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Key Technologies Working Group D
• 19 presentations across 5 sessions

• Thanks to all the speakers for your excellent, high quality, presentations

• We covered a very broad range of topics…

• Superconducting RF
• Normal conducting RF (warm and cold)
• RF Power sources
• RF photoinjectors and photocathodes
• Femtosecond synchronisation
• Advanced diagnostics for XFELs and Storage Rings
• Undulators of various types (SC wire, SC bulk, bi-periodic)
• Machine Learning
• Vacuum
• New software tools



Daniel Gonnella (SLAC), ID: 2065 - TU3D1  
Developments in SRF Technology for Light 

Source Applications 
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2020+
Developments 
targeting High Q0
and Gradient

2016
LCLS-II Cavity 
Construction2013

Discovery of N-Doping

2010
EU-XFEL Cavity 
Construction

2014-2016
LCLS-II High Q0 R&D

W. Singer et. al.

A. Grasselino et. al.

Demonstration of repeatability 
and “recipe” optimization

Nitrogen-doping successfully 
transferred to industrial vendors

The name of the game is Q0



5D. Gonnella, LCLS-II Commissioning

FACET-II

Nitrogen-doped cavities were used in all of the 
1.3 GHz LCLS-II Cryomodules – first use of the new 

technology in an installed accelerator



LCLS-II-HE: Cavity Performance Improvements

6D. Gonnella, SRF Technology
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Maximum Gradient Q0

• Average 
maximum 
gradient 
increased by 
~4 MV/m

• Average Q0
unchanged

20.8MV/m for HE
Compared to 
16MV/m for LCLS-II



Marcus Lau (TRUMPF GmbH) ID: 2313 -
TU3D2 Highly Reliable RF Power Sources for 
Improvement of the Accelerator Availability



TruAccelerate
120kW Solid State System architecture at 500MHz for Synchrotron Light Sources 

TRUMPF Huettinger | Highly reliable RF power sources for improvement of the accelerator availability | FLS 2023 Lucerne8

60 kW 60 kW

120 kW

2:1 Combining step from coaxial to waveguide

HMI displaying the amplifier status down to the pallet level



MTBF and AFR values
for the complete Rack and individual PA Units, DCUs and PDUs

TRUMPF Huettinger | Solid State Power Amplifiers for Particle Accelerators9

𝑀𝑇𝐵𝐹𝑹𝒂𝒄𝒌      𝟏𝟔𝟔,𝟕𝟓𝟎     𝒉𝑀𝑇𝐵𝐹𝑷𝑨 𝑼𝒏𝒊𝒕  𝟗𝟓𝟐,𝟖𝟓𝟕     𝒉𝑀𝑇𝐵𝐹𝑫𝑪𝑼       𝟖𝟑𝟑,𝟕𝟓𝟎      𝒉𝑀𝑇𝐵𝐹𝑷𝑫𝑼       𝟏,𝟔𝟔𝟕,𝟓𝟎𝟎 𝒉
𝐴𝐹𝑅𝑹𝒂𝒄𝒌      𝟓.𝟏𝟐%𝐴𝐹𝑅𝑷𝑨 𝑼𝒏𝒊𝒕  𝟎.𝟗𝟐%𝐴𝐹𝑅𝑫𝑪𝑼       𝟏.𝟎𝟓%𝐴𝐹𝑅𝑷𝑫𝑼        𝟎.𝟓𝟐%

𝑀𝑇𝐵𝐹𝑹𝒂𝒄𝒌      𝟓𝟓𝟓,𝟖𝟑𝟑      𝒉𝑀𝑇𝐵𝐹𝑷𝑨 𝑼𝒏𝒊𝒕  𝟔,𝟔𝟕𝟎,𝟎𝟎𝟎 𝒉 𝐴𝐹𝑅𝑹𝒂𝒄𝒌      𝟏.𝟓𝟔%𝐴𝐹𝑅𝑷𝑨 𝑼𝒏𝒊𝒕 𝟎.𝟏𝟑%
* We assumed that a PA Unit could fail in any coming time. This value is 0 at the moment 
for data taken

*

w/o

PS issues



Emilio Alessandro Nanni (SLAC) ID: 2141 -
TU3D3 Application of Cryo-copper 

Accelerating Structures Towards Future 
Light Sources



Cryo-Copper: Enabling Efficient High-Gradient Operation 

11FLS 2023

Cryogenic temperature elevates performance in gradient
Material strength is key factor
Impact of high fields for a high brightness injector may 
eliminate need for one damping ring
Operation at 77 K with liquid nitrogen is simple and 
practical
● Large-scale production, large heat capacity, simple 

handling
● Small impact on electrical efficiency  

Cahill, A. D., et al. PRAB 21.10 (2018): 102002.

