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Abstract
Undulators serve as a source of X-ray radiation in syn-

chrotron storage rings or in free-electron laser (FEL) fa-
cilities. Due to the requirement to build energy efficient
accelerators of the next generation, undulators need to be
further developed accordingly. The associated design of
undulators with short period lengths (≤ 10 mm) and small
magnetic gaps (≤ 4 mm) while maintaining small-scale high
magnetic fields is only possible through the use of high-
temperature superconductors (HTS). HTS tapes are suitable
candidates, as they allow both high critical current densi-
ties and high critical magnetic fields at higher temperatures.
KIT has therefore developed a new concept by structuring
a meandering pattern on the surface of the HTS tapes with
ps laser pulses. This type of surface structuring generates
a quasi-sinusoidal current flow in the HTS tape. By stack-
ing several tapes in a proper manner, the desired alternating
dipole field is achieved.

In this work we present the results of our design study on
the cooling concept of a compact HTS undulator.

INTRODUCTION
Insertion devices, such as undulators, are key compo-

nents for free-electron laser (FEL) facilities and advanced
synchrotron radiation sources, since they produce coher-
ent photon beams with high brilliance and a wide spectral
range. Through the commercial use of superconducting
materials, the first superconducting undulators (SCU) were
built. Compared to conventional cryogenic permanent mag-
nets, SCUs provide a higher peak field on axis and thus a
higher tunability and brightness for the same geometry [1],
resulting in a wider range of applications at modern syn-
chrotron light sources. The traditional technology of wind-
ing a low-temperature superconductor wire around a coil
reaches its limits due to the natural expansion of the wire
cross-section, making it difficult to realise period lengths
≤ 8 mm. Due to the requirement to build energy-efficient
accelerators, new concepts have been developed to produce
more compact undulators with even shorter wavelengths
based on high temperature superconductors (HTS) [2–5].
The current developments of SCU technology in general is
described here [6–8]. One promising approach by Prestemon
et al. [9, 10] is the design of meander structured HTS tapes.
Based on this idea, T. Holubek et al. [11] and A. Will et
al. [12] developed different realisations which are currently
further investigated at KIT. In both concepts laser pulses in
the ps range are used for the meandering structuring process
in order to avoid localised damage to the material due to
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overheating [13]. This type of structuring assumes that the
current takes a sinusoidal path through the HTS tape and
by stacking up to 30 layers of HTS on top of each other,
the desired undulator dipole field is generated. In the joint-
less concept by T. Holubek [11], a single 15 m long tape is
structured at regular intervals in such a way that winding
it around a stainless steel yoke leads to a precise overlap .
The zigzag concept by A. Will [12] uses 30 individual 25 cm
long HTS tapes, each of which is soldered at one end to the
tape above it. This results in an accordion-like arrangement.
In order to achieve the alternating dipole magnetic field, the
tapes must be stacked in an alternating current direction with
a 180° phase shift between each two layers for both meth-
ods (jointless and zigzag). Advantages and disadvantages
as well as the current status of the concepts can be found
here [14, 15]. The cooling concept for such a compact HTS
undulator is presented in the following sections, whereby
the type of winding does not play a major role here.

COOLING CONCEPT
The cooling concept for a compact HTS undulator is a

crucial step on the way to its realisation. At this point, the
design of the vacuum chamber including current leads, cold
shield and liner is presented. The following two restrictions
were defined at the start of the design phase:

• Use of a liner to absorb beam heat loads, so that magnet
coils are not affected.

• The cooling of the undulator is refrigerant-free (e.g. no
liquid helium) and therefore cryocoolers are used.

LINER During the development process of the cooling
concept, it was decided to use a liner for three reasons. First,
all beam heat loads act on the liner, where they are cooled,
rather than heating the HTS tape itself. Second, to minimise
the influence of impedances on the electron beam. Third,
the liner is a thin vacuum chamber that separates the vacuum
of the cryostat (10−6 mbar), where the magnet system is
located, from that of the electron beam tube (10−9 mbar),
which means that the vacuum chamber does not have to be
designed for ultra high vacuum (UHV). The main disadvan-
tage is that the magnetic gap has to be higher, which reduces
the magnetic field. The second disadvantage is that this vac-
uum chamber is an additional costly component to design,
build, install and cool. The current design of the liner is
cuboid, as shown on top in Fig. 2. The liner is mainly made
of copper with a residual resistivity ratio (RRR) of at least
100 in order to keep the impedances low. The 0.3 mm thick
stainless steel layer on the top and bottom serves to better
stabilise the liner and to connect it to the vacuum chamber.
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Figure 1: Design of the vacuum chamber. In the centre, the
rectangular liner is shown in red. The 30 layer stacks of HTS
tapes are above and below it and are fixed to the stainless
steel yokes (W). The holding plate is mounted directly on
the 2nd cold stage of the CC. This arrangement is located
inside the cold shield, which is connected to the 1st stage of
the CC. The current leads are shown here in simplified form
without feed-through connectors.

