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•Brief introduction to accelerator based light sources

•The tomographic microscopy beamline: TOMCAT à I-TOMCAT

•The HTS (REBCO) bulk staggered array undulator

•The results on short samples:
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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.
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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
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e and m are respectively the charge and the mass of the electron.
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TOMCAT
The X-ray tomographic microscopy beamline at the Swiss Light Source

Non-destructive, high-throughput, high-resolution, 3D imaging technique:

1. Wide spatial resolution: nano-micro-meso scales (0.1-10 μm)

2. High density resolution enhanced by phase contrast

3. Broad range of sample sizes (10 μm – 20 mm)

4. High temporal resolution: 3D data acquisition in less than 1 s

5. In-situ, operando, in-vivo investigations

Spatial Resolution 
10 microns – 0.1 microns

Ultra-fast tomography
Living fly

Density Resolution
Phase contrast imaging

In-situ capabilities
Furnace/Cryo/Traction

Electrochemistry

1 2 4 5



TOMCAT à I-TOMCAT @ SLS2.0
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• Higher spatial 
and temporal 
resolution

• Larger samples, 
denser material

• More chemical 
information



The new µ-Tomography beamline of SLS2.0
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Introduction – Magnetic Materials
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magnetic gap = 4mm

ReBCO – Rare-Earth Barium Copper Oxide 
(ReBa2Cu3O7−x)

[Scaling laws: E.R. Moog, R.J. Dejus, and S. Sasaki , Light Source Note: ANL/APS/LS-348
James Clarke, FLS 2012, March 2012, Ryota Kinjo Physical Review Special Topics, Accelerator 
and Beams 17, 022401 (2014)]

magnetic gap = 4mm



HTSU10 with B0=2.0 T
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CPMU14 with B0=1.3 T – ABSOLUTE SCALE
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CPMU14 with B0=1.3 T – ABSOLUTE SCALE
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Flux at 30m from the source
to illuminate a sample of about 1mm2

Calculations done for the future 
iTOMCAT beamline, dedicated to 
tomographic microscopy
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Permanent Magnet Undulator with Fe poles 
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Permanent Magnet Undulator with Fe poles 
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Solenoid, Bs

GdBCO Tc=92K

Temp

Bs

Tc

Temp

Field

Example of field cooling magnetisation 

Superconducting Staggered Array Undulator
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time

T. Kii, et al.: Proc. FEL2006 (2006) p. 653.



Superconducting Staggered Array Undulator
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GdBCO Bulks

field is proportional to expð"g=!uÞ. Thus, we introduced
the normalized undulator field B0

0, which is defined by
B0
0 ¼ B0 % expð"4=10Þ=expð"g=!uÞ. Here, B0

0 represents
the expected undulator field at 4mm gap and 10mm period.
BHSAU has the higher B0

0 than other types even at 20K; the
higher performance will be expected if the improvements in
HTS material maintain the same pace.

In the calculation, critical current densities of 5 kA/mm2

at 20K and 10 kA/mm2 at 4K were assumed. If a 5mm
period and 2 T undulator field BHSAU is realized, a 10 keV
X-ray fundamental can be obtained from a 3GeV electron
beam and 9th harmonics from an electron beam of less than
1GeV. Alternatively, high-energy X-rays (80–1000 keV)
can be obtained if BHSAU is used in conjunction with a
high-energy electron beam.

The experimental setup is as follows. Figure 2 shows
a prototype of the undulator. The prototype was installed in
a vacuum chamber, in which the prototype is thermally in
contact with a helium-gas pipe. The chamber was placed in a
2 T superconducting solenoid aligned so that the central axis
of the undulator coincided with that of the solenoid. The
cooling system of the undulator is independent of that of the
superconducting solenoid, and can be changed from around
5 to over 77K by adjusting the helium flow rate and heater
current. The prototype features include six periods, 10mm
period (!u), and 4mm gap (g) (other parameters are given
in Ref. 23). For the six-period prototype, twelve bulk HTSs
are located in a staggered array configuration, supported
by copper supports. The HTS material is QMG-GdBCO,
from Nippon Steel Corporation,24) in which nanoparticles
of Gd2Ba1Cu1O5 (211) are distributed in a Gd1Ba2Cu3O7""

(123) crystal to enhance its magnetic properties in trapping a
high field, known as field pinning. The critical temperature
Tc is around 90K. The bulk HTS is roughly semicircular
with radius Rs of 12.5mm; the dimensions in x, y, and z are
about 24.7, 10.5, and 5mm, respectively. The measurements
were performed at around 6K. A Hall-effect probe and
Gaussmeter (Lake Shore HGCT-3020 and Model 460,
respectively) were used to measure the y-component of the
magnetic field along the z-axis ByðzÞ. These devices were

calibrated in the field range from "2 to 2 T and over a
temperature range from 4 to 300K. The total probe error of
less than 4% arises from position inaccuracies, finite volume
of active area, calibration residual, and from the Gaussmeter.
The measurement increment in the z-direction was 0.508mm.

