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Outline

Introduction to X-rays, X-rays production using charged particles

X-ray FEL facilities and peculiarities of European XFEL

SCU technology: motivation for development program on superconducting undulators

SCU afterburner for SASE2: S-PRESSO and FESTA at European XFEL

Characterization of SCU coils: SUNDAE1 and SUNDAE2 test-stands

Summary and conclusions
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X-rays

Credits: https://www.nde-ed.org/Physics/X-Ray/nature.xhtml

Discovered in 1895 by Wihlhelm

Konrad Röntegen

Penetrate materials optically 

opaque in the visible range, 

different absorption by materials 

of different density, composition

and homogeneity

Wavelengths of atomic 

dimension

Ionizing radiation
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Applications of X-rays

Medicine:

▪ Imaging

▪ Radiation therapy

Industry:

• Security checks

• Diagnostics of cracks or flaws in 

materials

• Diagnostics to analyze the 

structure of materials

Science:

• Crystallography

• Spectroscopy

Figure credits:

https://en.wikipedia.org/wiki/Bone_fracture#mediaviewer/File:Broken_fixed_arm.jpg

Figure credits:

https://coruzant.com/health-tech/industrial-applications-of-x-ray-radiation/
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Methods to produce X-rays from the acceleration of charged particles
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Methods to produce X-rays from the acceleration of charged particles

• a beam of high-energy electrons impinges on a solid target

• Bremsstrahlung (“braking radiation”) + characteristic peaks atomic 

transition

• photons emitted in all directions

Figure credits:

A. Shabalin, „Coherent X-ray diffraction studies of mesoscopic materials“

DOI: 10.13140/RG.2.1.4004.5680



8Application of SCU technology for hard X-rays production at the European XFEL B. Marchetti – UK Accelerator Institute Seminar Series

Methods to produce X-rays from the acceleration of charged particles
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Methods to produce X-rays from the acceleration of charged particles

• a beam of high-energy electrons impinges on a solid target

• Bremsstrahlung (“braking radiation”) + characteristic peaks atomic transition

• photons emitted in all directions

• the charged particles are deflected by the magnetic fields

• synchrotron radiation (spectrum from THz to hard X-rays)

• radiation emission cone θ=1/γ

• Angular excursion >> synchrotron radiation’s opening angle (1/γ)

• The radiation cones from each magnet do not overlap

• Angular excursion =< synchrotron radiation’s opening angle (1/ γ)

• The radiation cones from each magnet overlap → constructive 

interference for some wavelengths → discrete spectrum

Figure credits:

A. Shabalin, „Coherent X-ray diffraction studies of mesoscopic materials“
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Methods to produce X-rays from the acceleration of charged particles

• a beam of high-energy electrons impinges on a solid target

• Bremsstrahlung (“braking radiation”) + characteristic peaks atomic transition

• photons emitted in all directions

• the charged particles are deflected by the magnetic fields

• synchrotron radiation (spectrum from THz to hard X-rays)

• radiation emission cone θ=1/γ

• Angular excursion >> synchrotron radiation’s opening angle (1/γ)

• The radiation cones from each magnet do not overlap

• Angular excursion =< synchrotron radiation’s opening angle (1/ γ)

• The radiation cones from each magnet overlap → constructive interference for some wavelengths → discrete spectrum

• Constructive interference + e-beam microbunching

• Discrete spectrum and exponential amplification 
Figure credits:

DOI: 10.13140/RG.2.1.4004.5680
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Main differences between synchrotrons and FELs

Reference:
Willmott, P.R. (2021). X-Ray Sources at Large-Scale Facilities. In: Bulou, H., Joly, L., Mariot, JM., 
Scheurer, F. (eds) Magnetism and Accelerator-Based Light Sources. Springer Proceedings in 
Physics, vol 262. Springer, Cham. https://doi.org/10.1007/978-3-030-64623-3_1

XFELs opened the 

possibility to study matter 

at atomic-level spacial

scales and femtosecond 

time scales for the first 

time
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XFEL Facilities
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XFEL Facilities

First MHz hard X-ray free electron laser

Highest e-beam energy
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Undulator lines at European XFEL