CRYOSTAT Based on the two restrictions, Fig. 1 shows
the cooling concept in simplified form. A two-stage Gifford-
McMahon SRDK-415D cryocooler (CC) is used, which pro-
vides a power of 1.5 W at 4 K at its second cold stage1. The
holding plate with the magnets is directly mounted on the
2nd cold stage to guarantee the desired 4 K in order to be able
to transport the maximum current through the HTS tapes.
The liner is connected to the cold shield only via its front
and rear side. The cold shield in turn is connected to the
1st stage of the CC. This is where the advantage of the liner
becomes clear, since it shields the magnets from heat loads,
such as resistive wall heating caused by the electron beam.
Therefore, more cooling capacity is needed, which is why
the liner is connected to the 1st cold stage, as a higher cool-
ing capacity is available there at higher temperatures. This
means that almost the entire cooling capacity of the CC’s
2nd cooling stage can be used for the undulator magnet. In
addition, the liner is connected to the beam tube of a storage
ring, which separates the two vacuum areas, that of the cryo-
stat with the coils and the UHV area of the electron beam.
The current lead (CL) is a hybrid (metal - HTS material),
conduction-cooled CL. The metal part from the lid of the
vacuum chamber to the joint is a copper strand (Cu) that is
normal conductive. The joint is thermally connected to the
1st stage of the CC. The HTS part of the CL, which is cooled
by the 2nd stage of the CC, is then connected to the joint.

STUDY ON HEAT LOADS In the first step, the in-
dividual sources of heat and their respective contributions
are identified, see Table 1, so that, in the second step, the
1 Capacity map SRDK-415D https://www.shicryogenics.com/
wp-content/uploads/2020/09/RDK-415D_Capacity_Map.pdf.

Table 1: Heat Loads to the Cold Stages of the Cryocooler

Source of heat load 1st stage (W) 2nd stage (W)

Current leads (CL) 34 0.15
Instrumentation CL 0.05 -
Beam heat load 0.1 -
Thermal radiation 10 0.01
in total 44.15 0.16

temperature profile in the cryostat can be simulated for the
1st cold stage (liner) and the 2st cold stage (holding plate).
As already described, a hybrid Cu-HTS current lead is
used. For the 1st cold stage, E. Shabagin [18] calculates
the value of 42.5 W kA−1 as heat input for a single CL from
from 300 K to 77 K. This is based on the assumption that it
is an ideal CL with no additional heat load at the hot end. P.
F. Herrmann et al. [19] calculated 41 W kA−1 for the metal
part from 300 K to 77 K under the assumption of conduction
cooling. As the structured HTS tapes are to be operated
with a maximum current of 400 A, this results in a thermal
load of 17 W resp. 16.4 W per CL and in a total of 34 W.
The transition to the 2nd cold stage is designed using HTS
material. This input is mainly determined by the material
and its cross-section. P. F. Herrmann et al. [19] use Bi-2212
and Y-123 tubes and obtain a heat load of 120 mW kA−1

resp. 320 mW kA−1. For Bi-2223/AgAu strips, H. Zhang
et al. [20] give a load of 100 mW at 650 A. Since the final
HTS material has not been decided yet, 150 mW is therefore
assumed as a compromise for two CLs.

The second item in Table 1 instrumentation CL includes
temperature sensors on the Cu-HTS joint and sensors for
quench detection. Based on experience, this value is conser-
vatively set at 0.05 W.

