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Old & New Lightsources - Motivation

EPICS Summer School
Paul Goslawski

New Lightsource

Towards a 4th generation Synchrotron Radiation Source
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Outlook

● What is a Synchrotron Radiation Source or Lightsource?

○ And why are synchrotron lightsources cool?

● History & Developments of Synchrotron Lightsources

○ Brilliance - 1st, 2nd, 3rd and 4th generation 

● “Old” machines need new infrastructure/software

○ Digitalization by Digital Natives
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What is a synchrotron radiation lightsource?
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The electromagnetic spectrum & synchrotron radiation 
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The electromagnetic spectrum & synchrotron radiation 
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The electromagnetic spectrum & synchrotron radiation 
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A synchrotron radiation (light source) facility - A large-scale research facility
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Overview of Lightsources 
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Why are Synchrotron Lightsources cool ? Usage & Applications
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Why are Synchrotron Lightsources cool ? Usage & Applications
Swiss Army Knifes for Science and High-Tech 
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Swiss Army Knifes for Science and High-Tech 

12

Why are Synchrotron Lightsources cool ? Usage & Applications
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Usage & Applications of Synchrotron Radiation

Experimental Techniques at Lightsource Beamlines
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Usage & Applications of Synchrotron Radiation

Experimental Techniques at Lightsource Beamlines
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Usage & Applications of Synchrotron Radiation

EUV-lithography targeting 5 nm process nodes

- Changing lithography radiation source from 193 nm to 13.5 nm

Courtesy to PTB, M. Kumrey
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Usage & Applications of Synchrotron Radiation

“Molecular scissors” for plastic waste

- 2016 bacterium discovered that
grows on PET, produces two enzymes

- PETase, which breaks down plastic
into smaller building blocks

- MHETase splits it into the basic 
buildings blocks of PET 
(terephtahlic acid and ethylene glycol)

- Synthesis of new PET without oil.
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Usage & Applications of Synchrotron Radiation

Courtesy to G. Weber
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History & Development  of

Synchrotron Lightsources
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& Physics … & Particle Accelerators 

● Wilhelm Conrad Röntgen: Nov 1895
● Quantum world… 
● First particle accelerators ~ 1940
● Do particles in accelerators radiate or not?

○ Protons, Neutrons, Electrons, Particle Zoo
○ Ivanenko, Pomeranchuk, Swinger 

● First synchrotron radiation 1946 at 
a Synchrotron from GE

○ Parasitic use
● Tantalus, ~ 1970 first particle

accelerator for synchrotron rad. 

History & Development of Lightsources 
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& Physics … & Particle Accelerators 

● Wilhelm Conrad Röntgen: Nov 1895
● Quantum world… 
● First particle accelerators ~ 1940
● Do particles in accelerators radiate or not?

○ Protons, Neutrons, Electrons, Particle Zoo
○ Ivanenko, Pomeranchuk, Swinger 

● First synchrotron radiation 1946 at 
a Synchrotron from GE

○ Parasitic use
● Tantalus, ~ 1970 first particle

accelerator for synchrotron rad. 

History & Development of Lightsources 

From: www.intechopen.com/chapters/65550
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& Physics … & Particle Accelerators 

● Wilhelm Conrad Röntgen: Nov 1895
● Quantum world… 
● First particle accelerators ~ 1940
● Do particles in accelerators radiate or not?

○ Protons, Neutrons, Electrons, Particle Zoo
○ Ivanenko, Pomeranchuk, Swinger 

● First synchrotron radiation 1946 at 
a Synchrotron from GE

○ Parasitic use
● Tantalus, ~ 1970 first particle

accelerator for synchrotron rad. 

History & Development of Lightsources 

From: dx.doi.org/10.1016/j.elspec.2015.06.009
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Brilliance (or Brightness) of the Radiation Source
is defined by

and the effective source sizes and divergences are convolutions between electron and intrinsic photon source 
sizes and divergences…  assuming Gaussian distributions:

and some more assumptions, beta functions adjusted    :

History & Development of Lightsources 

For electrons, electron bunches:

For photons:
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The Diffraction Limit

● Brilliance of 
radiation source:

electron beam :
photon beam :

● Photon diffraction limited emittance:

Storage ring based (transverse)
diffraction limited radiation source

● Diffraction Limited for
0.1 keV ~ 12.4 nm → 1000 pm rad
1.0 keV ~ 1.24 nm → 100 pm rad 
10.0 keV ~ 0.124 nm →  10 pm rad

History & Development of Lightsources 

1 keV diffraction limited radiation
→ 100 pm rad e- beam emittance
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Source Size, Emittance, Beta-Fct., Dynamical System, Phase Space 
The phase space, defined by the right variables
(often position & momentum) represents all
possible states of a dynamical system. 