Measurements were performed under zero-field cooling
(ZFC) and field cooling (FC) conditions. These are imple-
mented by controlling the bulk HTS temperature and the
solenoid field independently. In ZFC, the solenoid field Bs

was zero before superconducting transition of bulk HTSs,
and changed to a target value after cooling bulk HTSs down
to 6K. In FC, Bs of "2T was applied before the transition,
and changed to the target value after cooling. We define !Bs

as the change in the solenoid field before transition and
measurement. For instance, !Bs ¼ 3T at Bs ¼ þ1T under
FC conditions.

Figure 3 shows the y-field along the z-axis ByðzÞ at various
!Bs under FC conditions. The sinusoidal By, i.e., the
undulator field, was successfully generated. Reproducibility
of the field was confirmed after the temperature increases

Table I. Comparison between BHSAU and other undulators.

IVU1) CPMU21) LTS22) BHSAU19)

20K 4K 20K 4K

Period !u (mm) 11 9 15 10 10

Gap g (mm) 3.3 2.5 6 4 4

B0 (T) 0.68 1.45 1.46 1.6 3.2

B0
0 (T) 0.62 1.28 1.46 1.6 3.2

Rs

λu

g

Bulk HTS

Copper
z

y

x

Fig. 2. Six-period, 4mm gap (g) and 10mm period (!u) prototype of
BHSAU (with centimeter ruler). Twelve bulk HTSs were positioned in a
staggered array configuration.

Fig. 3. Measured field profile in the prototype at various solenoid fields
under FC condition.

z

y

x

Solenoid Field

Undulator Field
Bulk HTS and
its magnetization
by supercurrent

Fig. 1. Schematic diagram of a BHSAU.

R. Kinjo et al.Appl. Phys. Express 6 (2013) 042701

042701-2 # 2013 The Japan Society of Applied Physics

above the transition temperature. Furthermore, the undulator
field scale changed with !Bs. The undulator field amplitude,
B0, defined as the average amplitude of variation in By,
reached a value of B0 ¼ 0:85T. The bulk dimensions in
x- and y-directions were not sufficiently large to reach the
expected performance;19) however, even with this small
prototype, the undulator field was stronger than those for
existing shortest-period IVUs (B0 ¼ 0:68T with 11mm
period and 3.3mm gap25)).

Variation of peak field, a barometer of the undulator field
uniformity, were 1–3% without any field correction such
as magnet sorting. We tolerated 15% individual differences
of the critical current density of the bulks at shipment time,
while it can be reduced by performing triage. Furthermore,
the critical current density was inhomogeneous in the
sample. The reason why the variation of peak field were
much less than the individual differences is the following.
The bulks have almost the same intensity of magnetization
independently of its critical current density. From Bean’s
critical state model, the current density in the bulk HTS
is equal to the critical current density (J ¼ "Jc) or zero
(J ¼ 0), and current starts flowing from the outer periphery
of the bulk to negate the field change inside the bulk. In a
low-Jc bulk, the current-flowing layer is large; in a high-Jc
bulk, the current-flowing layer is small. Therefore, the bulks
have almost the same intensity of magnetization; the varia-
tion of peak field was reduced to much less than the
individual difference of bulks. Quantitative discussions are
difficult with the measured data; thus we introduce related
numerical results.26) Although only one bulk was assumed to
have a different critical current density from the others, the
calculation showed that the difference between the peak
amplitude near the bulk and the average amplitude is sup-
pressed to 1/7–1/5 in the difference of the critical current
density. The experiment result was consistent with the
numerical calculation. This phenomenon that the appearance
of the individual difference of magnets to the undulator field
is automatically suppressed, is not seen in other undulators
and can be an advantage of BHSAU. Particularly in the
high-field undulator, because the absolute field error to
be corrected is also high, the field correction based on the
intrinsic property of superconductor, which has an effect at
a constant rate in any critical current density, is important.

The situation is different when current flows almost
everywhere in the bulk, i.e., saturation. Due to the finite
volume of the bulk, the amount of loop current is limited by
volume and Jc. As the intensity of magnetization of the bulk,
which has lower Jc, approaches saturation, the difference in
magnetization between low-Jc and high-Jc bulks become
larger. Investigation of the field correction method using the
knowledge about HTS will be an important topic especially
if BHSAU is used under a condition close to saturation.

Although the leak of the magnetic flux from the bulk HTS
called flux creep is one of the main concerns of the HTS
application, no significant decrease of the undulator field
amplitude was observed after 30min. However, because the
undulator application often requires stability at a high level,
the more precise temporal change of the field and the
application of flux-creep suppression27) will be studied.

Figure 4 shows B0 dependence on Bs under both ZFC and
FC conditions. B0 increased with an increase in solenoid

field. However, at a high solenoid field in FC, B0 did not
increased linearly. Although the bulks were not saturated
under this condition, the current-flowing layer in the bulks
extended in the y-direction far from the z-axis; thus, the
field on the z-axis did not increase with an increase of
the depth of the current-flowing layer. B0 increases until
full saturation. It is reasonable extrapolation that a strong-
solenoid, large-bulk and optimized-geometry BHSAU sur-
passes and even equals CPMU and LTS wire undulator, as
estimated numerically. Furthermore, the field in BHSAU
becomes higher if bulk HTS with a higher critical current
density is developed.

