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Abstract. The Insertion Device group of the Paul Scherrer Institute has started an

R&D program on a High Temperature Superconducting Undulator to reduce the period

length and increase the undulators magnetic field well beyond the present capability.

Simulation results for a 10mm period and 4mm magnetic gap staggered array of

GdBCO bulks predict peak magnetic field above 2T. Building on the existing working

principle of undulator design and simulated performance, the first experimental results

of a 5-period 6.0mm gap short undulator measured in the new test facility available at

the University of Cambridge will be presented together with details of the experimental

setup and sample preparation.

Keywords : FELs, Synchrotron Light Source, Insertion devices, HTS.

1. Introduction

Third generation light sources [1] maximised the number of straight sections to insert

wigglers and undulators [2] between the arcs of the ring, thus increasing the number

and the quality of the synchrotron radiation sources beyond dipole magnets. This is at

the origin of the name insertion devices regularly used in the accelerator community to

indicate both instruments. Today, undulators are the most used and efficient source

of synchrotron radiation. There are three main parameters which characterise an

undulator: its length (L), the period length (λu) and the deflection parameter (K)

proportional to the peak magnetic field (B0), which define the radiation wavelength

through the following fundamental equation (valid for planar undulators),

λ =
λu

2nγ2

!
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where γ is the Lorentz factor of the relativistic electron and n is the harmonic number,

K =
B0e

mc

λu

2π
(2)

e and m are respectively the charge and the mass of the electron.
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Hard X-ray beamline of SwissFEL
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PM Undulators of Aramis
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Permanent Magnet Undulator with Fe poles 
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Superconducting Undulator with Fe poles 
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Superconducting Undulator with Fe poles 
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J. Bahrdt, E. Gluskin Nuclear Inst. and Methods in Physics Research, A 907 (2018) 149–168

Fig. 9. Rendering and picture of APS SCU magnet core.

Fig. 10. Schematic of main and correction coils in SCU magnet core.

There were four very important milestones achieved in the process
of developing SCU technology at the APS. First of all, it was experimen-
tally demonstrated that SCU magnets could be built to the technical
specifications for undulators set by most advanced light sources and
FELs. And there is no shimming required to achieve this high level
of magnetic performance. Second, the engineering of SCU cryogenic
systems matured enough to design and build robust and affordable
cryostats. These cryostats, that house SC magnets and a beam vacuum
chamber, could operate as a stand-alone system, or become a part
of the large cryogenic facility. In either case, their cooling capacity
has enough margin to handle heat loads from storage ring- and FEL-
based light sources. It was also shown that the beam vacuum chamber
is exposed to well-predicted heat loads from e-beam and synchrotron
radiation. Third, it was demonstrated that SCUs could be aligned under
operational conditions, and the accuracy of such an alignment matches
the one of conventional, in-air permanent magnet undulators. Finally,
the operational reliability of several SCUs has been confirmed by their
practically flawless performance at the APS storage ring. This section
of the paper summarizes the results of the latest SCU advances in all
four areas and outlines the most important future directions in SCU
development.

3.1. APS SCUs

3.1.1. SCU magnet
A typical planar APS SCU magnetic structure in many ways em-

ulates one of a hybrid permanent magnet undulator. This structure,
schematically shown in Fig. 9, has two magnets separated by a gap.
Each magnet is made of a multitude of SC coils wound around the
iron core with poles in between the coils. The windings of any two
adjacent to one pole coils are run in opposite directions, as are the
electrical currents. This configuration results in an array of alternate
polarity magnets that feed their field through the poles to the undulator
gap. It is a complete equivalent of the hybrid permanent magnet
undulator magnetic structure. Magnetic modeling of such a structure

Fig. 11. Calculated on-axis magnetic fields of two CPMUs (PrFeB, NdFeB), two
SCUs (NbTi, Nb3Sn), and one IVU (SmCo) for a vacuum gap of 6.0 mm for period
lengths from 8 mm to 30 mm.

is straightforward and could be accomplished by using the Radia or
Opera magnetic simulation codes. There are other possible designs for
SCU magnetic structures, but the one presented here that is used for
APS planar SCUs is the most efficient for small period undulators. The
regular, periodic part of the SCU, shown in Fig. 10, includes identical
coils, made of single SC wire that is wound in the set of equally distanced
slots/grooves machined in the soft iron magnet core. The design of the
non-periodic part, i.e. the ends of the SCU, also shown in Fig. 10, follows
the recipe for the end design of hybrid permanent magnet undulators:
a gradual decrease of magnetic field, i.e. a number of turns in several
coils, toward the end of the device. Ideally, such a design should deliver
completely uniform periodic magnetic structure and nullify both 1st and

159
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• Higher magnetic fields allow superior performance, 
or reduced undulator length.

• No permanent magnetic material to be damaged by 
radiation.

• Smaller footprint and simpler K-control than the 
typical massive adjustable-gap PMU.

• Easily oriented for vertical polarization
• Pure helical undulators are possible
• Compact variable polarisation undulator 

(replacing Apple)
• Reduced resistive wakefield with a cold bore
• Much lower vacuum pressure limits gas scattering.

Why SuperConducting Undulators?

Page 12

HELICAL SCU FOR APS

12

▪ SCU technology offers the possibility of building 
circular polarizing helical undulators

▪ A helical SCU (HSCU) was installed on APS ring 
in December 2017. In operation since January 
2018

▪ X-ray photon correlation spectroscopy program at 
the APS benefits from the increased brilliance 
provided by an HSCU

Calculated photon spectrum of helical SCU.

Magnetic model of HSCU. HSCU prototype coil winding.

Parameter HSCU

Cryostat length (m) 1.85

Magnetic length (m) 1.2

Undulator period (mm) 31.5

Magnetic bore diameter (mm) 31.0

Beam vacuum chamber vertical aperture (mm) 8

Beam vacuum chamber horizontal aperture (mm) 26

Undulator peak field Bx=By (T) 0.4

Undulator parameter Kx=Ky 1.2

BES Accelerator and Detector Research Programs
Superconducting Undulator R&D for World-leading X-ray FEL Capabilities

Page | 10

separated by a magnetic gap where a beam chamber is accommodated as shown in Fig. 7. A set
of multiple racetrack coils are formed when a superconducting wire is wound into the core
grooves. Current flowing in opposite directions in the adjacent coil packs generate an alternating
magnetic field profile as a function of position along the beam axis.  In this scheme, the
superconducting wire makes a 180-degree turn on the back side of the core around a pin (Fig. 7)
after the wire has been wound into a groove. Both the core and the superconducting wires are
cooled to 4.2 K with liquid helium passing through a channel in the core, as seen in Fig. 5.

Figure 7. a) Assembly of two magnet cores and beam vacuum chamber with precise spacers
defining the magnetic gap. b) Magnet and beam vacuum chamber assembly with mechanical
clamps and precise gap spacers.