Planar permanent magnet undulators

SASE1/2 hard X-rays beamlines:

• Radiation range:

• γ energy: 3-25 keV

• γ wavelength: 4 Å – 0.5 Å

• Planar undulators:

• Period length: 40 mm

• K range: 1.65-3.9

SASE3 soft X-rays beamline:

• Radiation range:

• γ energy: 0.26-3 keV

• γ wavelength: 4.7 nm – 4 Å

• Planar undulators:

• Period length: 68 mm

• K range: 4-9

• Helical afterburner:

• Period length: 90 mm

• K range (C+, C-, LH, LV): 3.37-9.4

𝐾 =
𝑒

2𝜋𝑚𝑐
𝐵0𝜆𝑈

Undulator parameter:
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Why superconducting undulators? 

Wider tunability of the photon beam wavelength λR while 

keeping the electron beam energy constant
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Why superconducting undulators? 

Wider tunability of the photon beam wavelength λR while 

keeping the electron beam energy constant

𝝀𝑹 =
𝜆𝑈
2𝑛𝛾2

1 +
𝑲2

2
+ 𝛾2𝜃2

𝑲 =
𝑒

2𝜋𝑚𝑐
𝐵0𝜆𝑈 = 0.9336 𝐵0 𝑇 𝝀𝑼[𝒄𝒎] 𝛌𝐔 ↓

𝛌𝑹 ↓

Reduction of the undulator period:

shorter 𝛌𝑹 possible

Enables achieving harder X-rays
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Why superconducting undulators? 

Wider tunability of the photon beam wavelength λR while 

keeping the electron beam energy constant

𝝀𝑹 =
𝜆𝑈
2𝑛𝛾2

1 +
𝑲2

2
+ 𝛾2𝜃2

𝑲 =
𝑒

2𝜋𝑚𝑐
𝐵0𝜆𝑈 = 0.9336 𝐵0 𝑇 𝝀𝑼[𝒄𝒎] 𝛌𝐔 ↓

𝛌𝑹 ↓

Reduction of the undulator period:

shorter 𝛌𝑹 possible

Enables achieving harder X-rays

𝝀𝑹 =
𝜆𝑈
2𝑛𝛾2

1 +
𝑲2

2
+ 𝛾2𝜃2

𝑲 =
𝑒

2𝜋𝑚𝑐
𝐵0𝜆𝑈 = 0.9336 𝑩𝟎 𝑻 𝜆𝑈[𝑐𝑚]

Increase of the peak field on axis B:

Re-establish tunability of 𝛌𝑹 towards longer wavelengths

𝐁𝟎 ↑

𝛌𝑹 ↑
Online 

tunable

Guarantees wide range of tunability
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Why superconducting undulators? 

Wider tunability of the photon beam wavelength λR while 

keeping the electron beam energy constant

• Shifts the tuning-mechanism from the electron beam side (electron 

energy) to the undulators side (magnetic field)

• Potentially simplifies FEL adjustment for user requirements on 

different beamlines

Cost reduction on the accelerator 

(smaller E-beam energy needed)
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Why superconducting undulators? 

Wider tunability of the photon beam wavelength λR while 

keeping the electron beam energy constant

• Shifts the tuning-mechanism from the electron beam side (electron 

energy) to the undulators side (magnetic field)

• Potentially simplifies FEL adjustment for user requirements on 

different beamlines

Cost reduction on the accelerator 

(smaller E-beam energy needed)

Undulators with shorter periods 

but same K have shorter 

saturation length → more compact 

FELs (reduction of civil 

construction costs)

SC technology allows producing undulators with very short 

period length
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Why superconducting undulators? 