Also, in Fig. 4, B0 at Bs ¼ þ2T for ZFC and B0 at Bs ¼
0T for FC are almost the same, where !Bs is 2 T under both
conditions. In other words, B0 was independent of Bs but
dependent on !Bs. This result is explained as follows.
Because the critical current density of QMG-GdBCO does
not have a large field dependence at 6K,28) the critical
current density at any point in any bulk HTS is almost
constant irrespective of the field at the point. In the case
when !Bs monotonically increases, since the current density
is the same as the critical current density, the amount of
loop current and its distribution inside the bulk HTS are
always the same whenever !Bs is the same. Because the
y-component of the field is only generated by the current in
bulks, B0 therefore depends not on Bs but on !Bs.

In the case when !Bs decreases from a point, B0

decreases with a decrease of !Bs. The loop current in
inverse direction starts flowing from the periphery of the
bulk and the loop current in the original direction flows
inside of the bulk. Thus, the B0 curves at the increase and the
decrease of !Bs are different in a precise sense.

From the above results, one easily finds that any com-
bination of the solenoid field before and after the supercon-
ducting transition can generate an undulator field corre-
sponding to !Bs. This brings two benefits: one is that the
required solenoid field to generate the same strength in
the undulator field can be reduced by a factor that is half for
FC; the other is that Bz under operating conditions in an
accelerator is tunable because Bz depends on Bs and !Bs.
This has potential in resolving the largest problem of
conventional staggered-array undulators, stemming from

Fig. 4. Dependence of the undulator field on the solenoid field under ZFC
(red circles) and FC (black squares) conditions.
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0 represents
the expected undulator field at 4mm gap and 10mm period.
BHSAU has the higher B0

0 than other types even at 20K; the
higher performance will be expected if the improvements in
HTS material maintain the same pace.

In the calculation, critical current densities of 5 kA/mm2

at 20K and 10 kA/mm2 at 4K were assumed. If a 5mm
period and 2 T undulator field BHSAU is realized, a 10 keV
X-ray fundamental can be obtained from a 3GeV electron
beam and 9th harmonics from an electron beam of less than
1GeV. Alternatively, high-energy X-rays (80–1000 keV)
can be obtained if BHSAU is used in conjunction with a
high-energy electron beam.

The experimental setup is as follows. Figure 2 shows
a prototype of the undulator. The prototype was installed in
a vacuum chamber, in which the prototype is thermally in
contact with a helium-gas pipe. The chamber was placed in a
2 T superconducting solenoid aligned so that the central axis
of the undulator coincided with that of the solenoid. The
cooling system of the undulator is independent of that of the
superconducting solenoid, and can be changed from around
5 to over 77K by adjusting the helium flow rate and heater
current. The prototype features include six periods, 10mm
period (!u), and 4mm gap (g) (other parameters are given
in Ref. 23). For the six-period prototype, twelve bulk HTSs
are located in a staggered array configuration, supported
by copper supports. The HTS material is QMG-GdBCO,
from Nippon Steel Corporation,24) in which nanoparticles
of Gd2Ba1Cu1O5 (211) are distributed in a Gd1Ba2Cu3O7""

(123) crystal to enhance its magnetic properties in trapping a
high field, known as field pinning. The critical temperature
Tc is around 90K. The bulk HTS is roughly semicircular
with radius Rs of 12.5mm; the dimensions in x, y, and z are
about 24.7, 10.5, and 5mm, respectively. The measurements
were performed at around 6K. A Hall-effect probe and
Gaussmeter (Lake Shore HGCT-3020 and Model 460,
respectively) were used to measure the y-component of the
magnetic field along the z-axis ByðzÞ. These devices were

calibrated in the field range from "2 to 2 T and over a
temperature range from 4 to 300K. The total probe error of
less than 4% arises from position inaccuracies, finite volume
of active area, calibration residual, and from the Gaussmeter.
The measurement increment in the z-direction was 0.508mm.

Measurements were performed under zero-field cooling
(ZFC) and field cooling (FC) conditions. These are imple-
mented by controlling the bulk HTS temperature and the
solenoid field independently. In ZFC, the solenoid field Bs
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and changed to a target value after cooling bulk HTSs down
to 6K. In FC, Bs of "2T was applied before the transition,
and changed to the target value after cooling. We define !Bs

as the change in the solenoid field before transition and
measurement. For instance, !Bs ¼ 3T at Bs ¼ þ1T under
FC conditions.
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!Bs under FC conditions. The sinusoidal By, i.e., the
undulator field, was successfully generated. Reproducibility
of the field was confirmed after the temperature increases
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Fig. 2. Six-period, 4mm gap (g) and 10mm period (!u) prototype of
BHSAU (with centimeter ruler). Twelve bulk HTSs were positioned in a
staggered array configuration.