It has been understood that the quality of the magnetic field, i.e., repeatability of the peak
magnetic field from one undulator period to another along the full device, strongly depends on
the precision of the grooves, the quality of winding, and the uniformity of the magnetic gap. The
high quality of APS SCU winding has been already demonstrated [7]. The SCU cores are
machined to very high precision with the groove dimension accuracy typically within 15 µm
rms. The homogeneity of the magnet gap is guaranteed by a system of mechanical clamps that

a

b

Proposal Tracking Number: 257607 

Page Number: 26 Invited               Received Date: 02/09/2021 21:20:35 PM ET

4 FELs

A concept of a cryomodule with four FELs.
Courtesy of J. Fuerst, ANL
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VARIABLY POLARIZING SCU— SCAPE

21

▪ Users of APS POLAR beamline would like to 
have an undulator that can generate both 
circular and planar polarized photons

▪ To answer this challenging request, we have 
developed the concept of a Super Conducting 
Arbitrary Polarizing Emitter, or SCAPE

▪ This electromagnetic superconducting 
undulator employs four planar magnetic cores 
assembled around a cylindrical beam vacuum 
chamber 

▪ The APS Upgrade multi-bend achromat lattice 
enables round beam chambers (6 mm ID) for 
insertion devices

▪ The SCAPE concept is tested in a prototype

Concept of SCAPE: a 
universal SCU with four 
planar superconducting coil 
structures. A beam 
chamber is not shown.

Magnet 
cores

Beam 
vacuum 
chamber

SCAPE 3d design model



KIT-Bilfinger NbTi-SCUs
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Courtesy of W.Walter (Bilfinger NOELL)

Insertion Device Overview
FEL-activities started based on proven designs

Noell is taking on commercial projects

Exploiting and pushing technology with KIT

Family of Noell superconducting Insertion DevicesSCU15 SCU20 HEX-
SCW

ANSTO-
SCU16 EuXFEL FLUTE COMPAS

S DLS SCW Units

Period
length 15 20 70 16 18 65 18 48 mm

Full periods 100.5 74.5 29 98 108 * 2 20 14 22.5 #
Max field on
axis (min.
gap)

0.73 1.19 4.3 1.1 1.82 0.88 1.82 4.2 T

K-Value
(approx.) 1.0 2.2 28.1 1.6 3.1 5.3 3.1 18.8

Location
KARA, KARA, NSLS II,

Australian
Synchrotro

n
EuXFEL, KIT KIT DLS

KIT KIT BNL, ANSTO DE DE DE UK
US

Status delivered
2014

delivered
2017

delivered
2022

delivered
2022 production design design design

Bilfinger Noell GmbH Page 12

The first commercially
available undulator

worldwide 



KIT-Bilfinger SCUs @ KARA
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5 Sara Casalbuoni, Beam Tests and Commissioning of Low Emittance Storage Rings  
18-20.02.2019, Karlsruhe, Germany  

 
KIT and Noell 
development of SCUs for  
the KIT synchrotron and low emittance light sources 

NbTi wire 
Conduction cooling => no need of cryogenic fluids  
Movable vacuum chamber: highly desirable during commissioning  

and “nice to have” during operation 
 

SCU15 

SCU20 

NbTi round wire
Conducting cooling
1.5m magnetic length
gm-gv = 1.0 mm

SCU20 SCU15

5 Sara Casalbuoni, Beam Tests and Commissioning of Low Emittance Storage Rings  
18-20.02.2019, Karlsruhe, Germany  

 
KIT and Noell 
development of SCUs for  
the KIT synchrotron and low emittance light sources 

NbTi wire 
Conduction cooling => no need of cryogenic fluids  
Movable vacuum chamber: highly desirable during commissioning  

and “nice to have” during operation 
 

SCU15 

SCU20 

SCU20

SCU15

Courtesy of S.Casalbuoni



KIT-Bilfinger SCUs @ KARA
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11 Sara Casalbuoni, Beam Tests and Commissioning of Low Emittance Storage Rings  
18-20.02.2019, Karlsruhe, Germany  

Tests with beam 
 

Installation in December 2017 
 
Successfully operating in the KIT synchrotron 
since January 2018 without quenches 
 
First  X-rays 10.1.2018 

 
 
 
 
 

Image of white beam scanning diode after  
15 µm pinhole  @  17.1 m from the source   
and CVD diamond window 3mmx 2mm @ 8.3 m 
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Diode counts

y 
(m

m
)

x ( mm)

100.0
1830
3560
5290
7020
8750
1.048E+04
1.221E+04
1.394E+04
1.567E+04
1.740E+04

S.C. et al., AIP Conf. Proc. 2054, 030025 (2019) 

• Installed in December 2017
• First light January 2018
• Since then it is in operation @ KARA
• No quench observed

14 Sara Casalbuoni, Beam Tests and Commissioning of Low Emittance Storage Rings  
18-20.02.2019, Karlsruhe, Germany  

 
 
Seventh harmonic of SCU20 measured at the NANO beamline through 70 µm x 30 µm at 17 m from the source 
with an ionization chamber at  2.5 GeV electron beam energy  

 
 

 
 
 
 
 
 
 

 

Tests with beam 
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KIT-Bilfinger SCUs @ KARA
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SmCo @300K
PrFeB @77K & Br=1.67T

Vacuum gap =7.0

NbTi magnetic gap = 8.0mm
IVU/CPMU magnetic gap = 7.2mm

1.18T

0.73T

Bahrdt, J. Gluskin, E. 2018, NIM Vol 907 pp. 149-168 



ANL NbTi-SCUs @ APS
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SCU LAYOUT

9

Assembled cryostat.

Inside the SCU vacuum vessel.

SCU cold mass.

▪ SCU cryostat consists of vacuum vessel, thermal shield 
and a cold mass

▪ Cooling is provided by cryocoolers
▪ Closed-loop LHe circuit

SCU18-1 in operation since May 2015
SCU18-2 in operation since Sep 2016

Magnetic length 1.1m (total 2.06m)
Courtesy of Y.Ivanyushenkov



ANL NbTi-SCUs @ APS
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SCU18-1 in operation since May 2015
SCU18-2 in operation since Sep 2016

Magnetic length 1.1m (total 2.06m)

Measured SCU18-1 tuning curves in 
comparison with those of hybrid undulator 
U33 (Undulator A) and undulator U23.

Courtesy of Y.Ivanyushenkov



§ SCU field integrals satisfy the physics specifications 

§ SCU quench produces only small beam motion and does 

not cause loss of the beam

§ Position of the SCU vacuum chamber is stable and does 

not require realignment

§ SCU cryocooler vibrations do not affect beam stability

§ SCU operation does not affect the beam lifetime

§ Overall SCUs availability for users is 99%

Operational experience in the APS ring

Page 19

SCU18-1 in Sector 1 of the APS ring.

SCU18-2 in Sector 6 of the APS ring.
Courtesy of Y.Ivanyushenkov
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SmCo @300K

PrFeB @77K

Vacuum gap = 7.2mm

Nb3Sn/NbTi magnetic gap = 9.5mm
IVU/CPMU magnetic gap = 7.4mm

1.17T

Bahrdt, J. Gluskin, E. 2018, NIM Vol 907 pp. 149-168 

0.97T
0.80T



Nb3Sn undulator @ APS
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A 3-year project supported by the DOE's 
Accelerator & Detector Research Program

Collaboration among 3 US National Labs 
ANL (lead intuition) 

FNAL (heat treatment)
LBNL (quench detection & protection)

Undulator 
specifications

NbTi Nb3Sn

Undulator Field, T 0.97 1.17

K-value 1.6 2.0

Design current, A 
(80 and 70% of the Ic) 
@4.2 K

450 800

Period length, mm 18 18

Magnetic gap, mm 9.5 9.5  

Vacuum gap, mm 7.2 7.2

Magnetic length, m 1.1 1.1

0.084 m

0.5 m

1.1 m

Project breakdown:

R&D Phase: Build and test short prototypes and 
scaled to a 0.5-meter lengths

Construct a full-scale magnet (1.1 meters long)
Modify an existing cryostat to accommodate 
the Nb3Sn undulator magnets