History & Development of Lightsources 
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Source Size, Emittance, Beta-Fct., Dynamical System, Phase Space 
The phase space, defined by the right variables
(often position & momentum) represents all
possible states of a dynamical system.

The phase space for electrons in an accelerator
(or a magnetic transport system - beam line)

History & Development of Lightsources 
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Source Size, Emittance, Beta-Fct., Dynamical System, Phase Space 
The phase space, defined by the right variables
(often position & momentum) represents all
possible states of a dynamical system. 

The phase space for electrons in an accelerator
(or a magnetic transport system - beam line)

Emittance:
Area phase space

Beta-Fct:
Amplitude (s) 

History & Development of Lightsources 
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History & Development of Lightsources 

From: www.intechopen.com/chapters/65550

4th generation of storage ring
based light sources (MBA)

Brilliance increase - orders of magnitudes
● Two possibilities of improvement

○ The generation of photons: F, X
○ or the source emittance: 𝝐xy  

F → 103 - 104

𝝐x → 102-103

𝝐x → 102-103



P. Goslawski, “Synchrotrons BESSY II/III”, EPCIS Summer School, 05.08.2024, HZB, Berlin

For internal use only

28
28

History & Development of Lightsources 
From: httpsi.stack.imgur.comjRAPD.png
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History & Development of Lightsources 
Bending magnets & Undulators
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History & Development of Lightsources 
Electrons, Emittance & Magnetic Lattices

FODO
𝝐x ~ 100 - 900 nm rad @ 2 GeV

DBA / TBA
𝝐x ~ 1 - 20 nm rad @ 2 GeV
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History & Development of Lightsources 
Electrons, Emittance & Magnetic Lattices
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History & Development of Lightsources 
Electrons, Emittance & Magnetic Lattices

FODO
𝝐x ~ 100 - 900 nm rad @ 2 GeV

DBA / TBA
𝝐x ~ 1 - 20 nm rad @ 2 GeV

MBA
𝝐x ~ 0.1 - 0.3 nm rad @ 2 GeV



P. Goslawski, “Synchrotrons BESSY II/III”, EPCIS Summer School, 05.08.2024, HZB, Berlin

For internal use only

33

History & Development of Lightsources 
The first 4th generation storage ring based lightsources

ESRF-EBS: 6 GeV, 133 pmrad

See 
Accelerators:     https://lightsources.org/

 Beamlines/Exp:    https://www.wayforlight.eu/

https://lightsources.org/
https://www.wayforlight.eu/
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100x   times more brightness than BESSY II &
1000x times smaller focus at sample (10µm down to 10nm)

BESSY III

In situ & operando, sample environment, material & metrology labs       → Integrated Research Campus
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BESSY II (1.7 GeV, 5 nmrad)

 BESSY II/III magnetic structure/lattice

5 instrument proposals, 2 end station proposals & 1 beamline upgrade proposal

● BESSY II: 2x bends, 9x quadrupoles, 7x sextupoles x16 sectors  ~ 288 devices
● BESSY III: 6x bends, 28x quadrupoles, 15x sextupoles, 2 oct… x16 sectors ~ 816 devices

long
> 100 ps

short
< 30 ps

BESSY III (2.5 GeV, 100 pm rad)
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“Old” machines need new infrastructure/software

Digitalization by Digital Natives
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Control System: Accelerator  – Beamline
EPICS, TANGO, SCADA

Accelerator Systems:

- More than 1000s devices & signals:
Subsystems: e-Gun, Injection Line, Booster, Transfer Line, Storage Ring with
Subgroups: Magnets + PowerSupplies, Diagnostics (electrical, optical, temperatures, pressure, waterflow,…), 

RF + Cavities, Vacuum & Construction + pumps, Radiation Protection + detectors, 
Electronics+Automation+Interlock

Beamlines and Experiments:

- About 100 devices & signals:    (see Talk of J. Viefhaus)
Subsystems: Undulator, Front-End, Mirrors, Monochromators, Apertures, Experiments
Subgroups: Optics+Beamline group, Vacuum & Construction, …
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Control System: Accelerator 
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Control System: Accelerator - EPCIS-IOC

~ 30 IOC
~ 100 SIOC
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“Old” machines need new infrastructure/software

3rd generation Lightsources are from the beginning of this century ~ 2000

- “Old” digital structures, old software, not so old hardware 
→ Generation exchange! 