Fig. 3. Measured field profile in the prototype at various solenoid fields
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Fig. 1. Schematic diagram of a BHSAU.

R. Kinjo et al.Appl. Phys. Express 6 (2013) 042701
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10mm period & gap = 4mm

GdBCO Bulks
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• Fujikura
• SuperPower
• THEVA
• SuNAM
• AMSC
• Deutsche Nanoschicht/BASF
• SuperOX
• BRUKER

• Homogeneity of material
• Brittle material (ceramic-like properties)
ÆNot well suited for mechanical machining
ÆCan crack due to Lorentz forces (high current density / 
high magnetic field) 
• Material properties are hard to measure
ÆDifficult quality control

Challenges with HTS Bulk Materials

Page 31
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2nd generation (2G)
thin-film HTS tapes

Introduction – Magnetic Materials
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magnetic gap = 4mm

ReBCO – Rare-Earth Barium Copper Oxide 
(ReBa2Cu3O7−x)

[Scaling laws: E.R. Moog, R.J. Dejus, and S. Sasaki , Light Source Note: ANL/APS/LS-348
James Clarke, FLS 2012, March 2012, Ryota Kinjo Physical Review Special Topics, Accelerator 
and Beams 17, 022401 (2014)]

• CAN Superconductor
• Adelwitz Technologiezentrum 
• Nippon Steel

REBCO Bulks



HTS à REBCO
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2G - HTS Tape Structure

Page 32

copper stabilization
(not necessary for this application)

protective silver coating = 1 - 5 ʅm 

superconducting layer = 1 - 3 ʅm 

chemical buffer layers < 1 ʅm 

stainless steel 
substrate = 35 - 100 ʅm
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copper stabilization
(not necessary for this application)

protective silver coating = 1 - 5 ʅm 

superconducting layer = 1 - 3 ʅm 

chemical buffer layers < 1 ʅm 

stainless steel 
substrate = 35 - 100 ʅm

Hastelloy

width ≤ 12mm
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Introduction – Magnetic Materials
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magnetic gap = 4mm

ReBCO – Rare-Earth Barium Copper Oxide 
(ReBa2Cu3O7−x)

[Scaling laws: E.R. Moog, R.J. Dejus, and S. Sasaki , Light Source Note: ANL/APS/LS-348
James Clarke, FLS 2012, March 2012, Ryota Kinjo Physical Review Special Topics, Accelerator 
and Beams 17, 022401 (2014)]

• CAN Superconductor
• Adelwitz Technologiezentrum 
• Nippon Steel

REBCO Bulks



Example of Field Cooling (FC)
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ZFC versus FC
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ZFC - 1 ZFC - 2 Field Cooling

Field cooling is what fits better for this application 



Superconducting Staggered Array
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• 10 period geometry for simulation and optimization:

Bulk HTS Staggered Array Undulator

Page 19

• Starting point for optimization 
is close to R. Kinjos geometry

• ReBCO bulks
• Jc(0 T, 4.2 K) = 1.5e10 A/m2



Superconducting Staggered Array
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Bulk HTS Staggered Array Undulator

Page 20

• Superconducting solenoid providing 
external field Bext = +/- 10 T



Superconducting Staggered Array
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• Surface current density after magnetization with field 10T Æ 0T:

Bulk HTS Staggered Array Undulator

Page 21
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Superconducting Staggered Array
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• Surface current density and trapped magnetic
field after magnetization with field 10T Æ 0T:

Bulk HTS Staggered Array Undulator

Page 22
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Superconducting Staggered Array
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• Internal current density after magnetization with field 10T Æ 0T:

Bulk HTS Staggered Array Undulator

Page 23
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Superconducting Staggered Array
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Bulk HTS Staggered Array Undulator

Page 24

Trapped 
currents

Trapped 
field

Resulting undulator field
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Example of operation: K-tuning
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Overview

Page 28

•Brief introduction to accelerator based light sources

•The Tomographic Microscopy beamline: TOMCAT à I-TOMCAT

•The HTS (REBCO) bulk Staggered Array undulator

•The results on short samples:

-Bulks & Tapes

•The status of the meter long HTS Undulator prototype

•Conclusions 
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•Brief introduction to accelerator based light sources

•The Tomographic Microscopy beamline: TOMCAT à I-TOMCAT

•The HTS (REBCO) bulk Staggered Array undulator

•The results on short samples:

-Bulks & Tapes

•The status of the meter long HTS Undulator prototype

•Conclusions 
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1st Bulk Sample

6mm gap

Bulk Industrial Sample

4mm gap

55 mm

Bulk Simplified Sample2nd Bulk Sample

4mm gap

2019 2023

4mm gap



Samples Overview
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1st Bulk Sample

6mm gap

Bulk Industrial Sample

4mm gap

55 mm

Bulk Simplified Sample2nd Bulk Sample

4mm gap

2019 2023

The “Good” Sample

4mm gap

4mm gap

2021



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



Prestress Measurements @ 77K
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Contributions to the pre-stress in YBCO bulk
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7.9%