Undulator assembly, testing, magnetic 
characterizations and installation on the APS

Courtesy of I. Kesgin



Undulator training  & 
field measurements

Page 22

• 1.1m SCU magnets assembled in 
undulator configuration with diagnostic 
elements
• Undulator achieved design field 
without requiring additional training 
during the second cooldown
• Phase error of <6 degrees achieved up 
to the maximum operating current

NbTi

Nb3Sn bottom Nb3Sn top

Courtesy of I. Kesgin
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SmCo @300K

Nb 3S
n @

 4.
2K

NbTi @
 4.2K 80% SS

PrFeB @77K

Vacuum gap =6.0

SCU/SCU magnetic gap = 8.2mm
IVU/CPMU magnetic gap = 6.2mm

1.38T

1.07T

S. Kim, Nucl. Instr. Meth. Phys. Res. A 546 (2005) 604–619.



SCUs for APS-U(pgrade)
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Location Conf Vacuum Magnetic Period Length
gap gap length
mm mm mm m

01-ID Inline 6.0 8.2 16.5 2x1.9

11-ID canted 6.0 8.2 16.5 2x1.5

20-ID Inline 6.0 8.2 16.5 2x1.9

28-ID canted 6.0 8.2 18.5 2x1.3

FOUR cryomodules 4.8 m long 20” 
diameter vacuum vessel with EIGHT
SCUs:
• Two with inline SCUs

(one long undulator source)
• Two with canted SCUs

(two canted undulator sources)

Courtesy of Y.Ivanyushenkov



Design model of APS-U ID straight section with an SCU 
cryomodule: single thermal shield; off-shelf vacuum 
components; three thermal stages (4K – 20K – 40K); 
6(+1) cryocoolers;

SCUs for APS-U(pgrade)

Page 26

Location Conf Vacuum Magnetic Period Length
gap gap length
mm mm mm m

01-ID Inline 6.0 8.2 16.5 2x1.9

11-ID canted 6.0 8.2 16.5 2x1.5

20-ID Inline 6.0 8.2 16.5 2x1.9

28-ID canted 6.0 8.2 18.5 2x1.3

FOUR cryomodules 4.8 m long 20” 
diameter vacuum vessel with EIGHT
SCUs:
• Two with inline SCUs

(one long undulator source)
• Two with canted SCUs

(two canted undulator sources)

4.8 m

Courtesy of Y.Ivanyushenkov



Cryostat vacuum vessel

SCUs for APS-U(pgrade)
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Location Conf Vacuum Magnetic Period Length
gap gap length
mm mm mm m

01-ID Inline 6.0 8.2 16.5 2x1.9

11-ID canted 6.0 8.2 16.5 2x1.5

20-ID Inline 6.0 8.2 16.5 2x1.9

28-ID canted 6.0 8.2 18.5 2x1.3

FOUR cryomodules 4.8 m long 20” 
diameter vacuum vessel with EIGHT
SCUs:
• Two with inline SCUs

(one long undulator source)
• Two with canted SCUs

(two canted undulator sources)

Courtesy of Y.Ivanyushenkov



LHe Tank

SCUs for APS-U(pgrade)
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Location Conf Vacuum Magnetic Period Length
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SC Afterburners 

1. Enabling lasing at photon energies up to ∼60 keV with 17.5GeV linac
2. After the upgrade to CW linac (<8GeV) the SCA will allow to cover 

the same  photon energy then today (3.1-24.8keV)

Courtesy of S.Casalbuoni
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EUXFEL SASE2 SC Afterburner
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Table 1. Electron beam parameters at EuXFEL used to calculate the photons per pulse
generated by the SCU afterburner

Energy 16.5 GeV
Normalized emittance 0.4 mm mrad
Initial energy spread 3 MeV
Current 5 kA
Bunch length 30 fs

Figure 2. Photons per pulse
generated by the afterburner, made
of six SCU modules with 18 mm
period length and a magnetic
length of 24 m, are shown as
a function of the photon beam
energy. The calculation has been
done using the code GENESIS 1.3
v.2 [8], with the electron beam
parameters shown in Table 1. The
number of photons per pulse are
compared to the one calculated
using SPECTRA [9] from typical
short period undulators at the
ESRF-EBS [10] and APS-U [11]
through a pinhole of 1 mm ⇥ 1 mm
at 30 m from the source.

limit (violet circles) is obtained by using the bunching of the second harmonic generated in N1

PMUs. The SCUs are tuned to the second harmonic of the PMUs. In this scheme, primarly
the bunching of the second harmonic of the PMUs is used to obtain an e�cient amplification
of the fundamental of the SCUs. This scheme can be extended to photon energies larger than
50 keV. The photons per pulse generated by the SCU afterburner are calculated using the code
GENESIS 1.3 v.2 [8], with the electron beam parameters shown in Table 1, and are reported in
Figure 2 as a function of the photon beam energy. The simulations do neither consider wake-
fields nor tapering. A flat top 1 µm long bunch (⇠ 3 fs) is considered and the photons for a
pulse of 30 fs, reported in Figure 2, are obtained by the number resulting from the simulations
multiplied by a factor of 10. More detailed studies considering wakefields, tapering, a more
realistic bunch distribution and optimized electron bunch properties are ongoing. The photons
per pulse are compared to the ones calculated using SPECTRA [9] from typical short period
undulators at high energy di↵raction limited storage rings (DLSRs) as the ESRF-EBS [10] and
APS-U [11] through a pinhole of 1 mm ⇥ 1 mm at 30 m from the source. The number of
photons per pulse produced by the afterburner are more than two orders of magnitude higher
than the ones available at the DLSRs as ESRF-EBS and APS-U, in pulses more than 5000 times
shorter. Additional schemes for amplifying and/or using the bunching of the higher harmonics
produced by the SASE PMUs and to reach higher photon energies are under study. The degree
of transverse coherence of the flux produced by the SCU afterburner at European XFEL is also
expected to be larger than the one obtainable at DLSRs.
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Superconducting undulator 
PRE-SerieSmOdule

Aims of S-PRESSO are to test:
§ the alignment of the two 2 m long SCU coils in the 5 m 

long cryostat
§ the mechanical tolerances necessary for the FEL 

process 
§ the implementation of the module in the accelerator 

S-PRESSO will be used:
• to further amplify the fundamental produced by the PMUs 

of SASE2 in the hardest X-ray part of the spectrum; 
• to measure the contribution of the SCUs to the FEL 

amplification process at specific photon energies; 
• To test harmonic configurations at larger photon energies 

up to 60keV;
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chamber at room temperature

SPECs:

Courtesy of S.Casalbuoni
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OBJECTIVES:
• Develop an SCU design with 

integrated beamline components 
(quad, BPM, phase shifter)

• Demonstrate beam-based alignment 
(BBA) to micron-level precision

• Demonstrate FEL gain in SCUs with 
electron beams pre-bunched in the 
HXUs

• Select an SCU period that resonates 
with HXUs over the entire LCLS tuning 
range.

ANL and SLAC team together to design, build and test 21mm 
period length NbTi SCU at the end of the LCLS Hard X-ray Undulator 
(HXU) beam line at SLAC.

HXU 
#47

SCU

SLAC-ANL FEL SCU Project

Courtesy of D.Nguyen
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Liquid He Tank

SCU Magnet Strongback

CryocoolerVertical Positioner

FEL SCU Cryomodule Design

Courtesy of D.Nguyen



• Precision Alignment Test Stand (PATS) will 
test the ability of the direct-drive linear 
actuators in controlling the position of 
SCU magnets to micron-level precision

• PATS will be used to validate the micron 
precision alignment of SCU components

• SCU motions will be monitored when the 
chamber pressure is evacuated and while 
the SCU is cooled to cryogenic 
temperatures.