Wider tunability of the photon beam wavelength λR while 

keeping the electron beam energy constant

• Shifts the tuning-mechanism from the electron beam side (electron 

energy) to the undulators side (magnetic field)

• Potentially simplifies FEL adjustment for user requirements on 

different beamlines

Cost reduction on the accelerator 

(smaller E-beam energy needed)

Undulators with shorter periods 

but same K have shorter 

saturation length → more compact 

FELs (reduction of civil 

construction costs)

SC technology allows producing undulators with very short 

period length

Better radiation hardness than PM

(demonstrated in NbTi magnets used in colliders - Tevatron, HERA, 

LHC)
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Developments to increase Bmax in undulators

Permanent magnet undulator

IVU = in-vacuum undulator

CPMU = cryogenic permanent magnet undulator

SCU = superconducting undulator Figure courtesy

J. Bahrdt, E. Gluskin, NIMA (2018)

+

S. Casalbuoni

“Superconductive undulator development” (talk 2020) 

scaling values from

P. Elleaume et. al NIM A 455 (2000) 503-523

PMUs

IVUs

All values are scaled to gap

value of 5mm
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The cooling at colder temperature would be beneficial : scaling of K versus 

temperature:

The peak field on axis increased by about 50 % with respect to NbTi at 4K

Calculation by Sara Casalbuoni
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SCU technology (1/2)
K. Zhang and M. Calvi, 2022 Supercond. Sci. Technol. 35 093001

SCUs in Synchrotron sources
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SCU technology (1/2)
K. Zhang and M. Calvi, 2022 Supercond. Sci. Technol. 35 093001

SCUs in Synchrotron sources

Karlsruhe Institute of Technology (KIT) in 

collaboration with company Babcock 

Noell GmbH (currently Bilfinger Noell 

GmbH)

► Facility for beam heat load study and 

magnetic field characterization

► Operation of 2 undulators at KIT light 

source

ANKA

ANKA

SCU15                                  SCU20
S. Casalbuoni et al., Synchr. Rad. News, 31:3, 24-28 (2018) 



26Application of SCU technology for hard X-rays production at the European XFEL B. Marchetti – UK Accelerator Institute Seminar Series

SCU technology (1/2)
K. Zhang and M. Calvi, 2022 Supercond. Sci. Technol. 35 093001

SCUs in Synchrotron sources

Advanced Photon Source (APS) at ANL:

► Specialized SCU facility

► Operation of several SCU at the APS 

ring

APS

APS

Helical SCU 

installed in APS

M. Kasa et al. 

PRSTAB 23, 050701 

(2020)

APS
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SCU technology (1/2)
K. Zhang and M. Calvi, 2022 Supercond. Sci. Technol. 35 093001

SCUs in Synchrotron sources

SSRF

SCU16 developed by SINAP and tested 

at the Shanghai Synchrotron Radiation 

Facility (SSRF)

BINP (Budker Institut of Nuclear Physics) 

SC wiggler at Diamond Light Source

KIT Noell:

► SCU installed Australian Light Source

► SC wiggler for NSLSII
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SCU technology (2/2)

SCUs in FELs
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SCU technology (2/2)

SCUs in FELs

IR FEL experiment at Stanford in 1976
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SCU technology (2/2)

SCUs in FELs:

IR FEL experiment at Stanford in 1976

STFC at Daresbury : SCU test at CLARA linac

Prototype for LCLS (collaboration ANL, LBNL and SLAC) + LCLS facility plans to install a cryostat with two 1.5m 

long SCU coils and cold intersection

Prototype HTSC-bulk SCU for SwissFEL to be tested first at Swiss Light Source 

SHINE (Shanghai HIgh repetition rate XFEL aNdExtreme light facility): 40 in-vacuum SCUs, 16mm period, 

B=0.682 – 1.583 T,  photon energy = 10-25keV, magnetic length: 4m (phase shifter in the middle)
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SCUs as part of the European XFEL facility development program

European XFEL has the highest beam energy among XFELs:

Opportunity to produce photons with energies in the range 30-100 keV

► MHz rate X-ray microscopy can reveal bulk dynamics in material such as crack propagation or 

shockwave propagation previously possible to observe only ex-situ

European XFEL has two hard and one soft X-ray beamlines: 

The state of the art SCU technology offers a solution to cover the present range of photons in all 

beamlines with fixed e-beam energy of 8.5 GeV.

CW upgrade of the linac at 7-8 GeV is presently under consideration:

SCU SASE line NbTi at 2 K with 15 mm period and 5 mm vacuum gap can potentially cover from 8.6 

keV up to 25 keV, a similar range as with the existing SASE1/2 lines with permanent magnet 

undulators with 40 mm period length.
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Generation of hard X rays up to ~ 100 keV for strategic upgrade plans

► NbTi at 2K SCUs with a period length of 15 mm and a vacuum gap of 5 mm allow covering a range 

between 54 keV and 100 keV. 