78.2%

1
2
3
4

8.8% 5.1%
7.9%

78.2%

by the shrink-fit into the Cu disk

by the shrink-fit into the Al shell

by the shrinking force provided by the Cu disk @ 77 K

by the shrinking force provided by the Al shell @ 77 K
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with measurements
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55 mm
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Simplified Industrial Sample
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Cryogenic probe with 5 Hall elements

Page 38

The new 3.0mm diameter probe 

Page	4	

x3yz-probe	

x	

y	

z	

printed	
Al2O3	

InAs		
(HZ-116C)	

InAs Hall Element

●最大定格（Ta=25℃）Absolute Maximum Ratings

●電気的特性（測定温度 25℃） Electrical Characteristics(Ta=25℃)

Notes : 1. VH = VHM – Vos(Vu) (VHM:meter indication)

2.   VH =            X                        X 100
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1
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Staggered Array With CoFe Poles

Page 39

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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With additional ferromagnetic poles : 
 
CoFe ΔB0 = +0.20 T
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Experimental results - YBCO from ATZ

Page 41

8 
 

      
Figure 5. Left: Undulator prototype after mounting strain gauges; right: measured mechanical hoop strains along the length of the aluminium 

shell after each thermal cycle training at 77 K. 

 

Figure 6. Measured on-axis undulator field By (a) before sorting and (b) after sorting. ΔBs refers to the change in the background solenoid field. 

 

Inverse analysis of critical current density in a bulk high-temperature
superconducting undulator
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In order to optimize the design of undulators using high-temperature superconductor (HTS) bulks we
have developed a method to estimate the critical current density (Jc) of each bulk from the overall measured
magnetic field of an undulator. The vertical magnetic field was measured along the electron-beam axis in a
HTS bulk-based undulator consisting of twenty Gd-Ba-Cu-O (GdBCO) bulks inserted in a 12-T solenoid.
The Jc values of the bulks were estimated by an inverse analysis approach in which the magnetic field was
calculated by the forward simulation of the shielding currents in each HTS bulk with a given Jc.
Subsequently the Jc values were iteratively updated using the precalculated response matrix of the
undulator magnetic field to Jc. We demonstrate that it is possible to determine the Jc of each HTS bulk with
sufficient accuracy for practical application within around 10 iterations. The precalculated response matrix,
created in advance, enables the inverse analysis to be performed within a practically short time, on the order
of several hours. The measurement error, which destroys the uniqueness of the solution, was investigated
and the points to be noted for future magnetic field measurements were clarified. The results show that this
inverse-analysis method allows the estimation of the Jc of each bulk comprising an HTS bulk undulator.

DOI: 10.1103/PhysRevAccelBeams.25.043502

I. INTRODUCTION

A short-period, high-field undulator using high-
temperature superconductor (HTS) bulks is a promising
route for extending the energy of undulator radiation into the
high-energy photon region and thus enhancing the photon
flux of hard x-ray light in medium-energy storage rings.
HTS-based undulators have several advantages over

conventional undulators employing either permanent mag-
nets or low-temperature superconductors. HTS bulks can
provide fields an order of magnitude stronger than those
generated by permanent magnets; Tomita et al. reported a
trapped field of over 17 T in a 26-mm diameter Y-Ba-Cu-O
(YBCO) bulk at 29 K [1] and Durrell et al. reported 17.6 T

in a 25-mm diameter Gd-Ba-Cu-O (GdBCO) bulk at 26 K
[2]. HTS materials have reduced cooling requirements and
are thus more suitable than low-temperature superconduc-
tors in high current accelerators, in which the thermal input
from the electron beam and the radiation itself is high.
Various approaches to realize a practical HTS undulator

have been previously investigated. An undulator using
HTS bulks was first proposed in 2004 by Tanaka et al.
[3]. Tanaka and colleagues subsequently proposed another
type of HTS bulk undulator and demonstrated the concept
using YBCO bulks [4,5]. In 2007, Tanabe et al. demon-
strated an undulator using YBCO tape and another using
etched MgB2 film [6]. In 2009, Prestemon et al. inves-
tigated an undulator using etched YBCO tape [7], Prikhna
proposed the application of bulk MgB2 to undulators [8],
and Majoros et al. investigated an undulator using MgB2

multifilamentary wire [9]. In 2017, Kesgin et al. proposed a
winding scheme for an HTS tape undulator and demon-
strated the generation of the undulator field [10].
HTS tape-based undulators have the advantage, com-

pared to bulks, of being more suitable for series production,
they have more homogeneous properties and the undulator
field can be easily controlled with an external power

*ryota.kinjo@psi.ch
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Gokasho, Uji, Kyoto, 611-0011, Japan.
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Experimental results - YBCO from ATZ
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Figure 5. Left: Undulator prototype after mounting strain gauges; right: measured mechanical hoop strains along the length of the aluminium 

shell after each thermal cycle training at 77 K. 