Prototype Fabrication & Assembly
Precision Alignment Test Stand

Courtesy of D.Nguyen



Prototype Fabrication & Assembly

PATS end view showing optical paths (---)• Precision Alignment Test Stand (PATS) will 
test the ability of the direct-drive linear 
actuators in controlling the position of 
SCU magnets to micron-level precision

• PATS will be used to validate the micron 
precision alignment of SCU components

• SCU motions will be monitored when the 
chamber pressure is evacuated and while 
the SCU is cooled to cryogenic 
temperatures.

Courtesy of D.Nguyen
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Example of field cooling magnetisation 

Superconducting Staggered Array Undulator
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time

T. Kii, et al.: Proc. FEL2006 (2006) p. 653.
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Bulk Lab Sample #1

6mm gap

Bulk Industrial Sample #1

4mm gap

55 mm

4mm gap

Bulk Industrial Sample #2Bulk Lab Sample #2

4mm gap

2019 2023

4mm gap

Bulk Industrial Sample #3



Laser Micro Jet
SYNOVA

CH

The HTS crystals are embedded (schrink-
fit) into a copper matrix with micro-meter 
accuracy, to be mechanical and thermally 
stabilised. An additional Aluminium 
shrinking cylinder is used to precisely 
assemble the undulator array 
(in the picture only a cross section)

EDM Wire 
Erosion

HPT GmbH (D)

Industrial Sample
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2D Field map @ LN2
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1.1. Undulator technology

In-vacuum permanent magnet undulators, operated either at
room temperature (IVU) or at cryogenics temperature
(CPMU) (77–135 K), are the state of the art technology
reaching high photon energy and highly collimated photon
beams. They are required in medium energy storage rings
(<3 GeV) to achieve 40 keV photon energies [13]. This is
possible using the high resonance harmonics of a CPMU.
This requires a high degree of accuracy in the field profile,
with a RMS phase error parameter [14] of <2◦.

In the last decade superconducting undulators based on
NbTi have been developed both in Europe [15] and in the
US [16]. For period lengths above 15 mm, they are more
effective in generating large magnetic field than CPMU [17].
For lower period lengths alternative superconductors have to
be used. Nb3Sn has been magnetically tested in Berkeley lab
[18] recently but its 19 mm period length chosen for the
parameters of LCLS2 [19] does not allow a direct assess-
ment of the very short period length regime focused on in
this paper. Superconducting undulators have the advantage
of being less sensitive to radiation than permanent magnets,
which may experience irreversible field losses due to inter-
action with high energy particles and their associated
hadronic shower.

Due to the large investment involved in the construction
of an FEL, an European project, XLS [20], has been started
with the aim of designing a compact FEL in the hard x-ray
regime to increase the availability of those instruments by
reducing the size of the infrastructures and consequently the
costs of the whole installation. The R&D activities on short
period superconducting undulators at PSI started for appli-
cation in FELs, where the operation on low harmonics relaxes
the requirements on the phase error (<10◦) and the low rep-
rate of classical copper linac (100–120 Hz) does not impose
high heat load to the devices. Meanwhile, the synchrotron
community has also expressed significant interest for this
development and the challenging implementation of this
superconducting undulator in a storage ring will be evaluated
too. Within the XLS collaboration, PSI decided to investigate
the staggered array configuration [21] following the design by

Kinjo and co-workers [22, 23], where for the first time it was
proposed to implement HTS bulks in place of iron poles and/
or permanent magnets [24], see figure 1(a)

2. The superconducting staggered array principle

The working principle of a superconducting staggered array
undulator (SSAU) is to shape the uniform field of a solenoid
into an undulator field (B0). One of the advantages of a SSAU
to its normal conducting option [21] is the possibility to
operate without a solenoidal background field. The most
effective procedure to obtain this result is to field cool (FC)
the HTS bulks in a superconducting solenoid. The current on
the solenoid is slowly driven to zero and the variation of the
field is compensated by an induced current on the HTS
effectively trapping a magnetic field. In a SSAU, due to the
specific geometry of the HTS bulks arrangement—staggered
geometry—even though the upper and the lower rows of the
HTS bulks are identically magnetised, the magnetic fields do
not cancel each other but add together to produce B0 thanks to
their relative positional shift of λu/2. In a standard permanent
magnet arrangement it is possible to introduce magnets with
inverse magnetisation and further increase the undulator field
(with the eventual addition of iron poles as well). Unfortu-
nately, this has not been considered as a realistic option for a
SSAU as the HTS bulks require an in situ magnetisation.
Furthermore, a complex mechanical installation operated in
cryogenic temperatures is required to allow manipulation of
those blocks, as proposed in [25, 26] where alternative geo-
metries are presented.

A λu of 10 mm and a magnetic gap of 4 mm (distance
between the flat edge of the upper and the lower row) have
been selected as ambitious parameters because both CPMU
and existing NbTi undulators do not deliver enough field
(<1 T) for the design of a compact FEL. COMSOL and
ANSYS have been used to solve the magnetisation problem:
the first implements the popular H-formulation while the
second uses a new approach based on the A–V formulation
[27]. In this paper, the main results of the design optimisation
are introduced, more details can be found in [28]. In figure 2

Figure 1. (a) The staggered array undulator geometry as proposed by Kinjo and co-workers and as it is also adopted for the test presented in
this paper. (b) A new hybrid staggered array undulator, where ferromagnetic poles (dark-grey) positioned at the peak undulator field helps
increasing its strength. (c) A new helical geometry which extends the staggered array to two dimensions. The round bulks are now cut in four
pieces (1, 2, 3 and 4) and relatively shifted of λu/4 along the z-axis.

2

Supercond. Sci. Technol. 33 (2020) 014004 M Calvi et al

1.1. Undulator technology

In-vacuum permanent magnet undulators, operated either at
room temperature (IVU) or at cryogenics temperature
(CPMU) (77–135 K), are the state of the art technology
reaching high photon energy and highly collimated photon
beams. They are required in medium energy storage rings
(<3 GeV) to achieve 40 keV photon energies [13]. This is
possible using the high resonance harmonics of a CPMU.
This requires a high degree of accuracy in the field profile,
with a RMS phase error parameter [14] of <2◦.

In the last decade superconducting undulators based on
NbTi have been developed both in Europe [15] and in the
US [16]. For period lengths above 15 mm, they are more
effective in generating large magnetic field than CPMU [17].
For lower period lengths alternative superconductors have to
be used. Nb3Sn has been magnetically tested in Berkeley lab
[18] recently but its 19 mm period length chosen for the
parameters of LCLS2 [19] does not allow a direct assess-
ment of the very short period length regime focused on in
this paper. Superconducting undulators have the advantage
of being less sensitive to radiation than permanent magnets,
which may experience irreversible field losses due to inter-
action with high energy particles and their associated
hadronic shower.