► Numerical studies show that hard X-rays generation could be possible with “almost” state-of-the-art 

technology.

Numerical studies: a hard X-ray SCU SASE line for the future
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FESTA (Free Electron laser SuperconducTing undulator Afterburner)

Installation of 1+5 cryomodules (i.e. 2+10 undulator) at SASE2 for photon energies higher than 40 

keV.

Demonstration of the operation of SCUs in X-rays FELs.

Cover the complete photon energy range of soft X-ray experiments without changing the beam 

energy.

Pilot project: FESTA Afterburner for SASE2

S-PRESSO (Superconducting undulator PRE-SerieS

mOdule) is the prototype module, already in production 

(contract assigned to Bilfinger Noell GmbH).

S-PRESSO will include NbTi coils and work at 4K.
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FESTA (Free Electron laser SuperconducTing undulator Afterburner)

Pilot project: FESTA Afterburner for SASE2

Expected performances obtained from 

numerical simulations in terms of number pf 

photons per radiation pulse.

Numerical 

simulations by C. 

Lechner.
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More Technical Details on the Studies done on Magnet Tolerances

V. Grattoni et al. „Effect of SCU long range errors on the FEL 

performance“

In proceedings IPAC23.
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Effect in „time“

Effect of Magnetic Field Errors in FEL Process – Qualitative View

phase noise in the emission process

Random errors ΔK(z)

• We can make 

I1x (zf) = I1y(zf) = I2x(zf) = I2y(zf) =0 

by adjusting entrance/exit coils of the       

undulator;

• The electron beam exits the undulator with 

zero angle and zero offset.

Random error in the transverse velocity of the

electrons in the undulator: Δβx(z)

Random error in the time-of-flight of the

electrons in the undulator: t(z)

Reduction of the peak power radiated

• “Random walk” component in the electron orbit

• Non-zero first and second field integrals at the 

exit of the undulator (I1x (zf), I1y(zf), I2x(zf), I2y(zf))

• The electron beam exits the undulator with a 

parasitic transverse angle and a parasitic 

transverse offset 

The central excursion in trajectory 

affects the overlap between beam 

and radiation !

Nominal e-beam trajectory

Effect in „transverse

e-beam motion“

𝐼1𝑥 𝑧 = න
0

𝑧

𝐵𝑥 𝑧1 𝑑𝑧1

𝐼1𝑦 𝑧 = න
0

𝑧

𝐵𝑦 𝑧1 𝑑𝑧1

𝐼2𝑥 𝑧 = න
0

𝑧

න
0

𝑧2

𝐵𝑥 𝑧1 𝑑𝑧1𝑑𝑧2

𝐼2𝑦 𝑧 = න
0

𝑧

න
0

𝑧2

𝐵𝑦 𝑧1 𝑑𝑧1𝑑𝑧2

Definition first and second magnetic field integrals:
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Characterization of the magnetic fields: a key step to understand and evaluate the 

SCU technology

Numerical simulations hint us that precision in the manufacture of the coils 

and their relative alignment as well as the alignment with the electron beam 

and radiation seed pulse are key to success for the production of hard X-rays 

in FELs. 

Early/fast characterization of the „stand alone“ coil (before installation in 

the final cryostat) allows prompt evaluation of the magnet properties. 

Magnetic correction procedures (shimming) or discard of the coil could 

possibly be applied.

Characterization of the final undulator cryostat including all coils (main SCU 

coils, correction coils, phase shifter) allows to check the alignment of the 

coils and to calibrate the settings of the currents to avoid non-zero field 

integrals in beam axis.
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SUNDAE: Superconducting UNDulAtor Experiment

Two test-stands for the precise characterization of the magnetic field of superconducting coils.

SUNDAE2:

Coils conduction-cooled via 

cryocoolers or cryogenic plant 

(upgrade) 

Characterization of all magnets in the 

final cryostat

Magnetic field measurement with 

Hall-probe, Pulsed-Wire and Moving-

Wire Methods.