Cryogenic temperature elevates performance in gradient
● Increased material strength is key factor
● Increase electrical conductivity reduces pulsed 

heating in the material



C3   Cool Copper Collider as a Higgs Factory

12Snowmass

C3 is based on cryogenic operation and distributed rf 
coupling
● Dramatically improving efficiency and 

breakdown rate
Robust operations at high gradient: 120 MeV/m
Target 250/550 GeV center of mass  with 70/120 
MeV/m in an 8 km footprint

High Gradient Operation at 150 MV/m

Cryogenic Operation at X-band

C3 Prototype One Meter Structure

Improvement in Breakdown Rate

PHYS. REV. ACCEL. BEAMS 24, 093201 (2021)

C3 250/550 GeV 8 km Site to Scale



The Complete C3 Demonstrator

13FLS 2023

Demonstrate fully engineered cryomodule
~50 m scale facility
3 GeV energy reach
Answer technical questions needed for cryomodule engineering



High Repetition Rate Operation

14FLS 2023

• Reduced thermal load at high gradient with cryogenic operation
• Depends strongly on desired gradient and length of flat top
• Assuming 10 micron alignment -> ~15 kW/m thermal load

Lowest Frequency for Specified Rep. Rate 
10 kHz Operation – 50 MeV/m – X-band
1 kHz Operation – 100 MeV/m – X-band 
1 kHz Operation – 70 MeV/m – C-band 

360 Hz Operation – 120 MeV/m – C-band
120 Hz Operation – 150 MeV/m – S-band 

GradientRF Pulse Energy

Example: C-band, No RF Pulse Compression, 140 MW/m, 150 MeV/m, 50 ns Flat Top, 480 Hz, 15 
kW/m 



Hiroyasu Ego (KEK) ID: 2223 - TU3D4 
Compact HOM-damped RF Cavity for a Next 

Generation Light Source









Boris Militsyn (STFC Daresbury) ID: 2482 -
TU3D5 Electron RF Injectors for Next 

Generation FELs 
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LESR / 4GLS Profile Monitors – State-of-the-Art
X-Ray Pinhole Camera

→ C. Thomas et al., “X-ray Pinhole Camera Resolution and Emittance Measurement”,
Phys. Rev. ST Accel. Beams 13, 022805 (2010)

-Polarization Monitor with Diffraction Obstacle
→ Å. Andersson, J. Breulin et al., “Transverse Beam Diagnostics at MAX-IV”,

I.FAST Workshop, KIT, Karlsruhe, Germany, April 2022 (virtual)

Coded Aperture
→ J.W. Flanagan et al., “X-ray Monitor based on Coded-Aperture Imaging for KEKB

Upgrade and ILC Damping Ring”, Proc. EPAC 2008, Genoa, Italy, TUOCM02, 1029

Single or Double Slit Interferometry
→ T. Naito, T. Mitsuhashi, “Very Small Beam size measurement by a Reflective 

Synchrotron Radiation Interferometer”, Phys. Rev. ST Acc. Beams 9, 122802, December 2006

→ M. Masaki, S. Takano, “Two-Dimensional Visible Synchrotron Light Interferomerty for Transverse Beam Profile
Measurement at the Spring-8 Storage Ring”, Journal of Synchrotron Radiation vol. 10, part 4, July 2003, 295-302

Fresnel Zone Plates
→ H. Sakai et al., “Improvement of Fresnel Zone Plate Beam-Profile Monitor and Application to Ultralow Emittance

Beam Profile Measurements”, Phys. Rev. ST Acc. Beams 10, 042801, April 2007

X-Ray Diffraction
→ B. Yang, S. Lee, “Planned X-Ray Diffraction Diagnostics for APS-U Emittance Measurements”

ARIES Topical Workshop on Emittance Measurements for Light Sources and FELs, Barcelona, Spain, January 2018

→ N. Samadi et al., “A Spatial Beam Property Analyzer Based on Dispersive Crystal Diffraction for Low Emittance
X-Ray Light Sources”, Scientific Reports 12, 18267 (2022)





Application of Superconducting Undulator
Technology for Hard X-ray Production at 
European XFEL

Johann E. Baader
Undulator Scientist at 
European XFEL

Future Light Sources 
Workshop (FLS23)
August 31st, 2023 



Application of Superconducting Undulator Technology for Hard X-ray Production at European XFEL Johann E. Baader, FLS 23, August 31st, 2023 35