Due to the large investment involved in the construction
of an FEL, an European project, XLS [20], has been started
with the aim of designing a compact FEL in the hard x-ray
regime to increase the availability of those instruments by
reducing the size of the infrastructures and consequently the
costs of the whole installation. The R&D activities on short
period superconducting undulators at PSI started for appli-
cation in FELs, where the operation on low harmonics relaxes
the requirements on the phase error (<10◦) and the low rep-
rate of classical copper linac (100–120 Hz) does not impose
high heat load to the devices. Meanwhile, the synchrotron
community has also expressed significant interest for this
development and the challenging implementation of this
superconducting undulator in a storage ring will be evaluated
too. Within the XLS collaboration, PSI decided to investigate
the staggered array configuration [21] following the design by

Kinjo and co-workers [22, 23], where for the first time it was
proposed to implement HTS bulks in place of iron poles and/
or permanent magnets [24], see figure 1(a)

2. The superconducting staggered array principle

The working principle of a superconducting staggered array
undulator (SSAU) is to shape the uniform field of a solenoid
into an undulator field (B0). One of the advantages of a SSAU
to its normal conducting option [21] is the possibility to
operate without a solenoidal background field. The most
effective procedure to obtain this result is to field cool (FC)
the HTS bulks in a superconducting solenoid. The current on
the solenoid is slowly driven to zero and the variation of the
field is compensated by an induced current on the HTS
effectively trapping a magnetic field. In a SSAU, due to the
specific geometry of the HTS bulks arrangement—staggered
geometry—even though the upper and the lower rows of the
HTS bulks are identically magnetised, the magnetic fields do
not cancel each other but add together to produce B0 thanks to
their relative positional shift of λu/2. In a standard permanent
magnet arrangement it is possible to introduce magnets with
inverse magnetisation and further increase the undulator field
(with the eventual addition of iron poles as well). Unfortu-
nately, this has not been considered as a realistic option for a
SSAU as the HTS bulks require an in situ magnetisation.
Furthermore, a complex mechanical installation operated in
cryogenic temperatures is required to allow manipulation of
those blocks, as proposed in [25, 26] where alternative geo-
metries are presented.

A λu of 10 mm and a magnetic gap of 4 mm (distance
between the flat edge of the upper and the lower row) have
been selected as ambitious parameters because both CPMU
and existing NbTi undulators do not deliver enough field
(<1 T) for the design of a compact FEL. COMSOL and
ANSYS have been used to solve the magnetisation problem:
the first implements the popular H-formulation while the
second uses a new approach based on the A–V formulation
[27]. In this paper, the main results of the design optimisation
are introduced, more details can be found in [28]. In figure 2

Figure 1. (a) The staggered array undulator geometry as proposed by Kinjo and co-workers and as it is also adopted for the test presented in
this paper. (b) A new hybrid staggered array undulator, where ferromagnetic poles (dark-grey) positioned at the peak undulator field helps
increasing its strength. (c) A new helical geometry which extends the staggered array to two dimensions. The round bulks are now cut in four
pieces (1, 2, 3 and 4) and relatively shifted of λu/4 along the z-axis.

2

Supercond. Sci. Technol. 33 (2020) 014004 M Calvi et al

1.1. Undulator technology

In-vacuum permanent magnet undulators, operated either at
room temperature (IVU) or at cryogenics temperature
(CPMU) (77–135 K), are the state of the art technology
reaching high photon energy and highly collimated photon
beams. They are required in medium energy storage rings
(<3 GeV) to achieve 40 keV photon energies [13]. This is
possible using the high resonance harmonics of a CPMU.
This requires a high degree of accuracy in the field profile,
with a RMS phase error parameter [14] of <2◦.

In the last decade superconducting undulators based on
NbTi have been developed both in Europe [15] and in the
US [16]. For period lengths above 15 mm, they are more
effective in generating large magnetic field than CPMU [17].
For lower period lengths alternative superconductors have to
be used. Nb3Sn has been magnetically tested in Berkeley lab
[18] recently but its 19 mm period length chosen for the
parameters of LCLS2 [19] does not allow a direct assess-
ment of the very short period length regime focused on in
this paper. Superconducting undulators have the advantage
of being less sensitive to radiation than permanent magnets,
which may experience irreversible field losses due to inter-
action with high energy particles and their associated
hadronic shower.

Due to the large investment involved in the construction
of an FEL, an European project, XLS [20], has been started
with the aim of designing a compact FEL in the hard x-ray
regime to increase the availability of those instruments by
reducing the size of the infrastructures and consequently the
costs of the whole installation. The R&D activities on short
period superconducting undulators at PSI started for appli-
cation in FELs, where the operation on low harmonics relaxes
the requirements on the phase error (<10◦) and the low rep-
rate of classical copper linac (100–120 Hz) does not impose
high heat load to the devices. Meanwhile, the synchrotron
community has also expressed significant interest for this
development and the challenging implementation of this
superconducting undulator in a storage ring will be evaluated
too. Within the XLS collaboration, PSI decided to investigate
the staggered array configuration [21] following the design by

Kinjo and co-workers [22, 23], where for the first time it was
proposed to implement HTS bulks in place of iron poles and/
or permanent magnets [24], see figure 1(a)

2. The superconducting staggered array principle

The working principle of a superconducting staggered array
undulator (SSAU) is to shape the uniform field of a solenoid
into an undulator field (B0). One of the advantages of a SSAU
to its normal conducting option [21] is the possibility to
operate without a solenoidal background field. The most
effective procedure to obtain this result is to field cool (FC)
the HTS bulks in a superconducting solenoid. The current on
the solenoid is slowly driven to zero and the variation of the
field is compensated by an induced current on the HTS
effectively trapping a magnetic field. In a SSAU, due to the
specific geometry of the HTS bulks arrangement—staggered
geometry—even though the upper and the lower rows of the
HTS bulks are identically magnetised, the magnetic fields do
not cancel each other but add together to produce B0 thanks to
their relative positional shift of λu/2. In a standard permanent
magnet arrangement it is possible to introduce magnets with
inverse magnetisation and further increase the undulator field
(with the eventual addition of iron poles as well). Unfortu-
nately, this has not been considered as a realistic option for a
SSAU as the HTS bulks require an in situ magnetisation.
Furthermore, a complex mechanical installation operated in
cryogenic temperatures is required to allow manipulation of
those blocks, as proposed in [25, 26] where alternative geo-
metries are presented.

A λu of 10 mm and a magnetic gap of 4 mm (distance
between the flat edge of the upper and the lower row) have
been selected as ambitious parameters because both CPMU
and existing NbTi undulators do not deliver enough field
(<1 T) for the design of a compact FEL. COMSOL and
ANSYS have been used to solve the magnetisation problem:
the first implements the popular H-formulation while the
second uses a new approach based on the A–V formulation
[27]. In this paper, the main results of the design optimisation
are introduced, more details can be found in [28]. In figure 2

Figure 1. (a) The staggered array undulator geometry as proposed by Kinjo and co-workers and as it is also adopted for the test presented in
this paper. (b) A new hybrid staggered array undulator, where ferromagnetic poles (dark-grey) positioned at the peak undulator field helps
increasing its strength. (c) A new helical geometry which extends the staggered array to two dimensions. The round bulks are now cut in four
pieces (1, 2, 3 and 4) and relatively shifted of λu/4 along the z-axis.
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be used. Nb3Sn has been magnetically tested in Berkeley lab
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Due to the large investment involved in the construction
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regime to increase the availability of those instruments by
reducing the size of the infrastructures and consequently the
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cation in FELs, where the operation on low harmonics relaxes
the requirements on the phase error (<10◦) and the low rep-
rate of classical copper linac (100–120 Hz) does not impose
high heat load to the devices. Meanwhile, the synchrotron
community has also expressed significant interest for this
development and the challenging implementation of this
superconducting undulator in a storage ring will be evaluated
too. Within the XLS collaboration, PSI decided to investigate
the staggered array configuration [21] following the design by
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1.1. Undulator technology

In-vacuum permanent magnet undulators, operated either at
room temperature (IVU) or at cryogenics temperature
(CPMU) (77–135 K), are the state of the art technology
reaching high photon energy and highly collimated photon
beams. They are required in medium energy storage rings
(<3 GeV) to achieve 40 keV photon energies [13]. This is
possible using the high resonance harmonics of a CPMU.
This requires a high degree of accuracy in the field profile,
with a RMS phase error parameter [14] of <2◦.