- Modernize!  

This opportunity is  especially given by a greenfield facility, 
going into operation in 2035  → BESSY III

- Better workflow between simulations and real machine in order to describe and 
understand the machine and close the gap of non-understanding! 

→ Digital Twin
→ AI tools to optimise beamlines and/or storage ring
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“Old” machines need new infrastructure/software

Simulation      Middle-Layer Real Machine

- Design: 

- Advanced Codes:

- AT - Accelerator Toolbox        MML, Matlab Middle Layer
for matlab or   pyAT
(ESRF, Diamond, SLAC, ALS)

- elegant,
(APS, ALS)

- Xsuite, madX, pymadx
(CERN)

BPMs
BeamPositionMonitors

Orbit

PowerSupplies
magnets

pyMML

Control 
System
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Thank you for your attention
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Material
https://xdb.lbl.gov/
https://xdb.lbl.gov/Section2/Sec_2-2.html
https://www.isa.au.dk/accfys/Download/SLDB.pdf

https://en.wikipedia.org/wiki/Synchrotron_Radiation_Center
https://de.wikipedia.org/wiki/Tantalos

https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=1652&typoid=
https://en.wikipedia.org/wiki/X-ray_crystallography

Vortrage, Folien aus dem Netz:
https://www.slac.stanford.edu/pubs/slacpubs/16250/slac-pub-16451.pdf
https://www.intechopen.com/chapters/51599

https://xdb.lbl.gov/
https://xdb.lbl.gov/Section2/Sec_2-2.html
https://en.wikipedia.org/wiki/Synchrotron_Radiation_Center
https://de.wikipedia.org/wiki/Tantalos
https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=1652&typoid=
https://en.wikipedia.org/wiki/X-ray_crystallography
https://www.slac.stanford.edu/pubs/slacpubs/16250/slac-pub-16451.pdf
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Backup Slides
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History and Overview of Lightsources 

Other Lightsources
● X-Ray Tubes 

○ Bremsstrahlung, 
“braking radiation, deceleration radiation”

○ electrons interact with atomic nucleus

● LASERs
○ Fully coherent 
○ But only up to 100 (10) nm, i.e., 10 (100) eV

● X-Free Electron Lasers

● Storage Ring based Synchrotrons
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History and Overview of Lightsources 
Commercial available LASERs
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Two partners & two synchrotron radiation sources

       MLS

        

BESSY II
  1.7 GeV
  240 m
  16 Straights, 5m
  DBA
  5 nm rad
  300 mA

  Soft and tender X-rays
  Spectro-Microscopy
  Timing: low α, femto-slicing
  TRIBs/Two orbit mode

MLS Metrology Light Source

  630 MeV
  48 m
  4 Straights (2x2.5m, 2x6m)
  DBA
  100 nm rad (std mode)
  200 mA

  THz / IR to VUV, EUV
  Optimised for low α,
  SSMB studies

  

Fernsehturm am Alexanderplatz

Solar Energy Chemical Energy Quantum & Functional Materials

Photon Science Accelerators Scientific Instrumentation & Support

From Wikipedia: WISTA
By Fotograf: Dirk Laubner - WISTA.Plan, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=94360137
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BESSY III Requirements & Objectives

1. 1st undulator harmonics 
polarized up to 1 keV
from conventional APPLE-II

2. Diffraction limited till 1 keV

3. Stay in Berlin-Adlershof

4. Nanometer spatial res. & 
phase space matching

5. PTB/BAM metrology 
applications

Facility parameters Ring parameters
1. Ring Energy 2.5 GeV 

(1.7 GeV)

2. Emittance 100 pm rad
(5 nm rad)

3. Circumference 350 m 
16 straights @ 5.6 m 

( 240 m @ 4.5 m)

4. Low beta straights & 
maybe round beams

5. Metrology source
Homogenous bends 
Measuring the field at the source point with a NMR 
probe in a volume of 10x10x10 mm

6. Momentum > 1.0e-4
compaction factor

Already at BESSY II, a 3rd 
generation without 
combined function bends

1-2 bendsper arc
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4th Generation Lightsource Lattices 

The Higher Order Achromat, HOA-MBA
● MAX IV, SLS 2.0 … up to 3 GeV

○ A. Streun, J. Bengtsson, S. Leeman, et al.