 

Figure 6. Measured on-axis undulator field By (a) before sorting and (b) after sorting. ΔBs refers to the change in the background solenoid field. 
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Figure 5. Left: Undulator prototype after mounting strain gauges; right: measured mechanical hoop strains along the length of the aluminium 

shell after each thermal cycle training at 77 K. 

 

Figure 6. Measured on-axis undulator field By (a) before sorting and (b) after sorting. ΔBs refers to the change in the background solenoid field. 
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Single Disk characterisation 

Page 44

We have manufactured additional 200 disks from CAN-GdBCO / EuBCO & NS-GdBCO

All of them will be individually cooled in 1T down to LN2 and 2D field mapped, on both sides, 
with the aim to spot the broken ones / and to pre-sort them with respect to their strength

1the disk  2pre-cooling  3field Cooling  4flux creep  5disk support  62D field map  7drying 



2D Field map
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Pre-sorting / Stacking
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Planar Hybrid: Nippon Steel
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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



Planar Hybrid: Nippon Steel

Page 48

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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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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It looks a prefect result… BUT:

• “We” paid the raw-bulks about 2600 € each

• NS does not deliver REBCO bulks outside Japan…

• Since 2023 NS decided not to deliver anymore bulks to 

customers also in Japan… they are keeping this activity as an 

internal R&D.

à ARE WE BACK TO SQUARE ONE????
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CAN-SUPERCONDUCTOR: SDMG

• Single-direction Melt Growth (SDMG) is a 
novel approach for REBCO single-domain 
bulk growth, where a grown bulk from a 
REBCO system with higher peritectic 
temperature is used to seed the grown bulk 
(instead of a NdBCO thin-film seed, which is 
used for both TSMG and TSIG). The main 
advantage of this approach is that the bulk 
is composed exclusively of the c-growth 
region, unlike TSMG-grown bulks. 
Therefore, the expected homogeneity is 
significantly higher in SDMG-grown bulks, 
as no growth interfaces are present in the 
bulks.

Courtesy of Dr Tomáš Hlásek (CAN)



CAN / SDMG + Ho poles
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Impact of the poles
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FC reproducibility study
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Ramp rate studies: our baseline is 1T/h
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Towards a quasi-optimum charging time
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Flux creep and flux freezing
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Flux creep and flux freezing
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Flux creep and flux freezing
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Extrapolate to 1 year the field would be around 1.82T

NB: Experiment in preparation to 
actively stabilise the field amplitude 
introducing an “acceptable” solenoidal 
field component.
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•Brief introduction to accelerator based light sources

•The Tomographic Microscopy beamline: TOMCAT à I-TOMCAT

•The HTS (REBCO) bulk Staggered Array undulator

•The results on short samples:

-Bulks & Stack-Tapes

•The status of the meter long HTS Undulator prototype

•Conclusions 
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HTS à REBCO
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2G - HTS Tape Structure

Page 32

copper stabilization
(not necessary for this application)

protective silver coating = 1 - 5 ʅm 

superconducting layer = 1 - 3 ʅm 

chemical buffer layers < 1 ʅm 

stainless steel 
substrate = 35 - 100 ʅm

Introduction – Magnetic Materials

Page 7

magnetic gap = 4mm

ReBCO – Rare-Earth Barium Copper Oxide 
(ReBa2Cu3Oϳоǆ)

[Scaling laws: E.R. Moog, R.J. Dejus, and S. Sasaki , Light Source Note: ANL/APS/LS-348
James Clarke, FLS 2012, March 2012, Ryota Kinjo Physical Review Special Topics, Accelerator 
and Beams 17, 022401 (2014)]

• CAN Superconductor
• Adelwitz Technologiezentrum 
• Nippon Steel

• Fujikura
• SuperPower
• THEVA
• SuNAM
• AMSC
• Deutsche Nanoschicht/BASF
• SuperOX
• BRUKER

REBCO Bulks

• Homogeneity of material
• Brittle material (ceramic-like properties)
ÆNot well suited for mechanical machining
ÆCan crack due to Lorentz forces (high current density / 
high magnetic field) 
• Material properties are hard to measure
ÆDifficult quality control

Challenges with HTS Bulk Materials

Page 31
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2nd generation (2G)
thin-film HTS tapes

2G - HTS Tape Structure

Page 32

copper stabilization
(not necessary for this application)

protective silver coating = 1 - 5 ʅm 

superconducting layer = 1 - 3 ʅm 

chemical buffer layers < 1 ʅm 

stainless steel 
substrate = 35 - 100 ʅm

Hastelloy

width ≤ 12mm



HTS Tape Option
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Stacked Tapes Staggered Array Undulator

Page 34

• Tapes are mostly stainless steel
Æ Easy to machine by spark erosion 

or laser cutting
• 100 – 150 tapes can be stacked into 

one “bulk” of 5 mm thickness 
12

 m
m

• Tapes are mostly stainless steel: 
easy to machine by spark erosion 
or laser cutting

• 100-150 tapes can be stacked into 
one “bulk” 4mm thick 



HTS Tape Option
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Stacked Tapes Staggered Array Undulator