FESTA: the SCU afterburner planned for
EuXFEL

Cryostat

F       E          S         T          A

+

Intersections include absorber 
with 4mm diameter

Intersections include absorber 
with 8mm diameter SCU afterburner

S. Casalbuoni et al 2022 J. Phys.: Conf. Ser. 2380 012012

The cooling scheme of all modules will be based on 
cryocoolers as from the KIT/Noell design



Application of Superconducting Undulator Technology for Hard X-ray Production at European XFEL Johann E. Baader, FLS 23, August 31st, 2023 36
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Photon energy (keV)

EuXFEL 16.5 GeV
  30 fs

110 ps
220 ps

amplification 1st h PMUs
bunching 2nd h PMUs

N1 =13
N1 =16

N1 =18

N1 =27
N1 =31

N1 =35
The simulations do not consider
wake fields and tapering. A flat top
3 fs bunch is considered

Estimated range of photons per pulse achievable by
tuning the SCU afterburner on the fundamental

amplifying the output of the fundamental of
the PMUs
using the bunching of the second harmonic of
the PMUs

More detailed studies considering wake-fields,
tapering, ‘real’ bunch distribution and optimized
electron bunch properties are ongoing

~ 1 mJ

~ 0.15 mJ

S. Casalbuoni et al 2022 J. Phys.: Conf. Ser. 2380 012012

+FESTA: the SCU afterburner planned for
EuXFEL
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In summary, EuXFEL aims to demonstrate the operation of SCUs in X-Ray FELs  

Benefits: CW mode; potential to lase at 
higher photon energies (>40 keV)  

SCU afterburner is planned

The first module S-PRESSO has been 
specified, the contract assigned to 
Bilfinger Noell GmbH, the TDR received 
and production has started

Complex tunnel integration is ongoing, 
and all points are addressed and are on 
track

Two test facilities to characterize SCU 
coils and SCU undulators are under 
development

R&D on advanced SCU coils



The 67th ICFA Advanced Beam Dynamics Workshop Future Light Source 2023
Verkehrshaus in Lucerne, Switzerland, from 27 August to 1 September 2023

Toshiteru KII
Institute of Advanced Energy, Kyoto University

Toshiteru KII
Institute of Advanced Energy, Kyoto University

Bulk Superconductor and its 
Application for Insertion Device

TH1D2

3
8



Experimental
TH1D2     Bulk Superconductor and its Application for Insertion Device       Future Light Source 2023 Verkehrshaus in Lucerne, Switzerland, from 27 August to 1 September 2023
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Prototype Undulator 

Hall sensor array

3 custom-made Arepoc model HHP-NU (1.5-300 K up to 5 T)   3 × 4 × 1 mm 
1 standard Arepoc model LHP-NU (1.5-300 K up to 30 T)   5× 7 × 1 mm. 

custom 6 T superconducting solenoid 
room temperature bore   10 cm

HTS array : 6.5 period   GdBaCuO (13 bulks in array)  

HTS array

GdBaCuO bulk

Single Domain HTS
QMGTM by Nippon Steel
GdBaCuO
Tc ~ 90 K
Jc >  10 kA/mm2 @10 K, 2T

Part 2: Recent Results

T. KII



 Permanent Magnet (PM)
 PM Hybrid
 Cryo PM Hybrid (PM Hybrid 1.15)
 Superconducting planar (expected)

     gap = 8.0 mm u = 8 - 32 mm in Ref. [9]:Case G
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 Bulk HTS SAU This work
 Bulk HTS SAU in Ref. [4]
 Bulk HTS SAU in Ref. [6]

  Superconducting planar in Ref. [10]

 Cryo PM Hybrid 2
 Cryo PM Hybrid 3
 Cryo PM Hybrid 10

0.3

10 K  (2.06 T)
20 K  (1.51 T)

10 K (0.85 T) [4]

  7 K  (2.22 T)

  10 K  (2.1 T) in Ref. [6]
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0

GdBaCuO
FeCoV

Cu

12.0 mm

Hybrid HTS Array (GdBaCuO + FeCoV + copper)

Brass
DyBaCuO

FeCoV

Cu 7.0 mm

Brass spacer & FeCoV spacer with bulk DyBaCuO

und = 7.0 mm

und = 12.0 mm

40

Summary
TH1D2     Bulk Superconductor and its Application for Insertion Device       Future Light Source 2023 Verkehrshaus in Lucerne, Switzerland, from 27 August to 1 September 2023

Part 2: Recent Results

T. KII

Results for und = 7.0, 12.0 mm 
with hybrid structure will be unveiled soon.