In the last decade superconducting undulators based on
NbTi have been developed both in Europe [15] and in the
US [16]. For period lengths above 15 mm, they are more
effective in generating large magnetic field than CPMU [17].
For lower period lengths alternative superconductors have to
be used. Nb3Sn has been magnetically tested in Berkeley lab
[18] recently but its 19 mm period length chosen for the
parameters of LCLS2 [19] does not allow a direct assess-
ment of the very short period length regime focused on in
this paper. Superconducting undulators have the advantage
of being less sensitive to radiation than permanent magnets,
which may experience irreversible field losses due to inter-
action with high energy particles and their associated
hadronic shower.

Due to the large investment involved in the construction
of an FEL, an European project, XLS [20], has been started
with the aim of designing a compact FEL in the hard x-ray
regime to increase the availability of those instruments by
reducing the size of the infrastructures and consequently the
costs of the whole installation. The R&D activities on short
period superconducting undulators at PSI started for appli-
cation in FELs, where the operation on low harmonics relaxes
the requirements on the phase error (<10◦) and the low rep-
rate of classical copper linac (100–120 Hz) does not impose
high heat load to the devices. Meanwhile, the synchrotron
community has also expressed significant interest for this
development and the challenging implementation of this
superconducting undulator in a storage ring will be evaluated
too. Within the XLS collaboration, PSI decided to investigate
the staggered array configuration [21] following the design by

Kinjo and co-workers [22, 23], where for the first time it was
proposed to implement HTS bulks in place of iron poles and/
or permanent magnets [24], see figure 1(a)

2. The superconducting staggered array principle

The working principle of a superconducting staggered array
undulator (SSAU) is to shape the uniform field of a solenoid
into an undulator field (B0). One of the advantages of a SSAU
to its normal conducting option [21] is the possibility to
operate without a solenoidal background field. The most
effective procedure to obtain this result is to field cool (FC)
the HTS bulks in a superconducting solenoid. The current on
the solenoid is slowly driven to zero and the variation of the
field is compensated by an induced current on the HTS
effectively trapping a magnetic field. In a SSAU, due to the
specific geometry of the HTS bulks arrangement—staggered
geometry—even though the upper and the lower rows of the
HTS bulks are identically magnetised, the magnetic fields do
not cancel each other but add together to produce B0 thanks to
their relative positional shift of λu/2. In a standard permanent
magnet arrangement it is possible to introduce magnets with
inverse magnetisation and further increase the undulator field
(with the eventual addition of iron poles as well). Unfortu-
nately, this has not been considered as a realistic option for a
SSAU as the HTS bulks require an in situ magnetisation.
Furthermore, a complex mechanical installation operated in
cryogenic temperatures is required to allow manipulation of
those blocks, as proposed in [25, 26] where alternative geo-
metries are presented.

A λu of 10 mm and a magnetic gap of 4 mm (distance
between the flat edge of the upper and the lower row) have
been selected as ambitious parameters because both CPMU
and existing NbTi undulators do not deliver enough field
(<1 T) for the design of a compact FEL. COMSOL and
ANSYS have been used to solve the magnetisation problem:
the first implements the popular H-formulation while the
second uses a new approach based on the A–V formulation
[27]. In this paper, the main results of the design optimisation
are introduced, more details can be found in [28]. In figure 2

Figure 1. (a) The staggered array undulator geometry as proposed by Kinjo and co-workers and as it is also adopted for the test presented in
this paper. (b) A new hybrid staggered array undulator, where ferromagnetic poles (dark-grey) positioned at the peak undulator field helps
increasing its strength. (c) A new helical geometry which extends the staggered array to two dimensions. The round bulks are now cut in four
pieces (1, 2, 3 and 4) and relatively shifted of λu/4 along the z-axis.
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1.1. Undulator technology

In-vacuum permanent magnet undulators, operated either at
room temperature (IVU) or at cryogenics temperature
(CPMU) (77–135 K), are the state of the art technology
reaching high photon energy and highly collimated photon
beams. They are required in medium energy storage rings
(<3 GeV) to achieve 40 keV photon energies [13]. This is
possible using the high resonance harmonics of a CPMU.
This requires a high degree of accuracy in the field profile,
with a RMS phase error parameter [14] of <2◦.

In the last decade superconducting undulators based on
NbTi have been developed both in Europe [15] and in the
US [16]. For period lengths above 15 mm, they are more
effective in generating large magnetic field than CPMU [17].
For lower period lengths alternative superconductors have to
be used. Nb3Sn has been magnetically tested in Berkeley lab
[18] recently but its 19 mm period length chosen for the
parameters of LCLS2 [19] does not allow a direct assess-
ment of the very short period length regime focused on in
this paper. Superconducting undulators have the advantage
of being less sensitive to radiation than permanent magnets,
which may experience irreversible field losses due to inter-
action with high energy particles and their associated
hadronic shower.

Due to the large investment involved in the construction
of an FEL, an European project, XLS [20], has been started
with the aim of designing a compact FEL in the hard x-ray
regime to increase the availability of those instruments by
reducing the size of the infrastructures and consequently the
costs of the whole installation. The R&D activities on short
period superconducting undulators at PSI started for appli-
cation in FELs, where the operation on low harmonics relaxes
the requirements on the phase error (<10◦) and the low rep-
rate of classical copper linac (100–120 Hz) does not impose
high heat load to the devices. Meanwhile, the synchrotron
community has also expressed significant interest for this
development and the challenging implementation of this
superconducting undulator in a storage ring will be evaluated
too. Within the XLS collaboration, PSI decided to investigate
the staggered array configuration [21] following the design by

Kinjo and co-workers [22, 23], where for the first time it was
proposed to implement HTS bulks in place of iron poles and/
or permanent magnets [24], see figure 1(a)

2. The superconducting staggered array principle

The working principle of a superconducting staggered array
undulator (SSAU) is to shape the uniform field of a solenoid
into an undulator field (B0). One of the advantages of a SSAU
to its normal conducting option [21] is the possibility to
operate without a solenoidal background field. The most
effective procedure to obtain this result is to field cool (FC)
the HTS bulks in a superconducting solenoid. The current on
the solenoid is slowly driven to zero and the variation of the
field is compensated by an induced current on the HTS
effectively trapping a magnetic field. In a SSAU, due to the
specific geometry of the HTS bulks arrangement—staggered
geometry—even though the upper and the lower rows of the
HTS bulks are identically magnetised, the magnetic fields do
not cancel each other but add together to produce B0 thanks to
their relative positional shift of λu/2. In a standard permanent
magnet arrangement it is possible to introduce magnets with
inverse magnetisation and further increase the undulator field
(with the eventual addition of iron poles as well). Unfortu-
nately, this has not been considered as a realistic option for a
SSAU as the HTS bulks require an in situ magnetisation.
Furthermore, a complex mechanical installation operated in
cryogenic temperatures is required to allow manipulation of
those blocks, as proposed in [25, 26] where alternative geo-
metries are presented.