Page 35

• 10 period geometry for simulation and optimization:

• ReBCO 2G thin film tapes
• Jc(0 T, 4.2 K) = 1.12e10 A/m2
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Full Assembly

Page 11
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Full Assembly

Page 12
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HTS Tape Option: the results
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Summary of the planar staggered array with:
𝜆u=10mm & gap=4.0mm
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Company RE type
Undulator field, B (T)

𝜎/Bwith different pole's material
w/o FeCo Ho

ATZ YBCO TSMG 1.67* 1.90 - 23%
Nippon GdBCO TSMG - 2.10 - 3%

CAN GdBCO TSMG - 2.02 - 7%
CAN EuBCO TSMG - 1.90 - 6%
CAN GdBCO SDMG 1.69 1.89 2.01 5%

THEVA GdBCO tape 0.78 0.88 - 8%
SuperOx YBCO tape 0.74 - - 8%

*The two ATZ samples are not the same thus the one with and the one w/o poles are not directly comparable  
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*The two ATZ samples are not the same thus the one with and the one w/o poles are not directly comparable  

Company RE type
Undulator field, B (T)

𝜎/Bwith different pole's material
w/o FeCo Ho

ATZ YBCO TSMG 1.67* 1.90 - 23%
Nippon GdBCO TSMG - 2.10 - 3%

CAN GdBCO TSMG - 2.02 - 7%
CAN EuBCO TSMG - 1.90 - 6%
CAN GdBCO SDMG 1.69 1.89 2.01 5%

THEVA GdBCO tape 0.78 0.88 - 8%
SuperOx YBCO tape 0.74 - - 8%



Summary of the planar staggered array with:
𝜆u=10mm & gap=4.0mm

Page 82
†Those are not measurements but just extrapolations

Company RE type
Undulator field, B (T)

𝜎/Bwith different pole's material
w/o FeCo Ho

ATZ YBCO TSMG 1.67* 1.90 - 23%
Nippon GdBCO TSMG - 2.10 2.20† 3%

CAN GdBCO TSMG - 2.02 2.12† 7%
CAN EuBCO TSMG - 1.90 2.00† 6%
CAN GdBCO SDMG 1.69 1.89 2.01 5%

THEVA GdBCO tape 0.78 0.88 - 8%
SuperOx YBCO tape 0.74 - - 8%

*The two ATZ samples are not the same thus the one with and the one w/o poles are not directly comparable  
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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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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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is the work presented in Ref. [13] where a K of 1.22 was
demonstrated for a period of 11.5 mm, but with a 1% peak to
peak field variation that would require further optimization for
its implementation in an x-ray FEL. Up to now, the only super-
conducting helical undulator in operation [14] is installed in
the Advanced Photon Source (APS) at the Argonne National
Laboratory (ANL). It features a K of 1.70 with a period length
of 31.5 mm. According to Eq. (1), this device would require
an electron-beam energy of about 10 GeV to lase at 0.1 nm
at its maximum strength. For further information on super-
conducting undulators, we refer the reader to comprehensive
state-of-the-art review in Ref. [15].

Here, we present the experimental results of a new type of
helical undulator based on bulk single-grain GdBa2Cu3O7−δ

(GdBCO) high-temperature superconductors (HTS). We mea-
sured a record magnetic field above 2.5 T for a period of
16 mm, equivalent to a K value above 5. Such an undulator
could produce hard x-ray FEL radiation with higher power
and in a more compact beam line than presently employed
planar configurations. For example, lasing at 0.1 nm becomes
possible with electron-beam energies of 6 GeV as in the hard
x-ray beam line of SwissFEL but with enhanced FEL perfor-
mance. Our calculations, based on the Ming-Xie model [16]
for SwissFEL parameters, show a power increase and an un-
dulator length reduction of about 15 to 20% depending on the
radiation wavelength.

We have previously [17] discussed the possibility that a he-
lical superconducting undulator might be built implementing
HTS bulks. Its design works on the principle of the super-
conducting staggered array undulator introduced by Kii and
co-workers [18,19] where two rows of GdBCO bulks are
magnetized by means of a solenoidal field. In this helical
geometry, there are four rows of bulks: one pair generates
the vertical magnetic-field component, whereas, the second
pair generates the horizontal magnetic-field component. Thus,
for simplicity’s sake, it can be illustrated as the superposition
of two classical staggered array undulators rotated 90◦ rel-
ative to the other. Following the research strategy proposed
in Ref. [17], we first assembled a prototype of the hybrid
staggered array where additional ferromagnetic shims were
introduced both to increase the overall field and tune the local
field strength. After reporting a record field of 2.1 T in this
first planar undulator prototype [20], we assembled the same
series of GdBCO bulks (from Nippon Steel Corporation) in
a modified sample holder. Two half copper shells were pre-
cisely machined to hold the disks by means of two rows of
screws one on each side, see Fig. 1(a). The helical magnetic
configuration is obtained by stacking the disks one after the
other (without space in between) where each of them is rotated
around the beam axis 90◦ with respect to the previous one, see
Fig. 1(b). This rotation must be always either clockwise or
anticlockwise depending on the direction of circular photon
polarization desired.