Prototype Design Choices
Superconductor material: NbTi at 4 K (other superconductors will be considered for future FEL testing)

SCU period & polarization: 21-mm period and vertical polarization (matching FEL wavelength of HXUs)

Alignment method: Internal vertical and horizontal position adjustments with linear actuators 

Beamline components: Phase Shifter-SCU Magnets-Quad-BPM, all operate at cryogenic temperature

Liquid He Tank

Strongback for PS-SCU-Quad-BPM

Cryocoolers

Quad

Vertical 
Positioner

Phase Shifter
SCU Magnets

Horizontal 
Positioner

Quad
BPM

Vertical 
Positioner

Vertical 
Positioner

Vertical 
Positioners

42



Current Status of the Project 

SLAC
• Completed the design and fabrication of Precision Alignment Test Stand
• Phase 1 testing:

- Flanges and chamber removed for CMM calibration of linear movers
- And set up of internal optical interferometers
- Measurement of vibration modes

• Internal strongback supports the: 
- undulator cores, quadrupole, RF BPM

• 1

43

Linear Actuators
Optical 
interferometer

Quadrupole

RF BPM

The test stand prototypes all the 
mechanical features of the cryomodule



Bi-periodic Undulator:
Innovative Insertion Device

for SOLEIL II

67th ICFA Advanced Beam Dynamics 
Workshop FLS 2023

Angela Potet
Synchrotron SOLEIL, France

(TH1D4)

Frédéric Blache, Pascale Brunelle, Marie-Emmanuelle Couprie, Carlos De Oliveira, Arnaud Mary, 
Thibaut Mutin, Amor Nadji, Keihan Tavakoli, Olivier Marcouillé (Synchrotron SOLEIL) 44



Principle of operation

• 𝜆 mode:

Field line 
generated by
the magnets of 
the 𝝀𝟎 period: 
Addition of the 𝐵 field on the 
axis

Field line 
generated by
the magnets of 
the 𝟑𝝀𝟎 period: 
Cancellation of 
the 𝐵 field on 
the axis

45

Cross version APPLE X 
version



Principle of operation

• 3𝜆  mode:
Field line generated by
the magnets of the 3𝜆 period: 
Addition of the 𝐵 field on the axis

Field line generated by
the magnets of the 𝜆
period: Cancellation of 
the 𝐵 field on the axis 46



Beam losses and radiation studies for advanced 
operation schemes at the European XFEL

Shan Liu, Winfried Decking, Albrecht Leuschner (DESY), Andrew Potter, Andrzej 
Wolski (The University of Liverpool), Sara Casalbuoni, Suren Karabekyan, Harald 
Sinn, Frederik Wolff-Fabris (EuXFEL), Frank Jackson (STFC/ASTeC), Junjie Guo (SINAP)

67th ICFA Advanced Beam Dynamics Workshop on Future Light Sources
Lucerne, Switzerland
August 31st 2023



Why taking care of radiation?

• Damage of équipements
• Damage of ID

• PM undulators +++
• SCU: not critical

• Simulation and cross check Slotted Foils and LYSO Screen
• Measurement with Marwin movable robot along the acceleration line: nice

agreement
• APPLE-X encoders of FEL damaged

• Mesurement and search for location
• Encoder change
• Installation of protection
• ID ready for re-installation
• Lead shielding on the upstream absorber





KIT – The Research University in the Helmholtz Association www.kit.edu

How can machine learning 
help future light sources?

A. Santamaria Garcia, C. Xu, L. Scomparin, E. Bründermann, 
M. Caselle, G. De Carne, A. -S. Müller 

67th ICFA Advanced 
Beam Dynamics 

Workshop on Future Light 
Sources FLS 2023 



Damping of transverse oscillations in KARA



DFCSR: A Fast Calculation of 2D/3D Coherent 
Synchrotron Radiation in Relativistic Beams

Jingyi Tang on behalf of:

Gennady Stupakov and Zhirong Huang

8/31, 2023



DFCSR, can simulate 2D/3D CSR and space charge wakes in relativistic electron beams 2 or 3 orders of 
magnitude faster than conventional models like CSRtrack with 2 or 3 orders of magnitude more particles for 
better resolution.