A λu of 10 mm and a magnetic gap of 4 mm (distance
between the flat edge of the upper and the lower row) have
been selected as ambitious parameters because both CPMU
and existing NbTi undulators do not deliver enough field
(<1 T) for the design of a compact FEL. COMSOL and
ANSYS have been used to solve the magnetisation problem:
the first implements the popular H-formulation while the
second uses a new approach based on the A–V formulation
[27]. In this paper, the main results of the design optimisation
are introduced, more details can be found in [28]. In figure 2

Figure 1. (a) The staggered array undulator geometry as proposed by Kinjo and co-workers and as it is also adopted for the test presented in
this paper. (b) A new hybrid staggered array undulator, where ferromagnetic poles (dark-grey) positioned at the peak undulator field helps
increasing its strength. (c) A new helical geometry which extends the staggered array to two dimensions. The round bulks are now cut in four
pieces (1, 2, 3 and 4) and relatively shifted of λu/4 along the z-axis.
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increase the engineering current density. SuperPower has
launched recently the production of HTS tapes with a sub-
strate only 30 μm thick [13]. The thickness of the HTS tape
without copper stabilization thus shrinks to 35 μm. The
maximum width available for shorter HTS tapes samples is
40 mm [20, 21]. In the following we compare different
simulations performed for the existing tape with a width
w=12 mm and a thickness t=50 μm, with the ones per-
formed for a wish HTS tape with a width w=40 mm and a
thickness t=35 μm.

Figure 4(a) presents the magnetic peak field on axis B0 as
a function of the number of structured HTS tapes per stack, n,
for different values of λu for a tape width w=12 mm and
thickness t=50 μm. Obviously, B0 grows with increasing n.
However, contributions of the individual segments across the
stack to B0 decrease with growing distance from the undulator
axis. Due to that, B0 saturates for a sufficiently large value of
n. For example, for λu=4 mm and n>30, B0 increases
negligibly. As expected, B0 rises when increasing the value of
λu. In order to demonstrate the performance of a wish tape in
comparison to what available on the market, the performance
in terms of B0 for such wish tape with t=35 μm and
w=40 mm is shown in figure 4(a). Due to the larger Je and
width w, in comparison with the configuration where
t=50 μm, w=12 mm, with the same λu=8 mm, B0 is
almost doubled.

Figure 4(b) presents B0 as a function of the tape width w
for λu=8 mm and n=30. B0 rises as the tape width w
grows, but after a certain value it saturates. The reason is that
the contributions to the overall value of B0 across the tape
drop with increasing distance from the undulator axis. For the
considered case, B0 saturates above w∼25 mm. For exam-
ple, for the case with a width w=35 mm, the 5 mm wide
margins of the tape are too far from the undulator axis and
therefore their contribution to the overall value of B0 is
negligible in comparison with the contribution of the 25 mm
wide central strip.

Figures 4(a) and (b) demonstrate that B0 depends on the
combination of the geometrical parameters λu and w, saturat-
ing for sufficiently large n. In addition, B0 increases for smaller
magnetic gaps gm. Figure 4(c) shows B0 as a function of gm for
λu=8mm, n=30 and w=12 and 20mm, respectively.

Undulators must produce a magnetic field uniform across
the GFR. Inside the GFR, the variation of magnetic field
ΔB0/B0 should not exceed a specific value typically in the
range between 5×10−3 and 10−4. For example, the GFR
requirements for XFELs are ΔB0/B0=4×10−4 across the

transverse coordinate interval |x|�1mm [22]. Typical values
for the third-generation synchrotrons are ΔB0/B0=0.005 and
|x|�10mm. Figure 4(d) compares the magnetic field on axis
B0(x) as a function of the coordinate x (perpendicular to the
longitudinal motion and in the electron beam plane) normalized
to the magnetic peak field on axis B0(x=0) for configurations
with n=30, λu=8mm and different values of w. The GFR
requirements for XFELs are fulfilled for a HTS tape with a
width w=30 μm, while for third-generation synchrotrons,
HTS tapes wider than 40mm are needed.

It can be concluded that the HTS tape width of 12 mm,
corresponding to the widest tape available on the market at
present [13], is a limiting factor to meet the GFR criteria for
applications to FELs and third-generation synchrotrons. The
development of HTS tapes wider than 40 mm is highly
desirable for these applications.

In order to test the concept we have chosen to proceed
with the construction of a jointless undulator wound from a
single laser-scribed HTS tape (JUST), commercially available
with a width of 12 mm and a thickness of 54 μm [13]. A
structured section consists of 30 layers of HTS tape with a
period length λu=2(wc+wb)=8.05 mm, where wc=
4 mm is the width of the corridors for the current flow and
wb=25 μm is the width of the laser slits (see figure 5).

3. Undulator concept

3.1. Laser-scribed HTS tape

Generation of homogeneous magnetic field above the struc-
tured stack of HTS tapes requires development of a highly
accurate and reproducible process for preparing a meander
structure to the HTS tape. Two promising candidate techni-
ques are lithography [15, 17] and laser-scribing [23]. Both
techniques are able to produce very precise patterns. The
advantage of the laser-scribing technique is that it is fast and
cost effective because the tape can be structured at ambient
atmosphere without special chemical treatments, as required
in the lithography process. Moreover, it has been already
proved that this technique does not degrade the Jc of the tape
[14, 24]. For these reasons a computer controlled TRUMPF
IR YAG laser-scribing system utilizing picoseconds laser
pulses with a beam width wb of only 25 μm and a positioning
precision of ±3 μm, is considered [23]. Very short pulses
with energy within the micro-joule region remove the tape

Figure 5. Laser-scribed section of the HTS tape: 12.5 periods, channel width wc=4 mm, width of the laser-scribed slits wb=25 μm and
period length λu=2(wc+wb)=8.05 mm.
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High-field accelerator magnets for leptons: Wiggler/Undulator
• Horizontal planar undulator

• Advantages: High tape efficiency, relatively easy to 
repair in case of problems

• Disadvantages: Large number of joints (~250 joints/m), 
very small bending radius of tape (1.25-6 mm)

• Vertical undulator
• Standard design for undulators, bending radius 

adjustable
• Large number of joints for tape probably unavoidable

• Helical undulator
• �2 more efficient than a planar undulator, very compact 

magnet design
• No feasible winding scheme yet developed 

The aim is to build a short 4-5 prototype magnet and prove that 
the predicted fields can be reached, the magnet can be 
protected. Moreover, the field quality shall be predicted and 
measured.

Small prototype program is funded 
from FCC, CLIC, and TE

SUPERCONDUCTING UNDULATOR COILS WITH PERIOD LENGTH 

DOUBLING* 

S. Casalbuoni†, N. Glamann, A. W. Grau, T. Holubek, D. Saez de Jauregui, Karlsruhe Institute of 
Technology,  Karlsruhe, Germany  

Abstract 

Only since few years it has been demonstrated experi-
mentally that NbTi based superconducting undulators 
(SCUs) have a higher peak field on axis for the same gap 
and period length in operation with electron beam with re-
spect to permanent magnet undulators (even the ones in 
vacuum and cooled to cryogenic temperatures). Another 
advantage of NbTi based SCUs with respect to permanent 
magnet devices is radiation hardness, widely demonstrated 
for NbTi magnets, which is and will become an increas-
ingly important issue with the small gaps in the newest ma-
chines as round beam storage rings and FELs.  