To precisely control the orientations of the bulk super-
conductor elements, four grooves lying on two perpendicular
lines were machined along the length of the two half shells to
match with the two tips of the disks corresponding to each
of the four desired orientations. To minimize the geomet-
rical errors, the GdBCO bulks were ground to a thickness
of 4 ± 0.005 mm and precisely machined with electrical

FIG. 1. The short helical undulator prototype used for the mea-
surements presented herein. On the left, (a) the closed structure
where the Cu-GdBCO disks are bolted between two copper shells.
The four grooves (up/down-left/right) used for the precise alignment
of the disks are clearly distinguishable. On the right, (b) the details
of the orientation of the disks are shown for clarification with an ad-
ditional spacing in between them. In the actual testing configuration,
the disks are in close contact. Dimension units are in millimeters.

discharge machining wire erosion to obtain the final half moon
shape with an accuracy better than 5 µm. This precision is
also required to systematically achieve the prestress induced
by the copper sleeves mandatory to reduce the tensile stress
generated by the large currents, see details in Ref. [20], and
to maximize the cooling by conduction. To summarize, this
prototype consists of 26 Cu-GdBCO bulk disks, correspond-
ing to 6.5 periods each of 16-mm length, which generates an
antisymmetric magnetic-field profile. ANSYS simulations [21]
were performed following the critical state model [22], which
confirmed the expected shape of the field profile and predicted
amplitude larger than 2.5 T.

The measurement campaign was performed at the
University of Cambridge in the Royce Institute 12-T vertical
superconducting solenoid using the same equipment as
described in Ref. [20]: a heater in a closed loop with a
thermometer to control the temperature of the prototype,
cooled in a stream of cold-helium gas, and a set of five Hall
sensors driven by an external linear stage to scan the three
components of the magnetic-field profile along the undulator
axis. The prototype was field cooled at 10 T down to 10 K.
The external magnetic field was reduced with a constant rate
of 1 T/h down to zero and the on-axis magnetic-field profiles
were tentatively measured every tesla to monitor the evolution
of the undulator field. The recorded undulator magnetic-field
profiles are presented in Fig. 2 where the two components of
the field Bx and By are presented for different magnetization
levels. They are phase shifted by 90◦ and antisymmetric as
expected from the simulation results. Because the profiles
deviate from a perfect periodic signal, Bx0 and By0 are defined
as the average amplitude of the, respectively, ten central
peaks and σB as their standard deviation to account for the
field errors.

Figure 3 shows a summary of the magnetic measure-
ment results. The field strength increases linearly with the
solenoidal field up to 5 T when the slope decreases until
a clear sign of saturation starts above 8 T. The maximum
measured B0 is 2.57 T, corresponding to a K of 5.43. Nev-
ertheless, full saturation is not reached, even at the end of
the charging process, giving room for slightly higher fields

L032020-2

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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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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Overview

Page 88

•Brief introduction to accelerator based light sources

•The Tomographic Microscopy beamline: TOMCAT à I-TOMCAT

•The HTS (REBCO) bulk Staggered Array undulator

•The results on short samples:

-Bulks & Tapes

•The status of the meter long HTS Undulator prototype

•Conclusions 



Active length : 1.0 m

Total length : < 2m

period length : 10 mm

magnetic gap : 4.0mm

B0 ∼ 2.0

Cryocoolers

HTS Mag-temp 10K

LTS temp 4.0K
89

THE METER LONG 
PROTOTYPE



Active length : 1.0 m

Total length : < 2m

period length : 10.5 mm

magnetic gap : 4.5 mm

B0 ∼ 1.8 T

Cryocoolers

HTS Mag-temp 10K

LTS temp 4.0K
90

THE METER LONG 
PROTOTYPE
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Page 93

a) b)

c) d)

a) Winding phase of the solenoid 

with a glass fiber insulated RRP 

Nb3Sn wire;

b) assembly of the copper sleeve 

for conduction cooling;

c) after the installation of the SS 

outer cylinder, ready for the 

Heat Treatment (650°C);

d) after HT, ready for potting with 

epoxy resin;



Vacuum chamber R&D

Page 94



Vacuum chamber R&D

Page 95



• We demonstrated high magnetic field (2T) in a short sample staggered array 

undulator made of GdBCO bulks HTS with 10mm period length and 4mm gap.

• Tape stacking is not giving the expected lower phase error and the field strength is 

substantially lower than bulks.

• The GdBCO bulk made by CAN out of the novel SDMG process are now our baseline

• Holmium poles deliver higher fields than FeCo even if they are not single crystals…

• A preliminary optimisation of the charging reduced the time required from 10 to 4h

• The delivery of the “Cryo-Solenoid” to PSI is planned for 3Q 2024, then we will start 

an intense measurement campaign to demonstrate a phase error as low as few 

degrees before installing the device in SLS2.0 at the beginning of 2026.

Conclusions & Outlooks

Page 96
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