control + RF systems
module with advanced sc cw HOM multi-cell cavities

nc cavities for multi harmonic operation

scalable power sources (SSA)

6. Diagnostics and feedback for advanced photon beam stability
photon beam bpm for EPUs

closed loop local “beamline / beam on sample” FB (e- and photon based)

6D bunch profile feedback based on 3D bbb DAQ

(SR [FeL)
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And now something “completely” different ...

A Mini-synchrotron

[CS— - /

* A miniature synchrotron x-ray source
— Electron bunch stored in a miniature electron storage ring

— Picosecond laser pulse stored in high-finesse optical cavity providing
electron “undulation” to produce x-rays in interaction region

Photocathode

' Electron Beam Injector
[lluminator

/ Electron Storage Ring

Coupling
Mirror

Monochromatic
Collimated
X-rays
Interaction Region

Mode-locked IR Laser matched to / \
ring cycle frequency (~ 65 MHz) IR Reflecting

X-ray Transparent Mirror

CLS Technology & Applications
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Zusammenfassung

Dramatische Entwicklungen in Bezug auf erreichbare

Emittanz (Brillanz, Koharenz) in Elektronenspeicherringen
— hochste transversale Koharenz moglich bis herunter zu 0.1 nm ....

Weiterentwicklung der Technologie und Methoden notwendig
— Dipole mit transversalen/longitudinalen Gradienten

— Quadrupole / Sextupole / Multipole hoher Gradienten

(normalleitend, supraleitend, Permanent Magnete, Hybride, mit kleinstem
Gap und hdchster Prazision)

— Vakuumkammern fur kleinste Aperturen

— Undulatoren mit kurzer Periodenlange und hohen Feldern (CPMU, SC, ...), auch
fur runde Strahlen, fir hdhere Photonenenergien bei gleicher

Elektronenenergie (im Zusammenhang mit ,miniaturisierten MBA Systemen
hochste Koharenz fur kurze Wellenlangen auch in ,kompakten® Speicherringen)

— Diagnose, Feedback, Automatisierung, Anwendung von Kl, Machine learning, ...

— Simulations- und Optimierungsmethoden
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Zusammenfassung

Innovative Methoden zur Manipulation des longitudinalen Phasenraums
— sehr lange Elektronenpakte zur Erzeugung von Strahlen hochster transversaler

Dichte
— Elektronenpakte alternierende Lange zum Erhalt von zeitaufgeldsten Methoden an

DLSR
— Anwendung von Konzepten von SSMB (stabiles Mikrobunching) oder
EEHG, CHG zur Erzeugung intensiver, koharenter Strahlung im nm Bereich

Dies alles im Hinblick auf die Weiterentwicklung der deutschen
Synchrotronstrahlungsquellen und auch um starker Partner in der
LEAPS Technology Roadmap Initiative sein zu kénnen.

Starken Deutschlands:

» Deutschland verflgt tber weltweit fihrende SR Quellen in allen
Energiebereichen (SR, FEL) + “Testanlagen” wie KARA & DELTA

» es gibt eine grofRe Zahl an Universitatsgruppen, die breit
aufgestellt auf diesen Feldern forschen
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