SUNDAE1:

Coil in Superfluid Liquid 

Helium bath

Single magnet 

training/characterization

Magnetic field 

characterization using 

Hall-probe measurement

SUNDAE1/2 will be installed in 

the Hall 3 in Bld. 28 at DESY
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SUNDAE1: Overview

Thermal shields

Lid

Linear Motion 

System Rod

Current

leads
Feedthroughs

Magnet 

Support 

plate
Sledge

Hall-probes

Coil

Rails

Support 

Structure

• Coil in Liquid Helium bath 

• → Superfluid He bath (2K)

• Linear motion system (LMS) 

holding two Hall probes for 

magnet characterization.

Range of the longitudinal 

scan

2.3m

Resolution of the magnetic 

field*

0.1mT

Goal resolution of the 

position of the probe

1 µm

*limited by Hall probe calibration error

Characterization of the vertical component of the 

magnetic field with Hall-probe measurement:

Sledge - Production test

20mm
4 mm

Slots for 

Hall probes

Sledge design

Final version 

(P. Ziolkowski)

For S-PRESSO:

• B=1.82T → Requested field quality

ΔB/B<<10-3 
→ Bres<<1.8mT

• λund = 18mm → Res. Hall-probe position

<< 1/10 * λund /2 = 0.9 mm

• Accuracy Hall-probe position << 

Tolerance on pole/groove width = 10µm

Minimum magnetic gap: 6mm 
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SUNDAE2 – Conceptual view

Parking position HP

• XY stages

• Interface to controls / read-

out voltage/ current pulse 

generator

• Step-motors HP

• Interface read-out 

voltage/ controls/ 

DC current

Detector PW 

(laser photo diode)
• Step-motors HP

• Interface to controls

step-motor

• XY stages

• Interface to controls / 

read-out voltage/ current

pulse generator

Removable Air coils

Spare chamber

3 magnetic field diagnostic systems:

• Hall-probe (HP)

• Movable Wire (MW)

• Pulsed Wire (PW)

Vacuum gap: 5mm

Figure courtesy J. Baader
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Overview of Measurements of the Magnetic Field at SUNDAE2

Hall probe

Pulsed Wire

Movable Wire 

Figure Reference: A. Jain USPAS 2003

Figure Reference: D. Zangrando, R. P. Walker NIM A 376 (1996)

Figure Reference: J. Baader, S. Casalbuoni, WEPAB126, IPAC21
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Overview of Measurements of the Magnetic Field at SUNDAE2

Technique How it is used

Hall Probe • Local Field Amplitude in the vertical plane

• Accuracy field measurement ~ 0.1 mT (calibration error)

• Precision Hall probe position ~ 1 µm

Movable Wire • Measurement of first and second magnetic field integrals in both transverse planes

• Best accuracy for measuring field integrals.

• Goal resolution: I1x, I1y=4*10-6Tm, I2x, I2y=1*10-4Tm2

• Used for finding optimal values of correction coils and phase shifter current

Pulsed Wire • Space resolved field integrals on both transverse planes as well as magnetic field profile can be 

measured

• Development for the characterization of small aperture magnets (LEAPS-INFRAINNOV)

• Faster than Hall probe
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Summary and Conclusions

European XFEL is developing SCU technology for the future upgrade of its beamlines: 

SCU can potentially allow to fully exploit the high energy of the electron-beam for production of very 

hard X-rays (towards 100 keV photon energy)

SCU would allow to shift the tuning-mechanism from the electron beam side (electron energy) to the 

undulators side (magnetic field), thus reducing the complexity of the machine setup for the 

different photon beamlines.

As pilot project an SCU afterburner for SASE2 (FESTA) at European has been proposed and studied. 

The prototype cryomodule S-PRESSO is already under production by Bilfinger Noell GmbH.

Two test-stands for the characterization of the SCU coils (SUNDAE1 and SUNDAE2) are been realized 

on the DESY campus. The installation of the major components of SUNDAE1 expected in 2023, while 

the major components of SUNDAE2 are expected to be installed in 2024.
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Thank you for your attention!