The third item in Table 1 is beam heat load. Beam heat
loads are caused by various heating mechanisms such as
synchrotron radiation and impedances, whereby the latter
is divided into geometric and resistive (also known as high
frequency image currents or resistive wall (RW) heating).
These effects depend to varying degrees on beam energy
𝐸, average beam current 𝐼, total number of bunches 𝑀, and
bunch length 𝜎z. S. Casalbuoni et al. [16] calculated heat
loads from synchrotron radiation (63 mW) and RW heating
(22 mW) with respect to the typical standard parameter set
at KARA for an undulator. Even if the geometry of the un-
dulator does not completely match that of the compact HTS
undulator, these values serve as a starting point for the sub-
sequent simulation. D. Astapovych et al. [17] investigated
numerically the heat load by RW heating and the geomet-
ric impedance for a compact HTS undulator as described
above with 5 mm magnetic gap, 30 layers of structured HTS
tapes and beam parameters as for KARA. D. Astapovych
shows that geometric impedances increase towards higher
frequencies and are of the same order of magnitude as RW
heating at lower frequencies. Her detailed investigations in-
dicate that the anomalous skin effect has an influence for RW
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heating that must be taken into account and that the impact
of the structuring of the HTS tapes can be neglected. This
simulation does not foresee a liner, which means that the
RW heating acts directly on the silver layer of the HTS tape.
Based on the simulation using CST Particle Studio, she ob-
tains a value of 67 mW as a worse case scenario for the heat
load through RW heating (conductivity of 2.01 × 109 S/m
with RRR = 30). As the liner is made of Cu, a conductivity
of 1.33 × 109 S/m at an RRR = 20 results in a correspond-
ing heat load of 101 mW. Synchrotron radiation from the
bending magnet can be neglected because a corresponding
mask is mounted at the cryostat entrance, which prevents
the synchrotron radiation from hitting the liner. The geomet-
ric impedance does not concern the liner, as in the design
concept the tapering takes place outside the cryostat at room
temperature. This means that the contribution from the RW
heating with 0.1 W is the only beam load to be taken into
account.

As the vacuum chamber is at room temperature, there is
a heat input due to thermal radiation. Thermal convection
can be neglected due to the vacuum (10−6 mbar), and also
heat conduction, as there is no direct connection between the
vacuum chamber and the cold shield. The value for thermal
radiation is conservatively estimated using Stefan Boltz-
mann law 𝑄 = 𝜖𝜎𝐴𝑇4. Following parameters were used:
𝑇chamber = 300 K, 𝑇shield = 30 K, 𝑇plate = 4 K, 𝐴chamber =
1.5 m2, 𝐴shield = 0.66 m2, 𝐴plate = 0.2 m2, 𝜖 = 0.02, the
emission coefficient for polished stainless steel. 𝜎 = 5.67 ×
10−8 W/m2/K4 is the Stefan Boltzmann constant.

According to Table 1, a total of 0.16 W acts on the 2nd

cold stage, which can be sufficiently cooled away with the
1.5 W at 4 K regarding the capacity map of the SRDK-415D.
In order to compensate for the heat load of 55.16 W on the
1st cold stage, a temperature of around 70 K is reached in
accordance with the capacity map. Since 70 K is too high a
temperature for the liner, which is usually at 45 K at KARA,
it is sufficient to use an additional single-stage CC. The RDK-
400B, which provides around 50 W according to its capacity
map2, is suitable for this. In combination with the two-stage
cryocooler, the liner should therefore be around 30 K.

COMSOL SIMULATION The heat inputs from Table
1 and the design of the cryostat, see Fig. 1, were used in the
COMSOL Multiphysics software to obtain the temperature
distribution along the liner and yokes. Since the temperature
curve in the CC is not known and the corresponding capacity
maps for certain temperatures at the cold stages indicate the
available cooling capacity, the two cold stages are treated
independently of each other. Figure 2 shows the dimensions
of the liner at the top and the temperature distribution along
the liner due to RW heating at the bottom. The temperature
distribution on the support plate due to thermal radiation
and CLs is shown in Fig. 3.

2 Capacity Map of RDK-400B https://www.shicryogenics.com/
wp-content/uploads/2020/09/RDK-400B_Capacity_Map.pdf.
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Figure 2: Dimensions and temperature distribution liner.
The liner is cuboid with a rectangular base area of 30 mm
wide and 3 mm high and mainly made by copper (Cu) with a
0.3 mm thin layer of stainless steel (SST) on top and bottom
of the Cu block. The heat load by RW heating leads to an
increase of 0.1 K in the centre of the liner.
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Figure 3: Temperature distribution holding plate. Left: The
circle in the centre represents the CC and the square at the
bottom left the CLs. It can be clearly seen that the area
around the CLs is the warmest at 8 K. Right: The back
shows the two yokes, whereby the upper heats up to 6 K.
The area of the tapes heats up to a maximum of 4 K.

SUMMARY AND OUTLOOK
HTS tapes make it possible to build more compact and

energy-efficient undulators. In this paper, the cooling con-
cept of an HTS undulator was introduced. The advantages
of a liner to absorb the beam heat loads were presented, fol-
lowed by a detailed discussion of possible sources of heat
loads. The CLs are the main reason why a second single-
stage CC is provided in addition to the two-stage CC. The
remaining beam load is RW heating with 0.1 W that is cov-
ered by the cooling power of the 2nd cold stage.

The next step will be to develop the cooling design in
terms of tapering and integration into an existing cryostat.
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