Moreover, SCU technology allows switching of the pe-
riod length by changing the current direction in one of sep-
arately powered subset of winding packages of the super-
conducting coils. This feature further broadens the energy 
range of the emitted photons, required by the different 
beamlines. To this end a 0.41 m long superconducting un-
dulator coil with switchable period length between 17 mm 
and 34 mm has been developed. In this contribution we de-
scribe the design and report on the quench tests, as well as 
on the magnetic field measurements. 

INTRODUCTION 

Technical working concepts for superconducting undu-
lators have been explored in the past [1]. Short period su-
perconducting undulators and are now successfully oper-
ated in the Karlsruhe Institute of Technology (KIT) syn-
chrotron [2] and in the APS storage ring [3].  

The Institute for Beam Physics and Technology (IBPT) 
at KIT is the institute within the Helmholtz Association 
which has driven the development of superconducting un-
dulators in close cooperation with its industrial partner 
Bilfinger Noell during the past ten years. The partners have 
developed and successfully tested a superconducting undu-
lator with 20 mm period length with electron beam at the 
KIT synchrotron. This is the first commercially available 
product worldwide: a robust device, with reasonable deliv-
ery time, easy handling during installation and operation 
[4].  

Over the past 10 years unique instrumentation for the 
characterization of the magnetic fields and field integrals 
of full-scale superconducting insertion devices, necessary 
for their R&D, has been developed at KIT [5]. 

To broaden the energy of the emitted photons, several 
light sources apply non in-vacuum permanent magnet un-
dulators with switchable period length called revolvers, 
which different magnetic structures are rotated [6].  

Superconducting undulator technology allows a more el-
egant solution using the same magnetic structure to switch 
the period length. This is performed by changing the cur-
rent direction in one of separately powered subset of wind-
ing packages of the superconducting coils (see Fig. 1). 

 

Figure 1: Scheme of period length doubling for a supercon-
ducting undulator coil by changing the current direction in 
one subset of windings. a) The circuits are powered to have 
the smallest period. b) The current direction of circuit 1 is 
changed to obtain period doubling [7]. 

 
Figure 2: Superconducting undulator coils with switchable 
period length (between 17 and 34 mm) and a magnetic 
length of 0.41 m. 

With the completion, testing and installation of a super-
conducting undulator with 20 mm period length (SCU20), 
which is in operation at the KIT synchrotron since January 
2018, the SCU technology reached the milestone of a com-
mercial available product. The aim is to transfer this 
achievement to switchable period length devices. To this 
end the first worldwide superconducting undulator coils 
with switchable period length have been designed, manu-
factured and tested in liquid helium.  

 ___________________________________________  

* Work supported by the German government in the BMBF-project Su-
perconducting “Insertion Device Technologies for Ultra-Low-Emittance 
Light Sources” (05K12CK1) 
† sara.casalbuoni@kit.edu   
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routinely made for a double lap joint [11], the high operating
current of the order of 1000 A and the large number of joints
incur a substantial heat load. For instance, the resistive joints
(10×0.4 cm2) in a 50-period magnet can easily dissipate
∼0.9W of heat into the cryogenic system. Especially for
undulators, which are typically operated in a conduction-
cooled mode [1, 3], this additional heat load poses a serious
challenge for cooling and scalability.

In figure 2, we show a novel tape-winding scheme that
eliminates all resistive joints except those required due to the
limited piece length of the HTS-tape. In order to transition
from one winding stack to the next, the HTS-tape is wound
back around turnarounds pins. A similar approach has been
previously used for round Nb3Sn-wires [27]. This scheme
reverses the winding polarity and at the same time introduces
enough tape length in the transition that side-bending by half
the undulator period can be accommodated. The turnaround
pins are composed of segments, which can be screwed into
each other as the winding proceeds along the core. The HTS-
magnet shown in figure 2 consists of 10 winding stacks (11
poles) with an undulator period of 17.4 mm. Pole pieces
fabricated from 1016 steel are visible in figure 2(b).

3. Results and discussions

We have fabricated several test magnets according to the
above-explained winding scheme and investigated what cur-
rent and field levels can be reached with various approaches
of wire insulation.

3.1. No insulation and partial insulation undulator magnet
windings

Recently, the so-called no-insulation (NI) winding of HTS-
magnets in which the tape in a pancake coil is wound directly
on top of itself without any interlayer electrical insulation has
attracted considerable attention [22, 23]. This approach
maximizes the attainable Je. Furthermore, it promotes trans-
verse thermal conduction thereby benefiting conducting
cooling of the magnet and helps diffusing the current radially
in the event of a quench that provides self-protection [23].
However, during charging or discharging of the magnet,

current may be redistributed between the winding layers
resulting in uncontrolled magnetic field values and possibly
long settle times. Figure 3 shows time traces of the charging
current and the magnetic field in the NI-magnet. Current and
field do not display the expected correlation as during ramp-
up the field increases only slowly and after reaching the set-
current of 875 A at 4.2 K, the field continues to increase
substantially over times of the order of 15 min. We attribute
these observations to current sharing between the winding
layers and the core. Also included in figure 3 are the time
traces for a partially-insulated [24] magnet. In the parts of the
winding facing the beam pipe, where high Je is of highest
importance, the tape is wound without interlayer insulation
whereas in the rest of the winding 25 μm Kapton insulation
layers were inserted. The ferromagnetic core was insulated
using an electro-coating process creating a ∼50 μm thick
insulating layer between the ferromagnetic core and winding
stacks. Electro-coating of an insulation layer is suitable for
cryogenic applications as it does not peel and crack after
repetitive cold shocks from room temperature to 77 K.

Partial insulation approach retains high on-axis field and,
at the same time, yields short settle-times. As seen in the inset
of figure 3, the field drifts by less than 0.2 mT during 45 s.
after the set-current of 800 A has been reached. During the
current ramp-up there is a pronounced break in the slope of
the field versus time trace, which signals the onset of satur-
ation of the pole pieces. Since part of the undulator magnet is
wound without interlayer insulation, the current can bypass
radially in these parts providing self-protection in case of a
quench. Furthermore, there is enhanced transverse heat
removal, albeit not as effective as in the NI case. Overall, the
partial insulation technique combined with continuous tape
winding enables the reliable and scalable fabrication of stable
high-performance HTS undulator magnets.

Figure 4 shows the undulator magnet voltage (right y-
axis) of the magnet pictured in figure 2 together with the on-
axis field measured at two locations (identified in figure 5) as
function of the applied current. The magnet voltage increases
to ∼6.5 mV just before the saturation point of the steel,
reduces to ∼4 mV, stays almost constant beyond the satur-
ation point and drops to zero at the end of the current ramp,
consistent with the inductive nature of the voltage signal. This
magnet was charged up to a current of 800 A at 4.2 K

Figure 2. Photographs showing all the major components of the prototype undulator magnet; front view (a) and back or pole view (b).
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• Superconductivity brings clearly an added value in all projects presented 
• NbTi SCU is a mature technology both available in labs and industry (Bilfinger Noell)
• Large experience gained in the operation of SCU in user facility during the last decade
• Nb3Sn and HTS (REBCO) are exciting and active fields of research
• Non-insulated (or partially non-insulated) HTS tape technology is a sound technology for 

some applications: both to increase the engineering current density and simplify the 
quench protection

• Vacuum technology (thinner chambers) is essential to further improve the impact of SCUs
• REBCO bulks could share the same vacuum of the e-beam with a suitable coating: giving a 

chance to the technology of “in-vacuum-SCU”…
… to be continued 

Conclusions & outlooks
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