• Open Source
• Bench marked wth dipole, FACET II Chicane, Berlin Benchmark Chicane





Tracy is used as a computing core for digital models for synchrotron light sources since SLS.
It inspired the accelerator toolbox, which is using (largely) Tracy's Hamiltonian propagators. 
This Tracy code was refactored using modern software paradigms and renamed to thor-scsi
Digital shadows or twins are essential ingredients for building 4th generation light sources. 
Based on the modernized thor_scsi code we built an EPICS IOC exporting required thor_scsi externals 
as EPICS variables. 
While it focuses on HZB's current BESSY II and MLS, it is designed flexibly to extend to the BESSY III 
and MLS II project or similar light sources



Marek Grabski (MAXIV) ID: 2661 - TH4D1  
Overview and Challenges of the Vacuum 

Systems of Diffraction Limited Storage Rings





DLS summary
Chosen Diffraction Limited Storage rings in operation, installation and design:

Facility

New/
Retrofitted; 

commissioning 
year

Circumference [m];
(# of cells - Lattice)

Energy [GeV]; 
current [A];
emittance 
[pm.rad]

Magnet bore [mm];
chamber aperture 

[mm]

Vacuum system 
design approach

Vacuum chamber 
material

% of chambers 
NEG coated 
(lengthwise)

# of lumped 
pumps per cell

Baking/
activation 
method

ALS-U, USA Retro; 
2026

196;
(12 cell - 9BA)

2; 0,5;
70

24; 
13-20 Hybrid* St. steel, copper, 60 3-4 In-situ

APS-U, USA Retro; 
2024

1104; 
(40 cell - 7BA)

6; 0,2;
60

26; 
22 Hybrid* St. steel, copper, 

Aluminum 40 9+4 NEG strips In-situ

Diamond II, UK Retro; 
2027

560; 
(24 cell - MH6BA)

3,5; 0,3; 
161

24; 
20 Hybrid* St. steel, copper, 

Aluminum >90 8 Ex-situ

ESRF EBS, 
France

Retro; 
2020

843; 
(32 cell - H7BA)

6; 0,2; 
133

~28; 
13-20

Conventional (lumped 
pumps and absorbers St. steel, Aluminum, 

(only ID 
chambers in  

straights)
24 In-situ

HEPS, China New; 
2024

1360; 
(48 cell - H7BA)

6; 0,2; 
34

24; 
22 Hybrid* St. steel, CrCrZr, and 

Inconel 70 14 In-situ

MAX IV, 
Sweden

New; 
2016

528; 
(20 cell - 7BA)

3; 0,5; 
300

25; 
22

Distributed absorbers, 
NEG coating

Copper, (St. steel for 
ports and flanges)

>95 
(fully) 3 Ex-situ

SLS 2.0, 
Switzerland

Retro; 
2024

288; 
(12 cell - 7BA)

2.7; 0,4; 
159

22; 
18

Distributed absorbers, 
NEG coating

Copper, (St. steel for 
BPMs)

>95
(fully) 14 Ex-situ

Soleil II, France Retro; 
2028

354; 
(20 cell - 12 x 7BA + 

8 x 4BA)

2,75; 0,5; 
80

16; 
12

Distributed absorbers, 
NEG coating

CuCrZr (full chambers), 
copper

>95
(fully)

4 / 7 (1 per 
dipole) Ex-situ

Not in the table: Sirius, Alba II, Elettra 2.0, Petra IV, BESSY III, Spring-8 II, HALF, SPS II. 
* Hybrid: Distributed absorbers and NEG coating, 
also lumped pumping and lumped absorbers. 



Renkai Li (TUB) ID: 2621 - TH4D2  An Ultra-
high Vacuum, High-gradient RF Gun and 

Advanced Photocathode Studies
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Ultrahigh vacuum gun design

>10 fold improvement in vacuum at 
cathode surface

P. W. Huang et al., NIMA 1051, 168251 (2023)
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rf conditioning

1.5e-8 Pa
5.5e-8 Pa

<2.1e-9 Pa
<2.1e-9 Pa

<2.1e-9 Pa
1.4e-8 Pa

<2.1e-9 Pa
2.8e-8 Pa

Faraday cup

rf in

rf reflec.

Base/operation pressure rf conditioning after 24 hrs

Dark current 0.5 nC @ 
Ez～105 MV/m

Cs2Te



Rong Xiang (HZDR) ID: 2481 - TH4D3  Status 
of Advanced Photocathodes for SRF Guns









Key Technologies Working Group D
• 19 presentations across 5 sessions

• Thanks to all the speakers for your excellent, high quality, presentations and uploading 
them all promptly !

• Thanks to my co-convenors for helping me put this summary together 
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