The Hybrid, HMBA
● ESRF-EBS, PETRA IV … above 3 GeV

○ P. Raimondi

Sext. distributedLGB - yesRB    - yes

Sext. @ Start/EndLGB - yesRB    - no
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A deterministic lattice approach

The process towards a BESSY III lattice - metrology challenge

● Stepwise: Power and Function of each 
Component &“Knob” → LEGO approach

● After first “wild” lattices we concluded on:

● Limiting the hardware (conservative ansatz)

○ Bore radius of 12.5 mm
Radius of inner/outer vac. pipe of 9/11mm

○ Bends up to 1.4 T
○ Quads up to 60 - 80 T/m (depends on RB)
○ Sextupoles up to 4000 T/m²
○ Spacing between magnets 100 mm

● HigherOrderAchromat Appraoch:
○ 6MBA + homogenous metrology bend 
○ With Reverse Bends, so far no LGBs

● Include it right from the beginning
→ Symmetric sector cell ansatz

● Two lattice candidates:

○ cf-lattice: combined function bend 
In center of 6MBA (community standard)

sf - cf - cf - cf - cf - sf 

○ sf-lattice: separated (homogenous) 
Bend in the center of 6MBA (metrology):
cf - sf - sf - sf - sf - cf

A homogenous metrology bend
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LEGO Approach - Basic building blocks of one sector

HOA-MBA unit cell (UC) x4

Dispersion
Suppression 
Cell (DSC) x2
(2x ½ UC)

Matching Cell
+ Straight

16 straights & sectors:

360° / 16 = 22.5° per sector

4*4.5°    main UC bend &
2*2.25°  DSC bend
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LEGO approach - the “one and only” (deterministic) MBA-Unit Cell (UC) for
The process towards a BESSY III lattice - Linear Beam Dynamics

community standard 

SX,     RB,    SY,      B, … SX,  RB,  QD,   SY,   B, …

● The two different MBA-UCs: cf & sf                          and for the hardware specifications of our project

● UC (4.5°): Q_xy = (0.4, 0.1), Chrom_xy = (0.0, 0.0) Impact of reverse bend on alpha & emittance

cf
metrology solution
sf

Magnet arrangement
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Magnet arrangement

LEGO approach - Unit Cell - Impact of Reverse Bend

● The two different MBA-UCs: cf & sf                          and for the hardware specifications of our project

● UC (4.5°): Q_xy = (0.4, 0.1), Chrom_xy = (0.0, 0.0) Impact of reverse bend on alpha & emittance

Jx = 1.7

Jx = 2.5 Jx = 2.3

Jx = 1.0

cf sf

The process towards a BESSY III lattice - Linear Beam Dynamics
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The process towards a BESSY III lattice - Non-Linear Beam Dynamics

sfcf

cf sf
The flatter the curve 

the better → Robustness, Lifetime

With two sextupole families only: Sx, Sy

TSWM
Chromatic Tune Shift
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TSWM
Chromatic Tune Shift

With two sextupole families only: Sx, Sy

The process towards a BESSY III lattice - Non-Linear Beam Dynamics

sfcf

cf sf
The flatter the curve 

the better → Robustness, Lifetimesf

cf
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History & Development of Lightsources 
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Usage & Applications

Photon Interaction with Matter
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Usage & Applications of Synchrotron Radiation

Photons with Matter
● Coherent - Rayleigh

● Incoherent - Compton
ɣ + A →   A+ e- + ɣʼ
(photon scattering at 
quasi-free electrons )

● Atomic photo-effect
ɣ + A →   A+ + e-

● Holes in atomic shell
○ Characteristic X-ray
○ Auger-Process  

Carbon, Z=6 Lead, Z=82
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Usage & Applications of Synchrotron Radiation
Experimental Techniques at Lightsource Beamlines


